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[bookmark: _heading=h.hpr8gv47omjm]Human osteology: technical report
[bookmark: _heading=h.phbseess7asz]Introduction
This report is the osteological analysis conducted for the skeletal remains of two individuals found at Loch Borralie, Sutherland, Scotland: Individual 1 and Individual 2. 
[bookmark: _heading=h.s84mv482z4pv]Methods
The overall cortical surface preservation was evaluated using the seven-stage gradient system developed for human remains (McKinley 2004) and completeness of the remains was recorded as a % estimation of the individual bone as well as the skeleton, using a four-stage system: 0-25%, 25-50%, 50-75%, and 75-100%,  amended from Mays and Brickley (2004). Sex estimation was not attempted on non-adult material, as the sexual dimorphic characteristics are not expressed before late adolescence (Scheuer & Black 2000). Sex of adult remains was estimated using morphological and metric analysis (Phenice 1969; Ferembach et al. 1980; Buikstra & Ubelaker 1994; Bass 2005; Walker 2008; Klales et al. 2012). Age in juvenile individuals was estimated using dental development and eruption stages (Moorrees et al. 1963; AlQahtani et al. 2010), epiphyseal fusion, and long bone and diaphyseal length as applicable (Maresh 1970; Scheuer et al. 1980; Webb & Suchey 1985; Scheuer & Black 2000). Transition analysis (Milner & Boldsen 2011) was the primary age estimation method used in adult individuals; however, other methods were also applied as and when required (Brothwell 1981; Lovejoy et al. 1985; Brooks & Suchey 1990; Buckberry & Chamberlain 2002). Metric assessment was carried out following Buikstra and Ubelaker (1994) guidelines and stature was calculated following Trotter’s (1970) equations with Jantz’s (1992) modified equations for the tibia of females. Non-metric traits were recorded as a selection from the osteological literature (Berry & Berry 1967; Finnegan 1978). 
With regards to palaeopathology, dental health was recorded for common dental health indicators (i.e. calculus, periodontal disease, periapical abscesses, ante-mortem tooth loss and dental enamel hypoplasia). Dental calculus was recorded according to Dobney and Brothwell (1987). Periodontal disease was recorded according to Brothwell (1981). Skeletal pathologies were recorded with reference to general palaeopathological texts (Ortner 2003; Roberts & Manchester 2007; Waldron 2009; Aufderheide et al. 2011) as well as other medical and clinical literature specific to conditions. Where required, macroscopic and microscopic images are used to illustrate pathology and facilitate the diagnosis. 
Results
[bookmark: _heading=h.e68cwwn6tl20]Individual 1
[bookmark: _heading=h.kioor9d7eoea]Skeletal inventory
	Skull 

	
	Present (P) / Absent (A)
	Comment

	
	Right
	Left
	

	Frontal 
	P
	P
	

	Parietal 
	P
	P
	

	Occipital
	P
	P
	

	Temporal
	P
	P
	

	Zygomatic
	A
	A
	

	Sphenoid
	P
	P
	

	Nasal
	A
	A
	

	Maxilla
	A
	A
	

	Palate
	A
	A
	

	Mandible
	P
	P
	Mental area damaged

	Temporo-mandibular joint
	P
	P
	

	Malleus 
	P
	A
	

	Incus 
	A
	A
	

	Stapes
	A
	A
	

	Hyoid
	A
	A
	

	Comments on the skull:
Good preservation overall, but the internal surface of the frontal bones appears warped, the endocranial cortical bone flaked off from the rest of the cranial layers. 



	Axial skeleton

	Bone
	Present (P) / Absent (A)
	Comments

	Atlas
	P
	

	Axis
	P
	Spine displaced laterally to the right

	Cervical 3
	P
	Body very damaged

	Cervical 4
	P
	Body very damaged. L horn of spinous process missing (congenitally)

	Cervical 5
	P
	Body very damaged

	Cervical 6
	P
	Body very damaged

	Cervical 7
	P
	Body very damaged

	Thoracic 1
	P: Arch only, body missing
	

	Thoracic 2
	P: Arch only, body missing
	

	Thoracic 3
	P: Arch only, body missing
	

	Thoracic 4
	P: Arch only, body missing
	

	Thoracic 5
	P: body damaged
	

	Thoracic 6
	P
	

	Thoracic 7
	P
	

	Thoracic 8
	P
	

	Thoracic 9
	A
	

	Thoracic 10
	A
	

	Thoracic 11
	A
	

	Thoracic 12
	P?
	Only damaged body of vertebra that by size and shape could be T12

