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Abstract: In this paper, we revisit the Mesolithic-Neolithic transition in western Scotland and the
links between Early European farmers and middens in light of new aDNA, radiocarbon, and stable
isotopic evidence. New carbon and nitrogen stable isotopic data for food sources (plant and animal
remains) from a Mesolithic site are presented, and dietary FRUITS models are recalculated based on
these data. We also respond to recent criticisms of the Bayesian approach to diet reconstruction. Re-
sults support the view that Neolithic people had at most a minimal contribution of marine foods in
diet and also point to a dual population model of transition in western Scotland. A significant aspect
of the transition in coastal western Scotland is the co-occurrence of Neolithic human remains with
shell-midden deposits, which appears to contradict stable isotopic evidence indicating a minimal
contribution of marine resources to the diet of early farming communities in the region. Finally, we
highlight the need for further research to fully address these issues, including 1) targeted isotopic
analyses of potential plant and animal resources, 2) single-entity radiocarbon and ZooMS analyses of
animal bones and artefacts from shell-middens, and 3) further aDNA analyses of the remains of Late
Mesolithic and Neolithic people.
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1. Introduction

The precise nature and timing of the transition from hunting and gathering to farming in west-
ern Scotland have been the subject of longstanding debate (e.g., Bonsall et al. 2002; Schulting and
Richards 2002; Sheridan 2010; Schulting and Bori¢ 2017; Sheridan and Whittle 2023). This debate sig-
nificantly reflects the wider archaeological discourse on the spread of farming across Europe. Various
models have been proposed; however, these fall broadly into two categories: demic diffusion or in-
digenism/acculturation (see Ammerman 2020 and Schier 2022 for reviews). Indigenous development
or adoption of agricultural practices (grouped here for simplicity, although the former has never been
convincingly argued for western Scotland) should be evident in the archaeological record through a
gradual and/or piecemeal transition to farming with the persistence, at least over the short to medium
term, of some hunting and gathering behaviours (Zvelebil and Rowley-Conwy 1984; Thomas 1991;
2004). By contrast, a ‘revolution’ linked to demic diffusion (demographic expansion and dispersal of
farmers) should be evidenced by a sudden and significant break from traditional hunter-gatherer
activities and material culture, with the uniform and wholesale appearance of the Neolithic ‘package’
(Stevens and Fuller 2012).

One culturally determined behaviour — diet — has long been regarded as central to this debate
for two reasons: it is one of the fundamental changes in behaviour associated with the introduction
of farming and can be measured directly through stable isotope analysis.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Traditionally, the diets of prehistoric populations have been ‘reconstructed” from carbon (63C)
and nitrogen (3'°N) stable isotope ratios of human bone through visual parsing or ‘eyeballing’ (e.g.,
Tauber 1981) or by employing linear mixing models (LMMs) (e.g., Schwarcz 1991; Phillips and Koch
2002). Over the past two decades, the limitations of Linear Mixing Models (LMM) have been exten-
sively discussed (e.g., Robbins et al. 2002; Fernandes et al. 2012; Fry 2013). Since the early 2010s, the
use of Bayesian Mixing Models (BMM), which mitigate some of the drawbacks of LMMs, has become
commonplace (e.g., Parnell 2010; Fernandes et al. 2014, 2015; and see Pickard and Bonsall 2022 for
FRUITS modelling of Neolithic diet in western Scotland). However, the use of Bayesian approaches
for modelling past diets has not been met with universal acclaim. For instance, Schulting and col-
leagues (2023) questioned the precision and accuracy of Bayesian models of Neolithic diets in western
Scotland. Here, we examine how diet can enhance our understanding of the Mesolithic-Neolithic
transition in western Scotland and explore the utility of the Bayesian modelling software FRUITS in
this context.

2. Archaeological and Archaeogenetic Background

The debate surrounding the introduction of farming to Britain has followed a trajectory similar
to the broader European discourse, with scholars favouring either demic diffusion or indigenism/ac-
culturation as the primary driver of the transition to agriculture (see Sheridan and Whittle 2023 for a
concise overview). The discussion has continued in western Scotland due to the equivocal nature of
the archaeological record (Bonsall et al. 2002). Beginning around 4000 cal BCE (and possibly as early
as 4300 BCE, based on the presence of a sherd of Armorican Castellic Ware in the Achnacreebeag
chambered tomb), there were changes in subsistence practices, material culture, technology, archi-
tecture and monumentality, and land use across much of Scotland (Fairweather and Ralston 1993;
Sheridan 2012; Thomas 2013; Sheridan and Schulting 2020) which had parallels in Continental Europe
and therefore were consistent with demic diffusion as the cause of cultural change. By contrast, in
western Scotland, the evidence arguably supported the continuity of hunter-gatherer lifeways, with
activity at some sites seemingly spanning the transition, along with later reuse of Mesolithic locations
by Neolithic communities, the persistence of certain chipped stone and bone technologies, and the
exploitation of wild resources (Bonsall et al. 2002, Mithen et al. 2007). Most relevant to the current
discussion are (i) the continued (but not necessarily continuous) accumulation of deposits of marine
resources at shell-midden sites during the Neolithic, e.g., at An Corran on Skye and Carding Mill Bay
1 and 2 near Oban (Connock et al. 1991; Saville et al. 2012; Bownes et al. 2017); and (ii) finds of shells
at megalithic sites, some of which may represent foundation deposits hinting at the continued sym-
bolic significance of marine resources, e.g., at Crarae (Scott 1963).

Since the early 2010s, aDNA studies have become the cornerstone of resolving the debate. The
DNA of European Mesolithic hunter-gatherers (WHG) compared to Early European Farmers (EEF)
provides overwhelming support for demic diffusion — the first farmers in Europe were genetically
distinct from the last hunter-gatherers (e.g., Haak et al. 2010; Mathieson et al. 2015; Olalde et al. 2018,
2019). In Britain, generally, there was a demographic transformation, the direct consequence of demic
diffusion, such that by the Late Neolithic, little to no trace of indigenous hunter-gatherer ancestry
remained (Brace et al. 2019; Brace and Booth 2023). However, in western Scotland, the population
‘replacement’ was not necessarily rapid and need not have been brought about by mass migration
(Patterson et al. 2022; Brace and Booth 2023). Ammerman (2020) argued that contact between indig-
enous hunter-gatherers and incoming farmers likely occurred in many regions of Europe. This asser-
tion is supported not only by the archaeological record (e.g., Fort 2012) but also by genomic evidence
(e.g., Olalde et al. 2019; Brunel et al. 2020). The indicators of admixture between indigenous hunter-
gatherers and incoming farmers in western Scotland are clear (Olalde et al. 2018; Brace et al. 2019;
Patterson et al. 2022). Of the maximum of 20 west Scottish Neolithic individuals whose DNA has
been sequenced (Figure 1, and see Table 1), eight exhibit recent (within the last ten generations or so,
i.e., indigenous) hunter-gatherer ancestry. Five of these individuals (those with good coverage or
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‘number of reads” and a high count of SNPs) have been identified as genetic outliers, distinct from
the broader Early Neolithic community of western Scotland (see Table 1 and the extended data fig. 2
in Patterson et al. 2022). Therefore, genetic evidence confirms that farming was introduced to Scot-
land by migrants from continental Europe. The question of the nature of the interactions between the
first farmers and indigenous hunter-gatherers remains unresolved. Understanding the diets of both
Mesolithic and Neolithic groups remains fundamental to this discussion.
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Figure 1. Locations of western Scottish Neolithic individuals whose aDNA has been sequenced
(cf. Table 1). C1 - Carding Mill Bay 1; C2 — Carding Mill Bay 2; D - Distillery Cave; M — MacArthur

Cave; R — Raschoille Cave.
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Table 1. *C dates of Neolithic individuals for whom aDNA has been sequenced (data from Patterson et al. 2022; see also Olalde et al. 2018). The DNA of a minimum number
of 19 individuals has been sequenced. While there are 20 samples listed, 12658 and 12657 from MacArthur Cave may be duplicates or, alternatively, first-degree relatives.
Individuals 112314 and 112313 may be first-degree relatives. Individual 112313, from Carding Mill Bay 2, is dated by association with two other individuals for whom C
determinations are available (112314 and 112317). C dates are calibrated to 20 (95.4% CI) and rounded outwards to the nearest 10 years. The median age is as reported by OxCal

for the *C dates and is the mean of the upper and lower limits for contextual/associated dates. See Figure 1 for site locations.

Site ID Sex | Date type Lab Code 14C (BP) | Calendar years (cal Median Ancestry
BCE/BCE) (cal BCE/BCE)

MacArthur Cave 12657 M 14C SUERC-68701 5052+30 3960-3770 3872 Farmer

MacArthur Cave 12658 M Contextual | n/a n/a 4000-3700 3850 Farmer

Distillery Cave 12659 F 14C SUERC-68702 4914+27 3770-3640 3686 Farmer

Ulva Cave 112312 M 1uC PSUAMS-5771 4895+25 3760-3630 3679 Admixed farmer/hunter-gatherer
Distillery Cave 12691 M uC SUERC-68704 4881+25 3710-3630 3653 Admixed farmer/hunter-gatherer
Raschoille Cave 15370 F Contextual | n/a n/a 4000-3300 3650 Farmer

Raschoille Cave 15371 F Contextual | n/a n/a 4000-3300 3650 Farmer

Carding Mill Bay 2 112314 F 1uC PSUAMS-5772 4832+14 3650-3530 3634 Admixed farmer/hunter-gatherer

PSUAMS-5773
PSUAMS-5774
PSUAMS-5776

Raschoille Cave 13135 M 14C PSUAMS-2068 4770430 3640-3380 3576 Admixed farmer/hunter-gatherer
Carding Mill Bay 2 112313 F Contextual | n/a n/a 3700-3350 3525 Admixed farmer/hunter-gatherer
Raschoille Cave 13134 M uC PSUAMS-2155 4730+25 3630-3370 3524 Farmer
Carding Mill Bay 2 112317 M uC PSUAMS-5775 4725425 3630-3370 3524 Admixed farmer/hunter-gatherer
Raschoille Cave 13133 M uC PSUAMS-2154 4725+20 3630-3370 3514 Farmer
Raschoille Cave 13041 M Contextual | n/a n/a 3950-3030 3490 Admixed farmer/hunter-gatherer
Raschoille Cave 13136 F uC PSUAMS-2069 4665+30 3520-3370 3450 Farmer
Clachaig 12988 F uC SUERC-68711 464529 3520-3360 3458 Farmer
Distillery Cave 12660 M uC SUERC-68703 4631+29 3520-3350 3462 Admixed farmer/hunter-gatherer
Raschoille Cave 13137 M Contextual | n/a n/a 3800-3000 3400 Farmer
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Raschoille Cave 13139 d | F Contextual | n/a n/a 3800-3000 3400 Admixed farmer/hunter-gatherer
Raschoille Cave 13138 F 14C PSUAMS-2156 4415+25 3320-2920 3040 Farmer

Table 2. Parameters used by Schulting et al. (2023) to generate two dietary models (one using a manured cereal d°N, the other using an unmanured cereal 8’N) for Late Neolithic individual
Carding Mill Bay 1 OxA-7890. The young herbivore value was calculated from the terrestrial herbivore value with a ‘nursing’ offset applied — see Schulting et al. (2023: 3).

Parameter Model Description

AN diet-consumer Both 4.6+0.5%o

ABCldiet-consumer Both 4.8+0.5%0

Manured cereals 83C and 05N Model A OBCprotein = 26+1.0%0 and 05 Nmanured = 5.0+2.0%o0

Unmanured cereals d3C and 5N Model B OBCprotein = 26+1.0%0 and O®Nmanured = 3.0+1.0%o0

Terrestrial herbivores 53C and 0N Both Terrestrial herbivores 913Cprotein = — 24.7 + 0.1%0 and 85N = 3.4 + 0.1%o
Young herbivores 6"*C and 0N Both Young herbivores 8'3Cprotein = = 23.7 + 0.1%0 and 8N = 5.4 + 0.1%o

Table 3. Carding Mill Bay 1, Model A: Manured cereals. Protein sources routed to collagen (% mean estimate + standard deviation and 68% credible intervals). Context information as presented
by Connock et al. (1991).

Terrestrial herbivore Young herbivore Cereals
Site Context Individual
Mean % CI (68%) Mean % CI (68%) Mean % CI (68%)
CMB 1 XXII OxA-7890 24+16 7-41 18+14 5-33 58+17 41-76
CMB 1 VII OxA-7665 22+16 5-40 17+13 4-31 60+16 43-78
CMB 1 XV OxA-7664 35+22 11-58 20+15 5-36 45+21 23-68
CMB 1 X1V OxA-7663 26+19 7-46 16+13 4-29 58+19 38-77

Table 4. Carding Mill Bay 1, Model B: Non-manured cereals. Protein sources routed to collagen (% mean estimate + standard deviation and 68% credible intervals). Context information as
presented by Connock et al. (1991).

Terrestrial herbivore Young herbivore Cereals
Site Context Individual
Mean % CI (68%) Mean % CI (68%) Mean % CI (68%)
CMB 1 XXIII OxA-7890 17+14 4-31 27+16 9-44 56+17 41-76

CMB 1 vl OxA-7665 17+14 4-31 2315 4-31 60+17 43-78
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3. Stable Isotope Analysis

Dietary changes have been used as a proxy measure for the timing and rapidity of the transition
from hunting and gathering to farming in western Scotland, and thus, to distinguish between the two
proposed models, acculturation versus demic diffusion. Diachronic patterns in dietary habits can be
assessed in archaeological populations through stable isotope analysis. Diet reconstruction through
the measurement of carbon (03C) and nitrogen (0°N) stable isotope ratios is a well-established ap-
proach (e.g., Vogel and van der Merwe 1977).

Tauber (1981:333) performed the first comparative analysis of the 5'3C values of Danish Meso-
lithic and Neolithic individuals, concluding that the hunter-gatherer groups had subsisted largely on
marine resources, while the farmers consumed mainly terrestrial foods. The shift from Mesolithic to
Neolithic consumption patterns appeared abrupt and uniform (Tauber 1981, fig. 2), in keeping with
a demic diffusion model. A similar conclusion was later drawn from the isotope data for Scottish
Neolithic individuals (Bonsall et al. 2002; Schulting and Richards 2002). Schulting and Richards,
among others, championed a model of rapid and wholesale transition to dependence on terrestrial
resources at the beginning of the Neolithic in western Scotland (e.g., Schulting 1998; Schulting and
Richards 2002, 2006; Richards et al. 2003; Schulting and Bori¢ 2017). Further, Schulting and Richards
(2002: 155) argued that the relatively high human >N compared to the values of herbivores sug-
gested that Neolithic diets were dominated by domesticated animal products and that the “animal
protein (meat, blood or milk) is presumably from domestic stock, as it seems highly improbable that
people would suddenly abandon marine foods in favour of wild terrestrial game at this juncture”.
The focus on terrestrial resources was in sharp contrast to the diets of Scottish hunter-gatherers. Rich-
ards and Mellars (1998) estimated that individuals whose remains were recovered from the Meso-
lithic shell midden at Cnoc Coig on the Isle of Oronsay had derived over 90% of their dietary protein
from marine food sources. In each of the aforementioned studies, the diet was interpreted through
visual analysis of scatterplots (e.g., Schulting and Bori¢ 2017) or ‘reconstructed” using simple linear
mixing models, based on a single dietary proxy (e.g., Richards and Mellars 1998). These models fo-
cused solely on sources of dietary protein and did not account for the impact of the varying concen-
trations of protein in different foodstuffs. The development of Bayesian approaches to modelling di-
ets, along with advances in understanding macronutrient routing in collagen synthesis (Fernandes et
al. 2012, 2014), offered an opportunity to revisit the stable isotope data and investigate whole diet.

Bownes et al. (2017) published the first Bayesian analysis of Neolithic diets in western Scotland,
presenting data for four individuals from Carding Mill Bay 1. Bayesian mixing models such as
FRUITS (Food Reconstruction Using Isotopic Transferred Signals) offer several advantages over lin-
ear mixing models (see Fernandes et al. 2014). These include the ability to incorporate more food
sources (relative to the number of proxies), uncertainties (e.g., seasonal variation in food source iso-
tope values), and priors (e.g., health-related limitations to protein intake). Diets were modelled from
bone collagen d°C and 0'*N using FRUITS. Their model indicated a “‘modest’ contribution of seafood
to dietary protein of between 15+11% and 21+14%. Bownes et al. (2017: 1292) noted that their findings
did not align with previously published interpretations by Richards et al. (2003) and Richards and
Schulting (2006), which had “suggested a complete absence of marine resources in the Neolithic diet”.
In response to Bownes et al.’s (2017) paper, Schulting and colleagues (2023) claimed that their stance
was misrepresented and that they had postulated a ‘minimal’ contribution of marine foods to diet.

Schulting et al. (2023) explored the discrepancies between published interpretations of the diets
of the early farmers from Carding Mill Bay 1 and critiqued the following aspects of Bownes et al.’s

(2017) model:
. The A3Ndiet-consumer diet consumer offset used, i.e., +5.5+0.5%o0
. The A3Cdiet-consumer offset used, i.e., +1.0%o
. The inclusion of marine foods in the dietary model

. The omission of plant foods from the model
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. Whether the faunal samples used to establish food source isotope values were contempo-
raneous with the human remains from the site.

To highlight these limitations, Schulting et al. (2023, fig. 1b) generated a revised model of protein
intake for Carding Mill Bay 1 using the same parameters employed in Bownes et al. (2017), altering
only the A*Cdiet-consumer offset from +1.0%o to 4.8%o. Schulting et al. (2023: 54) concluded from the
data generated in the revised model that the “most probable” contribution of marine resources to diet
was between 0% and 1%. Schulting et al. (2023) then generated two new models for one individual,
Carding Mill Bay 1 OxA-7890, which incorporated three food sources: cereals, terrestrial herbivores
and young herbivores (reportedly to account for the enrichment associated with nursing), while ex-
cluding marine resources. One model included a 8N for manured plants (3.0+£1.0%o), while the other
incorporated a d'*N for non-manured plants (5.0+2.0%o).

The parameters employed by Schulting et al. (2023) for their revised models are summarized in
Table 2. The models are expanded here using FRUITS (version 3.1 Beta) to encompass all four indi-
viduals included in Bownes et al.’s (2017) study. The results are presented in Tables 3 and 4. Both
models indicated that, for three of the four individuals, the mean estimated contribution of plant
foods to dietary protein exceeds that from animal sources, with individual OxA-7664 being the ex-
ception, consuming nearly equal proportions of animal and plant protein. Notably, there is little dif-
ference between the manured and non-manured cereal models, which likely reflects the large stand-
ard deviations associated with the mean 5'3C and 0N values.

We agree with Schulting et al. (2023) that the dietary model for Carding Mill Bay 1, published
by Bownes et al. (2017), is flawed. However, we contend that only two of the criticisms highlighted
in Schulting et al. (2023) are valid (see also Pickard and Bonsall [2022], where some of these issues
were addressed).

Firstly, the assumption that 100% of dietary protein was derived from one of two sources, either
the meat of terrestrial animals or the flesh of marine organisms, is problematic. Bownes et al. (2018:
150) acknowledged that plant foods would have been exploited by both Mesolithic and Neolithic
groups in Scotland but excluded this resource from dietary models on the basis that “plants contain
very little ... protein in relation to animal meat”. This assumption can be challenged. The macronu-
trient content of animal “meat’ and, consequently, the protein-to-lipid ratio, vary by species and also
depend on the cut of meat or part of the animal consumed. Some cereals and wild plants have protein-
to-energy concentrations that are similar to those of certain animal products (see Pickard and Bonsall
2022, table 8). Hazelnuts and barley, for instance, which are among the most commonly identified
plant foods recovered from Scottish Neolithic sites (Bishop et al. 2010; see also Bishop et al. 2014), are
relatively high in protein.

Deriving dietary protein exclusively from animal products is atypical (cf. Hedges and Reynard
2007). In modern developed countries, mean protein intake consists of 57% animal and 43% plant-
derived sources. In contrast, developing countries have relative proportions of animal to plant pro-
tein at 30% and 70%, respectively. However, animal protein intake may be higher in groups that
consume large quantities of dairy foods (Hedges and Reynard 2007).

Secondly, the ACudiet-consumer Offset of +1%o used by Bownes et al. (2017) is inappropriate. Alt-
hough an offset of 0%o to +2%o has been demonstrated between herbivore and carnivore bone colla-
gen values (Bocherens and Drucker 2003), this offset is not appropriate for modelling whole diet from
bone collagen stable isotope values. The food web for the Carding Mill Bay 1 human population
presents a more complex scenario. Plant foods (such as cereals and wild nuts) and shellfish should
both be included in the dietary models of this group. It is essential to determine the macronutrients
O13C for the tissues consumed from each of the food sources that potentially contributed to diet and
to employ an appropriate A®*Caiet-consumer Offset, e.g., O’Connell et al. (2012).

There are also several problems with Schulting et al.’s (2023) approach. These broadly fall into
three categories: (i) the offsets used, (ii) the food sources included (or excluded), and (iii) the critique
of Bayesian models.
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(i) A5 Niet-consumer 0ffset

Schulting et al. (2023) assumed a A'Nadict-consumer Of 4.6+0.5%o0 rather than the more widely used
5.540.5%o0 or higher offset (e.g., Fernandes et al. 2014; Bickle 2018; Pickard and Bonsall 2022). The
lower offset is derived from O’Connell et al. (2012: 431), wherein it is described as “very conserva-
tive”. O’Connell et al. (2012) determined that the diet-collagen offset in their study population was c.
6%o — significantly higher than the offset used by Bownes et al. (2017) — and lower than that observed
in some other medium- to large mammals (e.g., Caut 2009). The 5.5+0.5%o offset encompasses the
variation between the higher and lower offsets of O’Connell et al. (2012) and Schulting et al. (2023),
respectively. Schulting et al. (2023) argued that the conservative value was more realistic, in keeping
with values determined in ecological food web studies. Schulting et al. (2023) cited Minagawa and
Wada (1984), Post (2002) and Vanderklift and Ponsard (2003) in support of a small diet-consumer
offset of 3%0 and Halffman et al. (2020), Newsome et al. (2004) and Piliciauskas et al. (2017) for an
offset of 3-4%0. However, using ecological studies as comparators for human diet offsets is problem-
atic. Vanderklift and Ponsard (2003) observed that diet-consumer offsets varied taxonomically. The
mean offset reported by both Minagawa and Wada (1984) and Post (2002) was 3.4%.. However, both
studies indicated large ranges in A'®Ndiet-consumer, Of up to +9.2%o (Minagawa and Wada 1984). Further-
more, the diet-consumer food webs studied were not appropriate analogues for humans (large om-
nivores). Minagawa and Wada (1984) studied the food webs of a range of species, including wild fish,
insects and molluscs, as well as controlled feeding studies of a guppy, shrimp and a mouse. No large
omnivorous mammals were included in the study. Post (2002) investigated offsets in freshwater mus-
sels and snails. Vanderklift and Ponsard’s (2003) offset was generated from a synthesis of published
controlled feeding studies, but only two samples came from medium-sized terrestrial omnivores
(pigs). Moreover, these specimens were part of a controlled feeding experiment and had diets that
included only plant foods (Hare et al. 1991). In each of the studies mentioned, a variety of tissues
were sampled, and in some instances, the data were derived from whole-body samples. These were
then combined to generate a mean AN offset, i.e., it is not directly comparable with O’Connell and
colleagues’ (2012) diet to bone collagen offset. The A*N offset used in Newsome et al. (2004) was
derived from other studies. Halffman et al.’s (2020) offset was derived from Bocherens’ (2015) prey-
predator offset determined for herbivore to carnivore collagen to collagen values. Similarly, Pili¢iaus-
kas et al. (2017) used the AN offset published in Bocherens and Drucker (2003). Ecological studies
of diet-consumer AN offsets in large omnivorous mammals are few. Black bear (Ursus americanus)
diet-plasma offset values were reported as +2.3, +4.1 and +4.2%o (Hildebrand et al. 1996). This is con-
sistent with a diet-collagen offset of 3.2-3.7%o, 5.0-5.4%0 and 5.1-5.5%o, respectively (cf. O’Connell et
al. 2012). Notably, the diet—plasma offset in grizzly bears has been reported to be up to +6.30%., i.e.,
a diet-collagen offset of 7.2-7.6%o (Caut 2009).

(ii)  Food sources

Schulting et al. (2023) critiqued the use of fauna from the Carding Mill Bay 1 midden to model
the diets of Neolithic people, noting that the animal remains might have originated from an earlier
chronological/cultural phase. Milner and Craig (2009) discussed this issue in their investigation of
diet at An Corran, Skye, where the initial faunal samples analysed proved to date much earlier than
the human remains from the midden. They subsequently analysed the 5°C and 5'*N of bevel-ended
tools made from animal bones that had been previously determined to be of Neolithic date, i.e.,
broadly contemporaneous with the human remains, and found little difference in the isotope values
of the animals from the two distinct cultural phases.