	Lumbar 1
	A
	

	Lumbar 2
	P
	

	Lumbar 3
	P
	

	Lumbar 4
	P
	

	Lumbar 5
	P
	

	Sacrum
	P
	

	Coccyx
	P: Final coccygeal segment only
	

	Comments on the spine:
There is one fragment of thoracic body, one complete arch and a fragment of an additional arch which may correspond to the missing thoracic vertebrae but are not identifiable



	Ribs and sternum

	Manubrium
	Sternal body
	Xiphoid
	Comments

	P
	P
	A
	

	Complete ribs
	Right side:
	Left side:
	Comments

	
	4th
	1st, 2nd
	

	R. vertebral ends
	R. sternal ends
	L. vertebral ends
	L. sternal ends

	1st – 4th,  + 5 others
	3
	10
	

	Fragments
	

	Comments on ribs:
Cortical bone of manubrium and body of sternum is very damaged



	Ossa Coxae

	
	Right
	Left
	Comments

	Pubis
	A
	A
	

	Ischium
	A
	A
	

	Ilium
	A
	A
	



	Upper appendicular skeleton

	Bone
	Right
	Left
	Comment

	Clavicle 
	P: acromial end missing
	A
	

	Scapula
	P: central portion and vertebral margin missing
	P: but central portion and vertebral margin missing
	

	Humerus
	P: Prox ½ only
	P: Prox ½ only
	

	Ulna
	P: Distal ½ only
	P: Distal ½ only
	

	Radius
	P: Distal ½ only
	A
	

	Hand
	
	
	

	Scaphoid
	P
	P
	

	Lunate
	P
	P
	

	Triquetral
	A
	P
	

	Pisiform
	P
	A
	

	Trapezium
	A
	A
	

	Trapezoid
	P
	A
	

	Capitate
	P
	A
	

	Hamate
	P
	P
	

	Metacarpal 1
	P
	A
	

	Metacarpal 2
	P: Head missing
	A
	

	Metacarpal 3
	P: Head missing
	A
	

	Metacarpal 4
	P: Prox ⅓ only
	A
	

	Metacarpal 5
	P: Prox ½ only
	A
	

	Proximal phalanges (10)
	3 (Right: 1, 2, 3)
	

	Intermediate phalanges (8)
	1 (Right: 2 - 4)
	

	Distal phalanges (10)
	1 (1st Right) 
	

	Comments on hand bones:
Right MTC4 and MTC5 are very poorly preserved and only fragments of the reported portions remain. In contrast, the bones of the R thumb are very well preserved. In general, preservation of the hand worsens medially. 



	Lower appendicular skeleton

	Bone
	Right
	Left
	Comment

	Femur
	P: Head only
	P: Prox ½ only
	

	Patella
	A
	A
	

	Tibia
	A
	A
	

	Fibula
	A
	A
	

	Foot
	
	
	

	Talus 
	A
	A
	

	Calcaneus
	A
	A
	

	Navicular
	A
	A
	

	Cuboid
	A
	A
	

	Medial cuneiform
	A
	A
	

	Intermediate cuneiform
	A
	A
	

	Lateral cuneiform
	A
	A
	

	Metatarsal 1
	A
	A
	

	Metatarsal 2
	A
	A
	

	Metatarsal 3
	A
	A
	

	Metatarsal 4
	A
	A
	

	Metatarsal 5
	A
	A
	

	Foot Phalanges

	Proximal phalanges (10)
	A
	A
	

	Intermediate phalanges (8)
	A
	A
	

	Distal phalanges (10)
	A
	A
	

	Sesamoid bones
	A
	A
	


[bookmark: _heading=h.tx0h15whvqvb]Dental inventory
	Abscess
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	Abscess

	Caries
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	Caries

	Calculus
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	Calculus

	Wear
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	Wear

	Tooth
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	Tooth

	Al. bone
	X
	X
	X
	X
	X
	X
	X
	X
	X
	X
	X
	X
	X
	X
	X
	X
	Al.  bone

	R max.
	18
	17
	16
	15
	14
	13
	12
	11
	21
	22
	23
	24
	25
	26
	27
	28
	L max



	R mand.
	48
	47
	46
	45
	44
	43
	42
	41
	31
	32
	33
	34
	35
	36
	37
	38
	L mand.