Schulting et al. (2023) presented a model limited to three food categories: young and mature
terrestrial herbivores, and cereals. Although they stated that this three-source model was “a heuristic
exercise” and made “no claim to have ‘revealed’ the actual proportion of these three food groups
consumed by the Neolithic communities around Carding Mill Bay”, Schulting et al. (2023: 54) re-
ported that the results of this food-source-restricted model were “more in keeping with what might
be expected of British Neolithic farming communities, known to have practised both cereal
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cultivation and animal husbandry from the outset”. The argument is circular — Schulting et al. (2023)
hold a preconceived notion of what an early farming community in western Scotland would have
subsisted on and then generate a model that seemingly confirms this. Furthermore, it is questionable
whether adding young herbivores as a food source is meaningful. One of the prerequisites for high-
quality outputs from FRUITS modelling is that the food sources must be isotopically distinct (Fer-
nandes et al. 2014). The isotope values for young herbivores are only slightly higher than those of the
adults, and food sources with overlapping isotope ranges should be aggregated (Philips et al. 2014;
Fernandes et al. 2014).

Assuming a priori that marine resources did not contribute to diet—and therefore excluding
them from subsequent modelling —is equally, if not more, problematic than including them in Bayes-
ian (or indeed linear) mixing models. A more robust approach involves generating a model that in-
cludes all potential food sources appropriately grouped while ensuring that the credible interval is
considered carefully when interpreting the data (Fernandes et al. 2014; Cheung and Szpak 2021).

(iii)  Heuristics

Schulting et al. (2023: 54) urged caution before accepting the output of Bayesian palaeodietary
models, implying that such models do not reflect “the actual proportion... of food groups con-
sumed”. However, this critique could apply to any form of dietary modelling that utilizes proxies,
such as LMMs and visual parsing. Weaknesses in dietary ‘reconstructions’ or models arise not only
from Bayesian modelling generally, or specifically FRUITS, but rather reflect the GIGO principle (out-
put is related to the quality of the input). Limitations on the quality of input, and consequently out-
put, arise from the partial nature of the archaeological record and constraints on research (i.e., lack of
isotopic data for food sources and diet-consumer offsets), poorly considered selection of parameters,
and misinterpretation or over-interpretation of the data generated. Regardless of the modelling sys-
tem employed, ‘modellers’” make assumptions about which food sources are likely to have contrib-
uted to diet and select other variables or parameters that are incorporated into the models — for ex-
ample, which archaeological specimens to sample to establish food source baselines or ‘dietary end-
points’, and which diet-consumer offset values to use. It is not the case that when a food source is
included in FRUITS, it is “assumed a priori to make a dietary contribution” (Schulting et al. 2022: 54).
When a food source that was not consumed is included in the model, this is indicated by the credible
interval, which will span 0. Bayesian models are not inherently more heuristic than other forms of
dietary modelling, although their ability to accommodate a much broader range of food sources and
to include more macronutrients and macronutrient concentrations, proxies, and a greater number of
uncertainties and offsets, may make them appear so. As new data relating to one or more parameters
become available, models should be updated. The capability of models to incorporate this breadth of
inputs increases the accuracy of dietary models where inputs are carefully and critically evaluated.
While Bayesian models may seem less precise than linear mixing models because they provide a
credible interval or range rather than a unique solution or absolute value, the ‘true’ value or dietary
contribution lies within this credible interval. Thus, the data are more accurate than simple linear
mixing models or visual analysis of scatterplots (of course, this assumes high-quality input).

4. Discussion

Arguably, neither Bownes et al. (2017) nor Schulting et al.’s (2023) models are as robust or as
detailed as current knowledge permits. Both used protein-routed models that assumed carbon in
bone collagen was derived exclusively from dietary protein. While Schulting et al. (2023) pointed out
that concentration-dependent modelling is necessary to model food source calorie contribution to
diet, nutrient routing should also be incorporated. Fernandes et al. (2012) demonstrated that carbon
from the three dietary macronutrients is routed to bone collagen (see also Hedges 2004). This infor-
mation, namely the routing of consistent proportions of carbon from protein (74+4%) and energy
(264+4%), can be used to determine the source of dietary calories (Fernandes et al. 2012, 2014).
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Modelling calorie contributions of food sources can significantly enhance our understanding of diet
and subsistence activities. A concentration-dependent, nutrient-routed model with appropriate food
source values, offsets, uncertainties and priors for west Scottish Neolithic populations was published
by Pickard and Bonsall (2022). Using the Bayesian model FRUITS, the findings of that study were
aligned with those of Schulting et al. (2023) on the contribution that marine resources made to diet.
We concluded that marine resources “were at most, a minor component of the ‘lifetime” diet” (Pick-
ard and Bonsall 2022: 226). We also agreed with Schulting and Richards (2023) that the diets of the
individuals from Carding Mill Bay 1 were overwhelmingly derived from terrestrial foods. However,
we suggested that while terrestrial animals (including potentially dairy products) were a vital source
of dietary protein, plant foods were likely the primary source of calories for west Scottish Neolithic
people.

Since publishing our models in 2022, additional food source data have become available, sum-
marized in Table 5 (see Figure 2 for locations). Therefore, the diets of Neolithic individuals from
western Scotland are revisited here using updated food source data (with all food sources included
and grouped where appropriate) but expanded to include three additional Neolithic individuals —
one from Ulva Cave and two from Carding Mill Bay 2 (see Patterson et al. 2022). Table 6 presents the
updated human isotope data, Table 7 shows the parameters used in our revised FRUITS models, and
Table 8 displays the results of the FRUITS models. Wild and domesticated resources are included in
the baseline food source isotope values. Both radiocarbon and botanical evidence suggest that de-
pendence on cultivars to the total exclusion of wild plants is unlikely in Neolithic Scotland. Bishop et
al. (2010) noted that no cereal grains have been recovered from Neolithic contexts in mainland coastal
west Scotland or the Inner Hebrides. Stevens and Fuller (2012, 2015) demonstrated through radiocar-
bon summed probability distributions that wild plant foods, specifically hazelnuts, remained a cru-
cial staple throughout the Neolithic in mainland Scotland, especially so from c. 3650 BCE, when a
climatic downturn may have led to “a readjustment of existing subsistence systems in response to
less predictable harvests, during which wild plant foods and pastoralism gained prominence” (Ste-
vens et al. 2022: 11). A pilot study of modern and archaeological specimens from the Isle of Ulva
suggests that hazelnuts have similar mean 5'*C and 9N values as unmanured Early Neolithic cere-
als. Although further work is necessary to confirm this and also to establish the variation in nutshell
and kernel values (given that the number of samples analysed was small), the preliminary results
suggest that mean stable isotope values of the two resources, namely cereals and hazelnuts, may be
indistinguishable. The evidence for the continued exploitation of wild animals in Neolithic Scotland
is limited. While remains of red deer and possibly roe deer were recovered (Bartosiewicz et al. 2010)
from the upper midden deposit at Carding Mill Bay 2 in the absence of “C dates, it is not certain that
these originate from Neolithic contexts. Although ample evidence exists for stock raising, there are
no published stable isotope data for domesticated mammals from western Scotland where identifi-
cation to species is certain.
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Figure 2. Locations of sites providing the food source d3C and d'°N data presented in Table 5. 1. Braes of
Ha’Breck; 2. Skara Brae; 3. An Corran; 4. Balbridie, 5. Bornish; 6. Ulva Cave; 7. Aird’s Bay, Loch Etive; 8. Carding
Mill Bay and Raschoille, Oban; 9. Caisteal nan Gillean and Cnoc Coig, Oronsay.
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Table 5. Food source d'3C and 0N data used in the FRUITS models. The 8*C and d®N of the archaeological plant specimens have been corrected for charring, and the modern
samples have been corrected for the Suess effect (Keeling 2017; and see Pickard and Bonsall 2022).

Site Date Species Common Name 83C%  8"N%o C:N  Lab/Specimen ID Reference
TERRESTRIAL MAMMALS
An Corran Mesolithic/Neolithic Bos Cattle -22.2 1.6 Milner and Craig 2009
An Corran Mesolithic/Neolithic Bos Cattle -22.0 1.7 Milner and Craig 2009
Carding Mill Bay 1 Neolithic Bos taurus (probable) Cattle -23.3 3.5 33 GU39625 (XIV) Bownes 2018
Carding Mill Bay 1 Neolithic Bos taurus (probable) Cattle -23.2 33 33 GU39626 (XIV) Bownes 2018
Carding Mill Bay 1 Neolithic Bos taurus (probable) Cattle -23.3 3.5 33 GU39627 (XIV) Bownes 2018
Carding Mill Bay 1 Neolithic Bos taurus (probable) Cattle -23.4 34 33 GU39628 (XIV) Bownes 2018
Carding Mill Bay 1 Neolithic Bos taurus (probable) Cattle -22.6 3.8 33 GU39629 (XV) Bownes 2018
Carding Mill Bay 1 Neolithic Bos taurus (probable) Cattle -23.3 4.2 33 GU39630 (XV) Bownes 2018
Carding Mill Bay 1 Neolithic Bos taurus (probable) Cattle -23.4 34 33 GU39631 (XV) Bownes 2018
Carding Mill Bay 1 Neolithic Bos taurus (probable) Cattle -22.0 3.0 33 GU39632 (XV) Bownes 2018
An Corran Mesolithic/Neolithic Cervus elaphus Red deer -21.2 1.0 Milner and Craig 2009
An Corran Mesolithic/Neolithic Cervus elaphus Red deer -22.5 2.4 Milner and Craig 2009
Carding Mill Bay 1 Neolithic Cervus elaphus Red deer -23.2 3.0 34 GUsi3509 (XVII) Bownes 2018
Carding Mill Bay 1 Neolithic Cervus elaphus Red deer -21.9 2.0 CVII:123 Schulting and Richards 2002
Carding Mill Bay 1 Neolithic Cervus elaphus Red deer -22.9 2.5 C XVIL:4 Schulting and Richards 2002
Raschoille Cave 7640+80 BP Cervus elaphus Red deer -21.8 2.9 OxA-8396 Pickard and Bonsall 2022
Raschoille Cave 7575+75 BP Cervus elaphus Red deer -21.5 2.8 OxA-8397 Pickard and Bonsall 2022
Raschoille Cave 7480+75 BP Cervus elaphus Red deer -21.6 2.6 OxA-8398 Pickard and Bonsall 2022
Ulva Cave Mesolithic Cervus elaphus Red deer -22.8 2.6 34 GUsi8894 this study
Carding Mill Bay 1 Neolithic Cervus elaphus/Bos taurus Red deer/Cattle -23.2 3.7 33 GUsi3505 Bownes et al. 2017
Carding Mill Bay 1 Neolithic Cervus elaphus/Bos taurus Red deer/Cattle -22.5 2.4 32 GUsi3506 Bownes et al. 2017
Carding Mill Bay 1 Neolithic Cervus elaphus/Bos taurus Red deer/Cattle -23.2 2.3 32 GUsi3508 Bownes et al. 2017
Carding Mill Bay 1 Neolithic Cervus elaphus/Bos taurus Red deer/Cattle -22.8 3.9 32 GUsi3511 Bownes et al. 2017
Carding Mill Bay 1 Neolithic Ovis aries/Capreolus capreolus Sheep/Roe deer -21.6 3.5 32 GUsi3497 Bownes et al. 2017
Carding Mill Bay 1 Neolithic Ovis aries/Capreolus capreolus Sheep/Roe deer -22.9 3.7 32 GUsi3507 Bownes et al. 2017
Carding Mill Bay 1 Neolithic Ovis aries/Capreolus capreolus Sheep/Roe deer -23.3 34 32 GUsi3498 Bownes et al. 2017
Carding Mill Bay 1 Neolithic Ovis aries/Capreolus capreolus Sheep/Roe deer -22.8 2.8 3.5 GUsi3500 Bownes et al. 2017
Carding Mill Bay 1 Neolithic Ovis aries/Capreolus capreolus Sheep/Roe deer -23.1 3.1 3.5 GUsi3501 Bownes et al. 2017
Carding Mill Bay 1 Neolithic Ovis aries/Capreolus capreolus Sheep/Roe deer -22.8 2.8 3.6 GUsi3502 Bownes et al. 2017
Carding Mill Bay 1 Neolithic Ovis aries/Capreolus capreolus Sheep/Roe deer -22.5 2.7 34 GUsi3503 Bownes et al. 2017
Carding Mill Bay 1 Neolithic Ovis aries/Capreolus capreolus Sheep/Roe deer -22.5 3.1 32 GUsi3504 Bownes et al. 2017
Ulva Cave Mesolithic Ovis aries/Capreolus capreolus Sheep/Roe deer -22.8 2.3 34 GUsi8895 this study
An Corran Mesolithic/Neolithic Sus Pig -22.3 2.3 Milner and Craig 2009
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An Corran Mesolithic/Neolithic Sus Pig -22.6 33 Milner and Craig 2009
An Corran Mesolithic/Neolithic Sus Pig -21.7 4.1 Milner and Craig 2009
Carding Mill Bay 1 Neolithic Sus Pig -21.9 3.2 C XXIV:2 Schulting and Richards 2002
Cnoc Coig Mesolithic Sus Pig -21.2 4.3 Charlton et al. 2016
Cnoc Coig Mesolithic Sus Pig -21.0 4.6 Charlton et al. 2016
Cnoc Coig Mesolithic Sus Pig -18.8 10.2 Charlton et al. 2016
Ulva Cave Mesolithic Sus Pig -21.9 6.5 33 GUsi8896 this study
MARINE RESOURCES - ARCHAEOLOGICAL SPECIMENS
Ulva Cave Mesolithic Dicentrarchus labrax Seabass -12.6 13.4 3.2 GUsi8897 this study
An Corran Mesolithic/Neolithic Gadus morhua Cod -13.6 15.3 0055-r Milner and Craig 2012
Bornish 12th-13th C. AD Gadus morhua Cod -12.9 14.5 703 Barrett et al. 2011
Bornish 13th C. AD Gadus morhua Cod -11.3 15.4 706 Barrett et al. 2011
Bornish 13th C. AD Gadus morhua Cod -13.1 13.8 708 Barrett et al. 2011
Bornish 12th-13th C. AD Gadus morhua Cod -13.2 13.8 713 Barrett et al. 2011
Ulva Cave Mesolithic Labrus bergylta Ballan wrasse -16.0 11.8 34 GUsi8900 this study
Ulva Cave Mesolithic Labrus sp. Wrasse -12.6 14.1 33 GUsi8898 this study
Ulva Cave Mesolithic Labrus sp. Wrasse -12.1 14.6 3.2 GUsi8902 this study
Ulva Cave Mesolithic Pollachius virens Saithe -12.2 13.6 3.2 GUsi8899 this study
Ulva Cave Mesolithic Pollachius virens Saithe -13.4 12.1 3.2 GUsi8901 this study
Carding Mill Bay 1 Mesolithic/Neolithic Lutra lutra Otter -12.0 16.0 C VI:21 Schulting and Richards 2002
Caisteal nan Gillean Mesolithic Halichoerus grypus Grey seal -11.9 19.1 n/a Richards and Mellars 1998
Cnoc Coig Mesolithic Pinniped Seal -11.6 18.8 10502 Charlton et al. 2016
Cnoc Coig Mesolithic Pinniped Seal -11.8 19.5 10420 Charlton et al. 2016
Airds Bay, Loch Etive Modern - flesh Patella Limpet -14.1 6.3 GUsi3201/3208 Bownes 2018
Airds Bay, Loch Etive Modern - flesh Patella Limpet -15.0 6.7 GUsi3202/3209 Bownes 2018
Airds Bay, Loch Etive Modern - flesh Patella Limpet -15.1 6.3 GUsi3204/3211 Bownes 2018
Airds Bay, Loch Etive Modern - flesh Patella Limpet -15.0 7.1 GUsi3205/3212 Bownes 2018
Airds Bay, Loch Etive Modern - flesh Patella Limpet -14.0 7.0 GUsi3206/3213 Bownes 2018
Airds Bay, Loch Etive Modern - flesh Patella Limpet -15.2 6.7 GUsi3207/3214 Bownes 2018
Oban, Scotland Modern - flesh Patella Limpet -13.6 7.8 GUsi3215/3221 Bownes 2018
Oban, Scotland Modern - flesh Patella Limpet -15.5 6.9 GUsi3216/3222 Bownes 2018
Oban, Scotland Modern - flesh Patella Limpet -14.7 6.2 GUsi3217/3223 Bownes 2018
Oban, Scotland Modern - flesh Littorina Periwinkle -15.3 11.7 GUsi3446/3598 Bownes 2018
Oban, Scotland Modern - flesh Littorina Periwinkle -13.3 8.5 GUsi3451/3603 Bownes 2018
PLANTS
Ulva Cave Mesolithic Corylus avellana Hazelnut (shell) -26.0 9.3 UAIL this study
Ulva Cave Mesolithic Corylus avellana Hazelnut (shell) -24.9 7.4 UA2 this study
Ulva Cave Mesolithic Corylus avellana Hazelnut (shell) -27.2 8.0 UA3 this study
Ulva Cave Mesolithic Corylus avellana Hazelnut (shell) -25.6 5.6 UA4 this study
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Ulva Cave Mesolithic Corylus avellana Hazelnut (shell) -24.6 6.2 UAS this study
Ulva Cave Mesolithic Corylus avellana Hazelnut (shell) -25.1 5.7 UMS1 RW this study
Ulva Cave Mesolithic Corylus avellana Hazelnut (shell) -23.9 0.9 UMS2 RW this study
Ulva Cave Mesolithic Corylus avellana Hazelnut (shell) -25.0 -1.2 UMS3 RW this study
Ulva Cave Mesolithic Corylus avellana Hazelnut (shell) -27.9 -1.0 UMS4 RW this study
Ulva Cave Mesolithic Corylus avellana Hazelnut (shell) -27.0 0.5 UMSS5 RW this study
Ulva Cave Mesolithic Corylus avellana Hazelnut (shell) -25.0 34 UMS6 RW this study
Balbridie Neolithic Hordeum vulgare Naked barley -24.6 0.6 24.4 BB F40 IS.1 Bishop et al. 2022
Balbridie Neolithic Hordeum vulgare Naked barley -23.1 0.1 36.0 BB F40 IS.2 Bishop et al. 2022
Balbridie Neolithic Hordeum vulgare Naked barley -24.5 0.8 32.0 BB F40 IS.3 Bishop et al. 2022
Balbridie Neolithic Hordeum vulgare Naked barley -24.6 -1.6 37.2 BB F40 IS.4 Bishop et al. 2022
Balbridie Neolithic Hordeum vulgare Naked barley -23.8 2.3 30.2 BB F40 IS.5 Bishop et al. 2022
Balbridie Neolithic Hordeum vulgare Naked barley -24.8 1.4 27.0 BB F40 IS.6 Bishop et al. 2022
Balbridie Neolithic Hordeum vulgare Naked barley -24.4 1.1 25.4 BB F40 IS.7 Bishop et al. 2022
Balbridie Neolithic Hordeum vulgare Naked barley -24.1 3.0 27.7 BB F40 IS.8 Bishop et al. 2022
Balbridie Neolithic Hordeum vulgare Naked barley -25.2 1.4 29.3 BB F40 IS.9 Bishop et al. 2022
Balbridie Neolithic Hordeum vulgare Naked barley -22.7 1.5 27.8 BB F40 IS.10 Bishop et al. 2022
Balbridie Neolithic Hordeum vulgare Naked barley -24.4 0.4 30.0 BB F294 1S.32 Bishop et al. 2022
Balbridie Neolithic Hordeum vulgare Naked barley -23.9 0.5 35.5 BB F294 1S.33 Bishop et al. 2022
Balbridie Neolithic Hordeum vulgare Naked barley -25.2 0.5 26.1 BB F294 1S.34 Bishop et al. 2022
Balbridie Neolithic Hordeum vulgare Naked barley -25.2 0.0 33.0 BB F294 1S.35 Bishop et al. 2022
Balbridie Neolithic Hordeum vulgare Naked barley -25.2 1.3 31.0 BB F294 1S.36 Bishop et al. 2022
Balbridie Neolithic Hordeum vulgare Naked barley -23.5 -0.2 28.2 BB F294 1S.37 Bishop et al. 2022
Balbridie Neolithic Hordeum vulgare Naked barley -23.5 -1.6 27.5 BB F294 1S.38 Bishop et al. 2022
Balbridie Neolithic Hordeum vulgare Naked barley -24.6 0.9 31.0 BB F294 1S.39 Bishop et al. 2022
Balbridie Neolithic Hordeum vulgare Naked barley -24.6 2.4 27.7 BB F294 1S.40 Bishop et al. 2022
Balbridie Neolithic Hordeum vulgare Naked barley -24.8 -1.3 30.7 BB F294 1S.41 Bishop et al. 2022
Skara Brae Neolithic Hordeum vulgare Naked barley -21.6 4.0 18.8 SB C.168 1S.1 Bishop et al. 2022
Skara Brae Neolithic Hordeum vulgare Naked barley -23.0 2.5 25.9 SB C.168 1S.2 Bishop et al. 2022
Skara Brae Neolithic Hordeum vulgare Naked barley -22.7 2.5 19.5 SB C.168 1S.3 Bishop et al. 2022
Skara Brae Neolithic Hordeum vulgare Naked barley -23.1 4.0 17.7 SB C.1681S.4 Bishop et al. 2022
Skara Brae Neolithic Hordeum vulgare Naked barley -22.7 4.1 23.3 SB C.168 1S.5 Bishop et al. 2022
Skara Brae Neolithic Hordeum vulgare Naked barley -21.0 3.1 12.3 SB C.168 1S.6 Bishop et al. 2022
Skara Brae Neolithic Hordeum vulgare Naked barley -22.8 2.2 21.7 SB C.168 1S.7 Bishop et al. 2022
Skara Brae Neolithic Hordeum vulgare Naked barley -22.4 5.3 17.0 SB C.168 1S.8 Bishop et al. 2022
Skara Brae Neolithic Hordeum vulgare Naked barley -22.3 4.5 26.0 SB C.168 1S.9 Bishop et al. 2022
Skara Brae Neolithic Hordeum vulgare Naked barley -23.8 3.2 19.7 SB C.1681S.10 Bishop et al. 2022
Braes of Ha'Breck Neolithic Hordeum vulgare Naked barley -23.1 7.3 17.0 BOH S.506.8 IS1 Bishop et al. 2022
Braes of Ha'Breck Neolithic Hordeum vulgare Naked barley -22.1 0.2 24.7 BOH S.506.8 1S2 Bishop et al. 2022
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Braes of Ha'Breck Neolithic Hordeum vulgare Naked barley -24.0 1.1 22.7 BOH S.506.8 1S3 Bishop et al. 2022
Braes of Ha'Breck Neolithic Hordeum vulgare Naked barley -24.3 1.2 27.0 BOH S.506.8 1S4 Bishop et al. 2022
Braes of Ha'Breck Neolithic Hordeum vulgare Naked barley -24.1 3.8 19.8 BOH S.506.8 IS5 Bishop et al. 2022
Braes of Ha'Breck Neolithic Hordeum vulgare Naked barley -24.3 1.5 30.8 BOH S.506.8 IS6 Bishop et al. 2022
Braes of Ha'Breck Neolithic Hordeum vulgare Naked barley -23.4 3.9 17.8 BOH S.506.8 IS7 Bishop et al. 2022
Braes of Ha'Breck Neolithic Hordeum vulgare Naked barley -23.3 5.9 20.1 BOH S.506.8 IS8 Bishop et al. 2022
Braes of Ha'Breck Neolithic Hordeum vulgare Naked barley -25.3 5.9 28.7 BOH S.506.8 1S9 Bishop et al. 2022
Braes of Ha'Breck Neolithic Hordeum vulgare Naked barley -24.1 33 18.7 BOH S.506.8 IS10 Bishop et al. 2022
Braes of Ha'Breck Neolithic Hordeum vulgare Naked barley -24.0 1.7 31.7 BOH S.124 1S1 Bishop et al. 2022
Braes of Ha'Breck Neolithic Hordeum vulgare Naked barley -23.2 5.1 28.1 BOH S.124 IS2 Bishop et al. 2022
Braes of Ha'Breck Neolithic Hordeum vulgare Naked barley -22.5 4.0 27.6 BOH S.124 1S3 Bishop et al. 2022
Braes of Ha'Breck Neolithic Hordeum vulgare Naked barley -23.2 3.5 25.2 BOH S.124 1S4 Bishop et al. 2022
Braes of Ha'Breck Neolithic Hordeum vulgare Naked barley -23.9 2.6 31.3 BOH S.124 IS5 Bishop et al. 2022
Braes of Ha'Breck Neolithic Hordeum vulgare Naked barley -23.2 3.0 22.8 BOH S.124 1S6 Bishop et al. 2022
Braes of Ha'Breck Neolithic Hordeum vulgare Naked barley -23.9 4.1 30.5 BOH S.124 1S7 Bishop et al. 2022
Braes of Ha'Breck Neolithic Hordeum vulgare Naked barley -24.2 2.2 22.1 BOH S.124 IS8 Bishop et al. 2022
Braes of Ha'Breck Neolithic Hordeum vulgare Naked barley -23.9 1.0 21.8 BOH S.124 1S9 Bishop et al. 2022
Braes of Ha'Breck Neolithic Hordeum vulgare Naked barley -24.0 2.7 21.9 BOH S.124 1510 Bishop et al. 2022
Braes of Ha'Breck Neolithic Hordeum vulgare Naked barley -23.1 5.7 14.0 BOH S.168 IS1 Bishop et al. 2022
Braes of Ha'Breck Neolithic Hordeum vulgare Naked barley -22.9 3.8 21.4 BOH S.168 1S2 Bishop et al. 2022
Braes of Ha'Breck Neolithic Hordeum vulgare Naked barley -24.2 6.1 19.3 BOH S.168 1S3 Bishop et al. 2022
Braes of Ha'Breck Neolithic Hordeum vulgare Naked barley -24.9 4.5 27.3 BOH S.168 1S4 Bishop et al. 2022
Braes of Ha'Breck Neolithic Hordeum vulgare Naked barley -24.0 3.5 11.6 BOH S.168 IS5 Bishop et al. 2022
Braes of Ha'Breck Neolithic Hordeum vulgare Naked barley -24.5 3.8 22.7 BOH S.168 1S6 Bishop et al. 2022
Braes of Ha'Breck Neolithic Hordeum vulgare Naked barley -23.8 7.6 15.7 BOH S.168 IS7 Bishop et al. 2022
Braes of Ha'Breck Neolithic Hordeum vulgare Naked barley -25.1 4.1 28.8 BOH S.168 IS8 Bishop et al. 2022
Braes of Ha'Breck Neolithic Hordeum vulgare Naked barley -22.9 2.3 27.9 BOH S.168 1S9 Bishop et al. 2022
Braes of Ha'Breck Neolithic Hordeum vulgare Naked barley -23.9 1.7 29.7 BOH S.168 IS10 Bishop et al. 2022
Braes of Ha'Breck Neolithic Hordeum vulgare Naked barley -24.1 0.3 23.6 BOH S.24 1S1 Bishop et al. 2022
Braes of Ha'Breck Neolithic Hordeum vulgare Naked barley -23.1 3.9 27.5 BOH S.24 1S2 Bishop et al. 2022
Braes of Ha'Breck Neolithic Hordeum vulgare Naked barley -23.2 3.9 21.4 BOH S.24 1S3 Bishop et al. 2022
Braes of Ha'Breck Neolithic Hordeum vulgare Naked barley -23.9 4.5 18.7 BOH S.24 1S4 Bishop et al. 2022
Braes of Ha'Breck Neolithic Hordeum vulgare Naked barley -25.2 2.7 19.9 BOH S.24 IS5 Bishop et al. 2022
Braes of Ha'Breck Neolithic Hordeum vulgare Naked barley -24.1 6.3 30.2 BOH S.24 1S6 Bishop et al. 2022
Braes of Ha'Breck Neolithic Hordeum vulgare Naked barley -25.4 7.0 28.2 BOH S.24 1S7 Bishop et al. 2022
Braes of Ha'Breck Neolithic Hordeum vulgare Naked barley -24.1 3.6 29.4 BOH S.24 IS8 Bishop et al. 2022
Braes of Ha'Breck Neolithic Hordeum vulgare Naked barley -22.4 8.0 25.0 BOH S.24 1S9 Bishop et al. 2022
Braes of Ha'Breck Neolithic Hordeum vulgare Naked barley -22.9 1.9 25.9 BOH S.24 1S10 Bishop et al. 2022

Braes of Ha'Breck Neolithic Hordeum vulgare Naked barley -25.2 4.5 20.3 BOH S.41 IS1 Bishop et al. 2022
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Braes of Ha'Breck Neolithic Hordeum vulgare Naked barley -23.6 4.2 26.7 BOH S.41 182 Bishop et al. 2022
Braes of Ha'Breck Neolithic Hordeum vulgare Naked barley -24.7 8.3 31.3 BOH S.41 1S3 Bishop et al. 2022
Braes of Ha'Breck Neolithic Hordeum vulgare Naked barley -23.4 2.8 25.6 BOH S.41 1S4 Bishop et al. 2022
Braes of Ha'Breck Neolithic Hordeum vulgare Naked barley -23.8 13.7 20.4 BOH S.41 IS5 Bishop et al. 2022
Braes of Ha'Breck Neolithic Hordeum vulgare Naked barley -22.3 8.8 24.2 BOH S.41 IS6 Bishop et al. 2022
Braes of Ha'Breck Neolithic Hordeum vulgare Naked barley -22.5 1.4 24.1 BOH S.41 1S7 Bishop et al. 2022
Braes of Ha'Breck Neolithic Hordeum vulgare Naked barley -23.8 2.9 24.0 BOH S.41 IS8 Bishop et al. 2022
Braes of Ha'Breck Neolithic Hordeum vulgare Naked barley -23.7 2.6 28.0 BOH S.41 1S9 Bishop et al. 2022
Braes of Ha'Breck Neolithic Hordeum vulgare Naked barley -23.4 4.2 28.6 BOH S.41 IS10 Bishop et al. 2022
Braes of Ha'Breck Neolithic Hordeum vulgare Naked barley -23.1 34 14.2 BOH S.112 IS1 Bishop et al. 2022
Braes of Ha'Breck Neolithic Hordeum vulgare Naked barley -24.3 1.2 32.2 BOH S.112 IS2 Bishop et al. 2022
Braes of Ha'Breck Neolithic Hordeum vulgare Naked barley -24.0 4.7 22.0 BOH S.112 1S3 Bishop et al. 2022
Braes of Ha'Breck Neolithic Hordeum vulgare Naked barley -22.6 3.7 20.2 BOH S.112 184 Bishop et al. 2022
Braes of Ha'Breck Neolithic Hordeum vulgare Naked barley -22.8 3.1 19.0 BOH S.112 1S5 Bishop et al. 2022
Braes of Ha'Breck Neolithic Hordeum vulgare Naked barley -25.7 2.8 33.7 BOH S.1121S6 Bishop et al. 2022
Braes of Ha'Breck Neolithic Hordeum vulgare Naked barley -24.2 2.4 222 BOH S.112 IS7 Bishop et al. 2022
Braes of Ha'Breck Neolithic Hordeum vulgare Naked barley -24.5 3.1 19.9 BOH S.112 IS8 Bishop et al. 2022
Braes of Ha'Breck Neolithic Hordeum vulgare Naked barley -23.3 2.9 19.6 BOH S.112 1S9 Bishop et al. 2022
Braes of Ha'Breck Neolithic Hordeum vulgare Naked barley -24.4 2.7 21.7 BOH S.112 IS10 Bishop et al. 2022
Balbridie Neolithic Triticum dicoccon Emmer wheat grain -23.7 1.4 28.8 BB F40 IS.11 Bishop et al. 2022
Balbridie Neolithic Triticum dicoccon Emmer wheat grain -23.2 0.9 27.3 BB F40 IS.12 Bishop et al. 2022
Balbridie Neolithic Triticum dicoccon Emmer wheat grain -23.6 1.0 23.7 BB F40 IS.13 Bishop et al. 2022
Balbridie Neolithic Triticum dicoccon Emmer wheat grain -23.2 -0.7 24.4 BB F40 IS.14 Bishop et al. 2022
Balbridie Neolithic Triticum dicoccon Emmer wheat grain -23.4 0.5 26.0 BB F40 IS.15 Bishop et al. 2022
Balbridie Neolithic Triticum dicoccon Emmer wheat grain -22.0 -0.8 27.0 BB F40 IS.16 Bishop et al. 2022
Balbridie Neolithic Triticum dicoccon Emmer wheat grain -23.2 1.0 34.0 BB F40 IS.17 Bishop et al. 2022
Balbridie Neolithic Triticum dicoccon Emmer wheat grain -23.1 0.6 25.6 BB F40 IS.18 Bishop et al. 2022
Balbridie Neolithic Triticum dicoccon Emmer wheat grain -23.2 -0.5 25.8 BB F40 IS.19 Bishop et al. 2022
Balbridie Neolithic Triticum dicoccon Emmer wheat grain -23.4 3.1 25.1 BB F40 IS.20 Bishop et al. 2022
Balbridie Neolithic Triticum dicoccon Emmer wheat grain -23.1 0.6 25.1 BB F294 1S.42 Bishop et al. 2022
Balbridie Neolithic Triticum dicoccon Emmer wheat grain -23.4 1.0 28.7 BB F294 1S.43 Bishop et al. 2022
Balbridie Neolithic Triticum dicoccon Emmer wheat grain -22.7 0.8 27.1 BB F294 1S.44 Bishop et al. 2022
Balbridie Neolithic Triticum dicoccon Emmer wheat grain -24.0 -0.6 27.5 BB F294 1S.45 Bishop et al. 2022
Balbridie Neolithic Triticum dicoccon Emmer wheat grain -23.4 0.7 24.3 BB F294 1S.46 Bishop et al. 2022
Balbridie Neolithic Triticum dicoccon Emmer wheat grain -22.9 1.1 23.8 BB F294 1S.47 Bishop et al. 2022
Balbridie Neolithic Triticum dicoccon Emmer wheat grain -22.6 1.4 24.4 BB F294 1S.48 Bishop et al. 2022
Balbridie Neolithic Triticum dicoccon Emmer wheat grain -23.7 -0.6 24.8 BB F294 1S.49 Bishop et al. 2022
Balbridie Neolithic Triticum dicoccon Emmer wheat grain -23.5 -0.2 28.0 BB F294 1S.50 Bishop et al. 2022
Balbridie Neolithic Triticum dicoccon Emmer wheat grain -23.5 1.1 22.1 BB F294 1S.51 Bishop et al. 2022
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Skara Brae Neolithic Triticum dicoccon Emmer wheat grain -20.7 3.8 15.6 SB C.168 1S.11 Bishop et al. 2022
Skara Brae Neolithic Triticum dicoccon Emmer wheat grain -20.8 1.6 16.0 SB C.1681S.12 Bishop et al. 2022
Skara Brae Neolithic Triticum dicoccon Emmer wheat grain -22.2 3.5 15.3 SB C.1681S.13 Bishop et al. 2022
Skara Brae Neolithic Triticum dicoccon Emmer wheat grain -22.5 0.9 13.7 SB C.168 1S.14 Bishop et al. 2022
Skara Brae Neolithic Triticum dicoccon Emmer wheat grain -21.5 3.1 15.0 SB C.1681S.15 Bishop et al. 2022
Balbridie Neolithic Triticum Free-threshing wheat ~ -24.1 0.5 32.2 BB F40 1S.21 Bishop et al. 2022
Balbridie Neolithic Triticum Free-threshing wheat ~ -22.7 0.2 25.0 BB F40 IS.22 Bishop et al. 2022
Balbridie Neolithic Triticum Free-threshing wheat ~ -22.7 -0.3 25.6 BB F40 1S.23 Bishop et al. 2022
Balbridie Neolithic Triticum Free-threshing wheat ~ -23.1 0.1 26.8 BB F40 IS.24 Bishop et al. 2022
Balbridie Neolithic Triticum Free-threshing wheat ~ -22.9 1.2 29.0 BB F40 IS.25 Bishop et al. 2022
Balbridie Neolithic Triticum Free-threshing wheat ~ -23.8 -0.6 25.8 BB F40 IS.26 Bishop et al. 2022
Balbridie Neolithic Triticum Free-threshing wheat ~ -23.1 0.6 28.2 BB F40 IS.27 Bishop et al. 2022
Balbridie Neolithic Triticum Free-threshing wheat ~ -23.5 0.2 29.6 BB F40 IS.28 Bishop et al. 2022
Balbridie Neolithic Triticum Free-threshing wheat ~ -22.8 -0.7 30.8 BB F40 IS.29 Bishop et al. 2022
Balbridie Neolithic Triticum Free-threshing wheat ~ -22.4 2.0 27.9 BB F40 IS.30 Bishop et al. 2022
Balbridie Neolithic Triticum Free-threshing wheat ~ -22.5 0.8 28.4 BB F294 1S.52 Bishop et al. 2022
Balbridie Neolithic Triticum Free-threshing wheat ~ -23.5 0.5 30.6 BB F294 1S.53 Bishop et al. 2022
Balbridie Neolithic Triticum Free-threshing wheat ~ -22.9 0.8 21.6 BB F294 1S.54 Bishop et al. 2022
Balbridie Neolithic Triticum Free-threshing wheat ~ -23.0 -0.3 23.5 BB F294 1S.55 Bishop et al. 2022
Balbridie Neolithic Triticum Free-threshing wheat ~ -22.7 -0.7 30.3 BB F294 1S.56 Bishop et al. 2022
Balbridie Neolithic Triticum Free-threshing wheat ~ -22.2 0.3 21.9 BB F294 1S.57 Bishop et al. 2022
Balbridie Neolithic Triticum Free-threshing wheat ~ -22.9 -0.2 24.2 BB F294 IS.58 Bishop et al. 2022
Balbridie Neolithic Triticum Free-threshing wheat ~ -22.6 0.0 22.8 BB F294 1S.59 Bishop et al. 2022
Balbridie Neolithic Triticum Free-threshing wheat ~ -24.5 3.7 24.1 BB F294 1S.60 Bishop et al. 2022

Balbridie Neolithic Triticum Free-threshing wheat ~ -22.9 2.3 33.8 BB F294 1S.61 Bishop et al. 2022
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Table 6. Neolithic human d*C and 5'°N data. The diets of only those individuals identified as adult are modelled.
ID Site Lab/Context ID Skeletal element Sex Age 83C %0 | 6N %o | C/N 14C Age BP References
AC.01 An Corran Small adult -20.7 9.8 Milner and Craig 2009
Mature adult
acoy | Amcormn (<35) 206 o8 Milner and Craig 2009
AC.03 An Corran Small adult -20.5 9.4 Milner and Craig 2009
Mature adult

Acos4 | AmComan (>40) 202 102 Milner and Craig 2009
AC.05 An Corran Mature adult -19.4 10.7 Milner and Craig 2009
AC.06 An Corran n.d. -21.2 11.1 Milner and Craig 2009
AC.07 An Corran n.d. -21.1 9.9 Milner and Craig 2009
AC.08 An Corran n.d. -21.0 10.1 Milner and Craig 2009
AC.09 An Corran n.d. -20.7 10.3 Milner and Craig 2009
AC.10 An Corran n.d. -20.8 9.8 Milner and Craig 2009
AC.11 An Corran n.d. -20.5 10.8 Milner and Craig 2009
AC.12 An Corran n.d. -20.2 11.4 Milner and Craig 2009
AC.13 An Corran n.d. -20.1 10.1 Milner and Craig 2009
AC.14 An Corran n.d. -19.9 9.7 Milner and Craig 2009
AC.15 An Corran n.d. -19.7 9.0 Milner and Craig 2009
AC.16 An Corran n.d. -19.7 10.2 Milner and Craig 2009
AC.17 An Corran n.d. -19.6 10.6 Milner and Craig 2009
AC.18 An Corran n.d. -22.9 2.6 Milner and Craig 2009
CMB.01 | Carding Mill Bay 1 CXIV:1 Phalanx Adult -21.5 9.0 32 Schulting and Richards 2002
CMB.02 | Carding Mill Bay 1 CXV:1 Metacarpal Adult -21.0 8.9 3.1 Schulting and Richards 2002
CMB.03 | Carding Mill Bay 1 C VII:130 Parietal Adult -21.5 9.6 32 Schulting and Richards 2002
CMB.04 | Carding Mill Bay 1 C XXIII Metatarsus Adult 214 9.8 3.1 Schulting and Richards 2002
CMB.05 | Carding Mill Bay 1 CII:74 Humerus Adult -21.3 8.8 32 Schulting and Richards 2002
CMB.06 | Carding Mill Bay 1 CIv:94 Phalanx Adult -21.5 10.0 3.1 Schulting and Richards 2002
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CMB.07 | Carding Mill Bay 1 CV:105 Femur Adult -21.3 8.9 32 Schulting and Richards 2002
CMB.08 | Carding Mill Bay 1 C VIIL:112 Metatarsal Adult -21.3 9.1 32 Schulting and Richards 2002
CMB.09 | Carding Mill Bay 1 C XVII:1 Phalanx Adult -21.5 9.9 3.1 Schulting and Richards 2002
CMB.10 | Carding Mill Bay 1 CX:1 Scapula Non-adult -21.3 9.5 3.1 Schulting and Richards 2002
CMB.11 | Carding Mill Bay 2 Incisor Non-adult -21.2 8.5 33 Patterson et al. 2022
) ) PSUAMS-

Carding Mill Bay 2
CMB.12 5772/5773/5774/5776 Phalanx F Adult -21.7 9.6 33 4832+14 Patterson et al. 2022
CLA.01 | Clachaig SUERC-68711/12988 Petrous F n.d. -21.6 11.2 33 4645+29 Olalde et al. 2018
CRA.O1 | Crarae 45NN 1186.1 Pelvis Adult -21.8 9.0 33 Schulting and Richards 2002
CRA.02 | Crarae 45NN 1186.2 Phalanx Adult -21.3 9.5 33 Schulting and Richards 2002
CRA.03 | Crarae S9C NN 1123 Patella Adult? -21.7 9.1 3.5 Schulting and Richards 2002

o SUERC-68702/12659

Distillery Cave

DC.01 Petrous F n.d. -21.4 8.9 3.2 4914+27 Olalde et al. 2018
SUERC-68703/12660

Distillery Cave
DC.02 Petrous n.d. -21.7 9.1 3.2 4631+29 Olalde et al. 2018
DC.03 Distillery Cave SUERC-68704/12691 Petrous n.d. -21.8 8.6 32 4881+£25 Olalde et al. 2018
MC.01 MacArthur Cave SUERC-68701/12657 Phalanx Adult -214 9.0 33 5052+30 Olalde et al. 2018
RC.01 Raschoille Cave OxA-8537 L Humerus 1-2yr -21.8 11.9 33 4535450 Bonsall 1999
RC.02 Raschoille Cave OxA-8434 R Femur c.3yr -21.1 8.7 34 4720+£50 Bonsall 1999
RC.03 Raschoille Cave OxA-8431 L Femur 23-5yr -20.6 8.6 33 4930450 Bonsall 1999

) Bonsall 1999; Patterson et al.

RC.04 ) OxA-8399/13137 Cervical vertebra 3-7yr -21.4 10.2 34 4630+65

Raschoille Cave 2022
RC.05 Raschoille Cave OxA-8432 R Humerus 8-10 yr -20.4 7.6 33 4980+50 Bonsall 1999
RC.06 Raschoille Cave OxA-8401 L Femur 210 yr -21.1 9.1 33 4565+65 Bonsall 1999
RC.07 Raschoille Cave OxA-8400 Rib Adult -20.3 9.7 3.2 4640+65 Bonsall 1999
RC.08 Raschoille Cave OxA-8444 R Humerus Adult 2211 9.6 3.5 4715445 Bonsall 1999
RC.09 Raschoille Cave OxA-8443 R Humerus Adult -20.4 9.4 3.2 4825+55 Bonsall 1999
RC.10 Raschoille Cave OxA-8433 L Humerus Adult -20.2 9.4 3.2 4920450 Bonsall 1999
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RC.11 Raschoille Cave OxA-8404 R Humerus Adult -21.6 7.7 32 4850+70 Bonsall 1999
RC.12 Raschoille Cave OxA-8441 R Humerus Adult? -21.2 9.1 33 4900+45 Bonsall 1999
RC.13 Raschoille Cave OxA-8435 Humerus -22.5 10.3 34 4680+50 Bonsall 1999
RC.14 Raschoille Cave OxA-8442 R Humerus -21.0 8.7 33 4890+45 Bonsall 1999
RC.15 Raschoille Cave PSUAMS-2068/13135 Petrous M -21.5 9.6 32 4770+30 Olalde et al. 2018
RC.16 Raschoille Cave PSUAMS-2069/13136 Petrous F -21.0 9.0 33 4665+30 Olalde et al. 2018
RC.17 Raschoille Cave PSUAMS-2154/13133 Petrous M -21.7 9.6 3.0 4725420 Olalde et al. 2018
RC.18 Raschoille Cave PSUAMS-2155/13134 Petrous M -22.2 11.0 32 4730+25 Olalde et al. 2018
RC.19 Raschoille Cave PSUAMS-2156/13138 Petrous F -22.1 94 32 4415425 Olalde et al. 2018
GU-40818/ SB Bownes et al. 2017; Knight et
RC.20 ) Petrous M Adult -21.9 8.4 3.5 4550+29
Raschoille Cave 513A2/13041 al. 2021
GU-40819/SUERC- Bownes et al. 2017; Knight et
RC.21 Petrous F Adult? -21.7 7.7 33 4738+31
Raschoille Cave 67265/SB525A2 al. 2021
GU-40820/SUERC- Bownes et al. 2017; Knight et
RC.22 Petrous F? Adult -21.6 7.7 33 4817431
Raschoille Cave 67266/SB526A al. 2021
GU-40821/SUERC- ) Bownes et al. 2017; Knight et
RC.23 ) Petrous F Indeterminate -22.1 8.8 33 4490429
Raschoille Cave 67267/SB528A2/15371 al. 2021
GU-40822/SUERC- Bownes et al. 2017; Knight et
RC.24 ) Petrous F Adult? -21.5 9.2 33 4499+29
Raschoille Cave 67268/SB527A1/15370 al. 2021
Bownes et al. 2017; Knight et
RC.25 ) GU-40823 -21.9 9.5 33 4668+29
Raschoille Cave al. 2021
RC.26 Raschoille Cave GU-40824 -22.3 10.2 3.2 4432+31 Bownes et al. 2017
GU-40825/SUERC- Bownes et al. 2017; Knight et
RC.27 Petrous Non-adult -22.4 10.4 33 4731£29
Raschoille Cave 67271 al. 2021
GU-40826/SUERC- Bownes et al. 2017; Knight et
RC.28 Petrous Non-adult -22.2 9.3 33 4638+31
Raschoille Cave 67275 al. 2021
UC.01 Ulva Cave PSUAMS-5771 Long bone M Adult -21.0 9.9 3.2 4895+25 Patterson et al. 2022

Table 7. Parameters input to the FRUITS 4 food source model. Constraints on protein intake are based on modern reference intake guidelines (Berryman et al. 2018).
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Parameter Description

A"Naiet-consumer 5.5+0.5%o

AP Cict-consumer 4.8+0.5%o0

Food source isotope values — Plants 813 Cprotein = -26.41.0%0; 83 Cenergy= -24.11.0%0; 8'°N = 2.8+1.0%o0
Food source isotope values — Terrestrial animals 33 Cprotein = -24.4+1.0%0, 8" Cenergy= -30.4%1.0%0; 8N = 3.3x1.0%o
Food source isotope values — Fish 3B Cprotein = -14.0£1.0%0, 83 Cenergy= -20.0£1.0%o0; 6'°N = 15.4=1.0%0
Food source isotope values — Shellfish 33 Cprotein = -14.6£1.0%0, 8'*Cenergy= -18.1%1.0%0; 85N = 7.4+1.0%o0
Food source nutrient concentrations — Plants Protein:energy — 10:90

Food source nutrient concentrations — Terrestrial animals Protein:energy — 70:30

Food source nutrient concentrations — Fish Protein:energy — 75:25

Food source nutrient concentrations — Shellfish Protein:energy — 90:10

Prior 0.05 < protein intake > 0.35

Table 8. Mean estimates (ME Cal) and credible intervals (CI, 68%) of calorie intake and a mean estimate of protein contribution (ME Pro) of four food groups, plants, terrestrial animals, fish and
shellfish consumed by Neolithic people from western Scotland. Values are presented as % of whole dietary intake. Samples are labelled to be consistent with Pickard and Bonsall (2022).

PLANTS TERRESTRIAL ANIMAL FISH SHELLFISH
Sample 83C | 8N | ME (Cal) | CI (68%) | ME (Pro) | ME (Cal) | CI (68%) | ME (Pro) | ME (Cal) | CI (68%) | ME (Pro) | ME (Cal) | CI (68%) | ME (Pro)

AC.01 207 | 9.8 75411 63-88 34417 22411 9-34 5419 241 0-3 544 242 0-3 645
AC.02 206 | 9.8 75412 62-90 34420 22412 7-34 54421 241 0-3 544 242 0-3 645
AC.03 20.5 9.4 75411 63-87 34417 21410 10-32 54419 241 0-3 544 242 0-3 645
AC.04 202 | 102 | 75+11 63-89 35417 2011 7-31 50419 242 1-4 745 242 0-4 846
AC.05 194 | 107 | 7310 63-85 3114 2049 9-29 48+17 442 1-6 1046 343 1-6 1048
CMB.01 215 9.0 77412 63-91 38420 21412 7-34 54422 11 0-2 443 11 0-2 544
CMB.02 21.0 8.9 76+12 63-91 37421 21+12 6-34 53+22 11 0-2 443 11 0-3 545
CMB.03 215 9.6 77412 63-92 38420 21+12 6-34 52422 11 0-3 5+4 1+1 0-2 5+4
CMB.04 214 | 98 76412 63-91 37420 21411 7-33 53421 241 0-3 544 11 0-3 544
CMB.05 213 8.8 78413 64-94 42422 19412 4-33 50423 11 0-2 343 11 0-2 544
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CMB.06 -21.5 10.0 7612 63-92 38+21 21+£12 6-33 52422 2+1 0-3 5+4 1+1 0-3 5+4
CMB.07 -21.3 8.9 T7£12 64-91 38+20 21+£12 7-33 53+21 1+1 0-2 443 1+1 0-2 5+4
CMB.08 -21.3 9.1 7612 64-91 38+19 21+11 7-34 53+£20 1+1 0-2 443 1+1 0-3 5+4
CMB.09 -21.5 9.9 76x12 63-91 37£20 21+£12 7-34 54+£21 1+1 0-3 4+4 1+1 0-2 4+4
CRA.01 -21.8 9.0 77£13 63-93 40£21 20+£12 6-34 52422 1+1 0-2 343 1+1 0-2 444
CRA.02 -21.3 9.5 75+12 63-90 3620 22+11 8-34 55421 1+1 0-3 4+3 1+1 0-3 545
CRA.03 -21.7 9.1 7712 64-91 38+20 21+12 7-33 54421 1+1 0-2 4+3 1+1 0-2 444
MC.01 -21.4 9.0 75+12 62-90 3619 22+11 8-34 56+21 1+1 0-2 443 1+1 0-2 5+4
RC.07 -20.3 9.7 7511 64-87 34+£17 21+10 9-32 53+19 2+2 0-4 6+4 2+2 0-4 7+6
RC.08 -21.1 9.6 77£12 64-91 38+20 21+£12 7-33 52421 2+1 0-3 5+4 2+1 0-3 545
RC.09 -20.4 9.4 75+11 64-88 35+17 21£10 9-32 53419 242 0-3 5+4 242 0-4 7+6
RC.10 -20.2 9.4 75+11 63-88 34+17 21+10 9-32 53+18 2+2 0-3 5+4 242 0-1 7+6
RC.11 -21.6 7.7 77£13 63-93 41£22 21£12 5-35 53+23 1+1 0-2 2+2 1+1 0-2 4+4
RC.12 -21.2 9.1 75€12 63-90 36+19 21£11 8-33 55+20 1+1 0-2 4+3 1+1 0-3 545
UC.01 -21 9.9 74«11 63-88 34+£18 22+11 9-33 55+19 242 0-3 5+4 2+1 0-3 645
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4.1. Revised dietary models

The outputs of the models, perhaps unsurprisingly given the narrow ranges of the 5'3C and 5"°N
values, suggest that the diets of Neolithic individuals in western Scotland were homogeneous. The
68% credible interval for each food source is very similar across all the individuals analysed (see
Figure 4). The model suggests that plant foods were likely the mainstay of dietary calories. The mean
estimated contribution of plant calories is approximately 75+11%, with the lowest estimated CI range
of 62-64% and the highest range of 87-94%. In contrast, dietary protein was likely sourced predomi-
nantly from terrestrial animal products, including meat and dairy (e.g., Cramp et al. 2014).
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Figure 4. FRUITS dietary models for Neolithic individuals from western Scotland grouped by food source. The
solid line represents the median estimated food source contribution to dietary calories, the dotted line shows the
mean estimated contribution, the box shows the 68% credible interval (CI); and the whiskers the 95% CI.

The mean estimated calorie contribution of fish varied from 1+1% to 24+2%, while for shellfish it
ranged from 1+1% to 3+3%. This implies that marine resources represented, at most, a minor compo-
nent of dietary calories. The mean estimated protein contributions of both fish and shellfish show a
wider range of values, from 2+2% to 10+6% and 4+4% to 10+8%, respectively. This may indicate some
variation, individually or between groups, in the consumption of, and nutrients derived from, marine
resources. However, the credible intervals for all but two samples suggest that marine resources were
not consumed - that is, the lower range of the fish and shellfish calorie contribution credible intervals
is 0%. The credible intervals (68%) for two samples from An Corran (AC.04 and AC.05) indicate a
small contribution of marine resources to diet, but at most, this constitutes a 6% contribution of both
fish and shellfish to calories. Notably, these two samples may originate from a single individual; both
were extracted from fragmentary bones, and both specimens were identified as the remains of a ‘ma-
ture” adult (Milner and Craig 2009).
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4.2. Diet, DNA and the Mesolithic—Neolithic Transition

Radiocarbon chronologies of Mesolithic and Neolithic sites on Islay point to the likely co-exist-
ence of hunter-gatherers and farmers on the island between c. 3790 and 3640 cal BCE and potentially
into the latter half of the 4th millennium BCE (Mithen 2022). Mithen (2022) proposed three scenarios
of indigenous hunter-gatherer and migrant farmer interaction on Islay: (a) swift succession, (b) dual
populations, and (c) biocultural merger. Although developed for Islay, the scenarios serve as a valu-
able starting point for exploring the nature of immigrant farmer/indigenous hunter-gatherer interac-
tions across the wider region of western Scotland.

The swift succession scenario proposes a short period of contact with some admixture or accul-
turation before the ‘extinction’ of hunter-gatherer groups, which Mithen (2022) argued did not wholly
align with the archaeological evidence. The dual population model envisioned Neolithic and Meso-
lithic people coexisting in the same area, possibly even using the same locations, but with little or no
contact for an extended period, possibly into the 2nd millennium BCE (Mithen 2022). The biocultural
merger model proposed a genetic and cultural union with a mixed economy, including hunting,
gathering, fishing, and pastoralism (Mithen 2022). Of the three scenarios, Mithen (2022) cautiously
favoured the biocultural merger model.

All the west Scottish Neolithic individuals sampled for stable isotope analysis had diets largely,
if not entirely, based on terrestrial resources. Moreover, their diets were remarkably uniform. This
dietary emphasis is indicated not only by the biochemistry of human remains but is also supported
by organic residue analysis of Neolithic pottery sherds from coastal locations in northern Britain,
including the Northern and Western Isles, which show a “near-complete absence” of residues of
aquatic origin (Cramp et al. 2014: 3). Arguably, therefore, the Neolithic individuals represent a single
dietary population even though some individuals show mixed EEF and indigenous hunter-gatherer
ancestry (cf. Bollongino et al. 2013). While modelling the relative proportions of wild terrestrial spe-
cies versus domesticates in the diet is not feasible due to an overlap in 8*C and 5'°N values of these
food groups, the isotope data clearly indicate whether marine resources were exploited. At most, fish
and shellfish contributed minimally to diet, marking a significant shift in dietary focus from the Mes-
olithic.

Mesolithic human remains are scarce in Scotland, comprising isolated finds of disarticulated and
fragmented bones or teeth. Stable isotope data are available for only six samples from adults (mod-
elling the diet of non-adults remains problematic) — five from Cnoc Coig and one from Caisteal nan
Gillean II, both shell-midden locations on Oronsay. The diets of the individuals whose remains were
recovered from these two sites comprised a mix of terrestrial and aquatic resources, typically with
more than a third of calories drawn from marine resources (Pickard and Bonsall 2020, 2022). aDNA
from only one Mesolithic individual from Cnoc Coig, Oronsay, has been sequenced (Figure 3) — a
female who lived between c. 4450 and 4260 BCE (5492+36 BP, SUERC-69249). She had western hunter-
gatherer (WHG) ancestry and presumably was an indigenous hunter-gatherer (Brace et al. 2019). This
individual had among the highest 3C and 9N ratios of any of the human remains from Cnoc Coig
that have been analysed (013C = -12.8%0 and d'"N=+16.6%,, GU41836). However, the collagen was
extracted from the petrous portion of the temporal bone, which may reflect a combination of mater-
nal, breastfeeding, and weaning/post-weaning diets as it begins to form in utero and does not re-
model after approximately two years of age (Jorkov et al. 2009). The complex interplay between phys-
iological effects, nursing and diet means that it is inadvisable to use these data to model ‘typical’
Mesolithic diets. However, it is entirely conceivable that the diet of the adult from whom the petrous
sample was extracted was similar to that of the other individuals from Cnoc Coig for whom adult
diet proxies are available (see Pickard and Bonsall 2022). While it is not certain that the diets of all
west Scottish hunter-gatherers were similarly constituted, the broader evidence from Atlantic Europe
(e.g., Richards and Hedges 1999; Bergsvik and Ritchie 2020; Garcia-Escarzaga and Gutiérrez-Zugasti
2021) suggests that marine resources likely constituted an important element of the subsistence econ-
omy for coastal groups. While diet is only one culturally determined behaviour, turning away from
the sea represents a distinct break with past traditions and habitus and, therefore, of social and
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symbolic significance. As Fornander (2011: 80-81) aptly summarizes, “social identity, is rooted in the
practices of everyday life” and “is also about defining what one is not”. The dietary evidence strongly
suggests that fishing was an infrequent activity; therefore, west Scottish Neolithic likely had a distinct
socially constructed identity compared to earlier Mesolithic groups. Diachronic changes in diet are
more consistent with either the dual population model or the swift succession model than with the
biocultural merger model.
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Figure 3. The proportion of hunter-gatherer (WHG)/Early European Farmer (EEF) ancestry vs median date of
the Mesolithic individual from Cnoc Coig (filled square) and Neolithic individuals (open circles) from western
Scotland. Median “C dates were calculated using OxCal 4.4 (Bronk Ramsey 2021) and the IntCal20 dataset
(Reimer et al. 2020) and are the mean of the upper and lower boundaries for contextual dates.

As Brace and Booth (2023: 133) observed, the aDNA evidence is inconsistent with a complete
biocultural merger — migrant farmers “must have lived adjacent to people descended from local Mes-
olithic groups for hundreds of years but only had children with them some of the time”. In Figure 3
the Mesolithic individual from Cnoc Coig establishes the benchmark for indigenous hunter-gatherers
with fully Western Hunter-Gatherer (WHG) ancestry, while the individual(s) from MacArthur Cave
set the boundary for migrant farmer (or Early European Farmer) ancestry (see Patterson et al. [2022]
and Brace and Booth [2023] for discussion of the MacArthur Cave samples and levels of WHG ances-
try in Neolithic groups). It is striking that the median dates of those individuals with evidence for
increased Mesolithic ancestry (notably never exceeding 30%) are clustered between c. 3700 and 3500
BCE, a timespan which some authorities would place at the end of the Early Neolithic and beginning
of the Middle Neolithic, after which the genetic contribution reverts to the Neolithic ‘baseline’ (see
the downward trend in Figure 3). As noted by Brace and Booth (2023), increases in hunter-gatherer
ancestry in Middle Neolithic populations have been observed in several regions of continental Eu-
rope. However, only in rare cases does this reflect recent admixture between indigenous hunter-gath-
erers and migrant farmers in the Middle Neolithic, e.g., Blatterhohle Cave, Germany, and likely
among the Brze$¢ Kujawski group, Poland (Bollongino et al. 2013; Lipson et al. 2017; Fernandes et al.
2018; Rivollat et al. 2020; Brace and Booth 2023). At Blatterhohle, biomolecular evidence strongly sug-
gests the presence of two groups of Neolithic people, one subsisting entirely on agricultural resources
with EEF ancestry, the other by foraging and fishing with hunter-gatherer ancestry (Bollongino et al.
2013). This is quite distinct from the uniform diet of west Scottish Neolithic groups. Furthermore,
there are no 4th millennium BC individuals who display a high level (i.e., 260%) of Mesolithic heritage
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(Brace and Booth 2023), suggesting asymmetric gene flow between hunter-gatherers and farmers in
the region. According to the Hardy—-Weinberg Principle, allele proportions in a population should
remain constant over time unless (i) there is a significant selective advantage (in the case of Neolithic
alleles); (ii) marriage practices distort the proportions (e.g., Zerjal et al. 2003), or (iii) there is a contin-
uous influx of DNA into a population. The latter is most likely in this case, and such an influx of
migrant farmers would dilute hunter-gatherer DNA allele frequency. Thus, based on both the dietary
and DNA evidence, we propose a model of subsumption of Mesolithic genetic heritage along with
cultural replacement followed by continued influx of Neolithic farmers, further diluting the Meso-
lithic signal to complete loss — i.e., a dual population model. This is suggested cautiously for three
reasons. Firstly, there is still some uncertainty about where in continental Europe the first farmers
originated (Sheridan and Whittle, 2023). Resolving this issue may result in a reconsideration of the
extent to which hunter-gatherers and migrant farmers interacted within Britain (see Brace and Booth
2023). Second, there may be ascertainment bias — individuals with high levels of Mesolithic ancestry
may have had mortuary rituals that leave little archaeological trace. Ultimately, in many instances, it
is difficult to reconcile whether the individuals sampled for aDNA analysis are also those whose
remains have undergone stable isotope analysis for dietary modelling.

4.3. Shell middens and Neolithic burials

Various explanations have been proposed to account for the co-occurrence of Neolithic human
remains with shell middens. One explanation is the use of marine resources by farmers during times
of hardship, such as crop failures. This has been suggested for an Early Neolithic site at Sumburgh
(in Shetland), where the consumption of marine resources is evident only in dentine increments
(which provide a record of diet during childhood and over short periods, i.e., weeks to months) rather
than in bone collagen, which typically reflects average dietary intake over longer timescales (e.g.,
Montgomery et al. 2013). Further, Mithen (2022:19) proposed that the Middle Neolithic failure of
farming (Stevens and Fuller 2012) may have led to a renewed impetus for hunting and gathering,
“for which they may have required Mesolithic-type knowledge and technology” and thus served as
a catalyst for increased contact with native hunter-gatherers. The use of wild resources, whether ter-
restrial or marine, does not require Mesolithic-type technology or skills. Marine resources can be har-
vested with minimal technology and experience (Groom et al., 2019). Despite their proximity and
accessibility for coastal groups in western Scotland, marine resources did not feature prominently in
the diets of Neolithic communities. Indeed, Schulting and Bori¢ (2017:94) expressed their surprise
that the Early Neolithic people of Sumburgh did not focus all their attention on fishing, given the
marginality of farming in such a northerly location. They noted that this “speaks to the cultural im-
portance of maintaining a farming identity”. Similarly, while wild plants were exploited in Neolithic
Scotland and seem to have become a crucial staple during the Middle to Late Neolithic, this does not
necessitate the continuance of hunter-gatherers or the direct transfer of knowledge — as Stephens and
Fuller (2012:719) noted, “migrating farmers from the Continent already had a subsistence strategy
encompassing both cultivated and wild foods”.

Another possibility is that farming communities were not responsible for 4th millennium BCE
midden accumulations; rather, these could represent the activities of a coexisting hunter-gatherer
population. While Mithen (2022: 18) suggested that population collapse “may have driven local com-
munities to relax their marriage rules to allow interbreeding with local Mesolithic groups”, it is im-
portant not to assume that hunter-gatherers were passive bystanders in the transition to farming.
There may have been some resistance to merger on both sides — hunter-gatherers may also have
maintained strong connections to past customs, rituals and social structures (see Zilhao 2011).

This raises the question of why, if middens were associated with hunter-gatherer activities, Ne-
olithic people chose to deposit the remains of their deceased in these locations. Brace and Booth
(2023), highlighting similarities between the depositional contexts of human remains on Oronsay and
at Carding Mill Bay, imply that the act of depositing human remains at shell midden sites signifies a
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continuation of hunter-gatherer mortuary traditions into the Neolithic. If that were indeed the case,
it suggests the persistence of funerary customs shaped by hunter-gatherer social memory despite
hunter-gatherer ancestry being at low levels or absent in the individuals whose remains have been
recovered from these sites. None of the individuals from Raschoille Cave was genetically closely re-
lated (Patterson et al. 2022; Brace and Booth 2023), which suggests that placing the deceased in caves
did not reflect the collective memory or practices of a small bioculturally-merged group.

Placing the remains of the dead in caves was not a Mesolithic tradition in western Scotland (Bon-
sall et al. 2012; Sheridan and Schulting 2020). However, this practice is observed throughout Neolithic
Europe (e.g., Peterson 2019; Silvestri et al. 2020; Sparacello et al. 2020; Rivero et al. 2021). At Raschoille,
the human remains were found in or beneath angular rock debris, stratigraphically separated from
the shell-midden deposits in the cave. Distillery Cave was discovered during quarrying in the 19th
century. The existence of the cave and its archaeological significance were only recognized after rock
blasting disturbed the deposits; hence, the archaeological context of the human remains, and their
stratigraphic relationship with the shell midden are uncertain (Turner 1895). Similarly, at An Corran,
the funerary practices and the relationship between the shell midden and the human remains are
uncertain. While the remains may have been intentionally inserted into pre-existing midden deposits,
it has been suggested they were incidental intrusions, perhaps originally placed on a ledge of the
rockshelter (Saville et al. 2012). At MacArthur Cave, the human remains were recovered from the
surface of, and from within, a ‘black earth’ layer that overlay the shell-bearing deposits (Anderson
1895) — thus, post-dating the midden. Moreover, an AMS #C date on a bone artefact from the midden
(Bonsall and Smith 1989) is substantially older than the C dates obtained from Neolithic human
remains from the cave.

At Ulva Cave, the entrance area featured a shell midden formed by the periodic deposition of
food and other refuse over thousands of years, which had become highly compacted due to human
and animal trampling. The midden dates back to before 7500 cal BCE (Russell et al. 1995) but was
added to intermittently during the later Mesolithic and subsequent periods. A few disarticulated hu-
man bones (one dated to the Early Neolithic — Table 1) were found among mammalian remains re-
covered through hand excavation and fine sieving, but it could not be determined whether the human
remains had been intentionally "buried."

Arguably, the most compelling evidence for the intentional burial of Neolithic human remains
in shell-midden deposits comes from Carding Mill Bay in Oban, where disarticulated human bones
were found in shell-midden deposits within two shallow fissure caves at the base of a raised marine
cliff (CMB 1 and CMB 2). Both sites had suffered damage due to land development, prompting sal-
vage excavations at Site 1 in 1988 (Connock et al. 1991) and at Site 2 from 1992 to 1996 (Bartosiewicz
et al. 2010). At CMB 1, the radiocarbon dates for human bones were, on average, several centuries
younger than those for ungulate bones and bone artefacts recovered from the shell-midden deposits
(Connock et al. 1991; Bonsall and Smith 1992; Schulting and Richards 2002; Bownes et al. 2017). This
evidence implies that Neolithic human remains were either deposited in an in-situ Late Mesolithic
shell midden or that the shell-midden material had been brought to the site from another location
specifically to conceal the human remains. At CMB 2, human remains were recovered from two dis-
tinct shell-rich layers separated by a layer of talus. Bones from two individuals with Early Farmer
(EEF) ancestry excavated from the lower midden deposit were dated to the Early Neolithic (Table 1).
The contrasting pedological and microfaunal characteristics of the two sets of midden deposits sug-
gest that at least one, and possibly both, had not accumulated in situ but had been imported for the
purpose of burying the human remains.

5. Conclusions

This paper was conceived as a contribution to discussions on how we can accurately model past
diets, focusing on the nature of the transition from hunting and gathering to farming in western Scot-
land. FRUITS generates accurate models of past diets when appropriate parameters are input. Our
FRUITS models indicate that plant foods were the primary source of dietary calories, while animal
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products provided the principal source of dietary protein for west Scottish Neolithic individuals. The
results presented here support the long-standing view that marine resources constituted, at most, a
minor component of Neolithic diets in western Scotland. Collectively, the dietary and aDNA evi-
dence suggests subsumption with further influx dilution, that is, the dual population model of the
Mesolithic-Neolithic transition in western Scotland best fits the current evidence. Extensive reliance
on terrestrial resources in Neolithic western Scotland suggests deep-rooted connections to farming
traditions.

The interpretations presented here are offered cautiously. We recognize that there remain sig-
nificant gaps in food source isotope data that need to be addressed. While no 4th millennium BCE
individuals with predominantly WHG ancestry have been identified so far, this may reflect the small
number of individuals whose aDNA has been extracted and sequenced. It may also reflect ascertain-
ment bias — hunter-gatherers might have disposed of their dead in a way that left little archaeological
trace, either due to the nature of mortuary rituals or the poor preservation of bones in the acidic soils
that are prevalent throughout Scotland.

To address the limitations in current dietary models, further biomolecular analyses and radio-
carbon dating are essential, including (i) targeted isotope analyses of potential food sources, espe-
cially domestic animals and wild plants such as hazelnuts from sites in western Scotland; (ii) addi-
tional radiocarbon dates from sites like Ulva Cave and Carding Mill Bay 2 to enhance our under-
standing of shell midden chronology; and (iii) palaeoproteomics (ZooMS) of non-diagnostic large
mammal remains, which also has the potential to identify remains of humans as well as domesticates,
and expand both the isotope and aDNA datasets.

Supplementary Materials: The following supporting information can be downloaded at the website of this pa-
per posted on Preprints.org. Methods Statement for Extraction and Stable Isotope Analysis of Bone Collagen;
Methods Statement for Pre-Treatment and Stable Isotope Analysis of Carbonised Hazelnut Shells.

Methods Statement for Extraction and Stable Isotope Analysis of Bone Collagen. Bone samples were pre-
treated and collagen was extracted in the wet chemistry lab of the School of History, Classics and Archaeology,
at the University of Edinburgh. A sample of approximately 1 g of bone was taken from each specimen. Samples
were cleaned by ultrasonication in Milli-Q® ultra-purified water for 20 minutes. Collagen was extracted from
the bone samples by means of a modified Longin method using an acid-alkali-acid wash protocol (Longin 1971;
Brown 1988). Each bone sample was placed in c. 100 ml of 1 N HCl at 20°C until completely demineralised. The
organic portion of the bone was then washed to neutral pH in Milli-Q® ultra-purified water (carbon content < 3
ppb) and subsequently placed in c. 100 ml of 0.2 N NaOH at 20°C for 24 hours to remove any potential humic
contaminants. Following the alkali wash the collagen was returned to a 1 N HCl solution for a period of 1 hour
to remove any atmospheric CO:z absorbed during the alkali wash. The sample was then washed in ultra-purified
water and then solubilised at 80°C in a pH=3 solution for 24 hours. The collagen solution was concentrated by

evaporation and then lyophilised in a Christ freeze drier for 48 hours at -55°C.

Stable carbon (0'*C) and nitrogen (d'°N) isotopic compositions were determined on a Delta V Advantage contin-
uous-flow isotope ratio mass spectrometer coupled via a ConfloIV to an IsoLink elemental analyser (Thermo
Scientific, Bremen) at SUERC, East Kilbride, as described in Sayle et al. (2019). Bone collagen samples were com-
busted in the presence of oxygen in a single reactor containing tungstic oxide and copper wires at 1020°C to
produce N2, and COz. A magnesium perchlorate trap was used to eliminate water produced during the combus-
tion process, and the gases were separated in a GC column heated between 70°C and 240°C. Helium was used
as a carrier gas throughout the procedure. N2 and CO: entered the mass spectrometer via an open split arrange-
ment within the ConfloIV and were analysed against their corresponding reference gases. The International
Atomic Energy Agency (IAEA) reference materials USGS40 (L-glutamic acid, *Cvrps=—26.39+0.04%0, 0’ Nar =
—4.52+0.06%0) and USGS41a (L-glutamic acid, *Cveps = 36.55+0.08 %o, 8*NaIr = 47.55+0.15%0) were used to nor-
malise 5'3C and 0N values. Results are reported as per mil (%o) relative to the internationally accepted stand-
ards VPDB and AIR. Normalisation was checked using the marine collagen USGS88 (5'*Cveps = —16.0620.07 %o,
OPNarr = 14.96+0.14%0) and the porcine collagen USGS89 (d*Cvrps = —18.13+0.11%0 and dNar = 6.25+0.12%o).


https://doi.org/10.20944/preprints202501.1248.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 16 January 2025 d0i:10.20944/preprints202501.1248.v1

30 of 6

Precision is determined to be +0.1%o for d*C and +0.2%o for 8'°N is based on repeated measurements of the well
characterised Elemental Microanalysis IRMS fish gelatin standard B2215.

Methods Statement for Pre-Treatment and Stable Isotope Analysis of Carbonised Hazelnut Shells

Carbonised hazelnut shell fragments were cleaned by washing in HCI and subsequent ultrasonication in Milli-
Q® ultra-purified water for 20 minutes. Stable carbon (8'°C) and nitrogen (d'°N) isotopic compositions were
determined by Elemental Analysis - Isotope Ratio Mass Spectrometry (EA-IRMS) at Iso-Analytical, Bramhall,
Cheshire. Samples and references were weighed into tin capsules, sealed, and loaded into an auto-sampler on a
Europa Scientific elemental analyser. From where they are dropped in sequence into a furnace held at 1000 °C
and combusted in the presence of oxygen. The tin capsules were flash combusted — combusted gases were then
swept in a helium stream over a combustion catalyst, Cr20s wires, and silver wool to remove sulphur and hal-
ides. Resultant gases, N2, NOx, and CO2, were swept through a reduction stage of pure copper wires held at 600
°C, to convert NOx species to N2. N2, NOx, and CO: were separated using a packed column gas chromatograph
held at a constant temperature of 65°C. The resultant nitrogen peak entered the ion source of the Europa Scien-
tific 20-20 IRMS, where it was ionized and accelerated. Nitrogen gas species of different mass were separated in
a magnetic field then simultaneously measured using a Faraday cup collector array to measure the isotopomers
of N2 at m/z 28, 29, and 30. After a delay the carbon dioxide peak entered the ion source and was ionized and
accelerated. Carbon dioxide gas species of different mass are separated in a magnetic field then simultaneously
measured using a Faraday cup collector array to measure the isotopomers of CO:2 at m/z 44, 45, and 46. Both
references and samples were converted to N2 and CO:z and analysed using the same method. The analysis pro-
ceeds in a batch process by which a reference is analysed followed by a number of samples and then another
reference. The reference material used for 5'*C and 9N analysis was IA-R001 (wheat flour, d"*Cveps = -26.43 %o
and dNaIr = 2.55%0). IA-R001, a mixture of IA-R005 (beet sugar, d*Cvros = -26.03%0) and IA-R045 (ammonium
sulphate, 8'Nair = -4.71%o) and a mixture of IA-R006 (cane sugar, 83Cvrps =-11.64%o0) and IA-R046 (ammonium
sulphate, 8'Nair = 22.04%0) were run as quality control check samples during analysis. IA-R001 is calibrated
against and traceable to IAEA-CH-6 (sucrose, 8*Cvrps = -10.449%o) and IAEA-N-1 (ammonium sulphate, 81*Nar
= 0.40%o). IA-R005 and IA-R006 are calibrated against and traceable to IAEA-CH-6. IA-R045 and IA-R046 are
calibrated against and traceable to IAEA-N-1. IAEA-CH-6 and IAEA-N-1 are inter-laboratory comparison stand-
ards distributed by the International Atomic Energy Agency, Vienna.
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