	Al. bone
	P
	P
	P
	P
	P
	P
	P
	P
	P
	P
	P
	P
	P
	P
	P
	P
	Al.  bone

	Tooth
	/
	P
	X
	X
	P
	/
	/
	/
	/
	/
	/
	/
	/
	/
	P
	P
	Tooth

	Wear
	-
	4
	-
	-
	2
	-
	-
	-
	-
	-
	-
	-
	-
	-
	4
	2
	Wear

	Calculus
	-
	0
	-
	-
	0
	-
	-
	-
	-
	-
	-
	-
	-
	-
	0
	0
	Calculus

	Caries
	-
	0
	-
	-
	0
	-
	-
	-
	-
	-
	-
	-
	-
	-
	0
	0
	Caries

	Abscess
	0
	0
	0
	0
	0
	0
	-
	-
	-
	-
	-
	-
	0
	0
	0
	0
	Abscess


Dental nomenclature (numbering) follows the World Dental Federation (FDI) notation
‘Alveolar bone’ is recoded as: P if present, D if evidence of periodontal disease or X if absent
‘Tooth’ is recorded as: P if present, / if lost postmortem, X if lost ante-mortem or A for agenesis
‘Wear’ is recorded according to stages from Smith (1984)
‘Calculus’ is recorded according to grades from (Dobney & Brothwell 1987) on the buccal/labial surface of the tooth. 
‘Caries’ is recorded as C if present or 0 if absent
‘Abscess’ is recorded as A if present or 0 if absent

Dental description
Maxilla: absent
Mandible: well preserved. The mental area has been extensively damaged so that the outer cortical bone and portions of trabecular bone are missing. 

[bookmark: _heading=h.vi069syecz1a]Postcranial measurements
	Measurement (cm)
	Right
	Left

	Clavicle maximum length
	/
	/

	Humeral epicondylar breadth
	/
	/

	Humeral vert. diam. head
	39.51
	37.24

	Humeral maximum length
	/
	/

	Humerus AP mid-diaphysis
	/
	/

	Humerus ML mid-diaphysis
	/
	/

	Ulna maximum length
	/
	/

	Ulna physiological length
	/
	/

	Radial maximum length 
	/
	/

	
	
	

	Femur maximum length
	/
	/

	Femur maximum head diam.
	/
	37.24

	Femur bicondylar breadth
	/
	/

	Femur epicondylar breadth
	/
	/

	Femur AP (subtrochanteric)
	/
	21.03

	Femur ML (subtrochanteric)
	/
	29.03

	Femur AP mid-diaphysis
	/
	/

	Femur ML mid-diaphysis
	/
	/

	Tibia length
	/
	/

	Tibia max. prox. epiphyseal breadth
	/
	/

	Tibia AP (nutrient foramen)
	/
	/

	Tibia ML (nutrient foramen)
	/
	/

	Tibia AP (mid shaft)
	/
	/

	Tibia ML (mid shaft)
	/
	/



Osteoarchaeological analysis of Individual 1
Individual 1 represents the partial skeletal remains of an adult probable female individual. The preservation of the cortical bone in terms of abrasion/erosion is  3 on McKinley’s (2004) scale; the epiphyses are the most affected and some are not present. The landmarks used for age estimation are either not present or too damaged to allow for an assessment. As the sternal clavicular epiphysis and the first and second sacral vertebrae are fused together, it is very likely this individual was over 30 years of age at the time of death. In the absence of the pelvis, the concordance of most of the cranial traits suggest this individual might have been a female. This coincides with the post-cranial measurements of glenoid cavity width (22mm) and the head diameters of left humerus and left femur. Additionally, this individual also shows hyperostosis frontalis interna (HFI), a pathology possibly associated with long-term exposure to oestrogens (Hershkovitz et al. 1999) or to leptin (She & Szakacs 2004). HFI has a female:male ratio of 5:1 for individuals under 60 years, although this extreme bias may be related to the underdiagnosis of males as they most often present milder forms of the disease (Hershkovitz et al. 1999). It is worth noting that in the original report, the ossa coxae of Individual 1 had been recorded and it is possible that the additional os coxae found in Individual 2’s skeletal remains belongs to this individual. This os coxae was assessed as female and the auricular surface features suggest this individual was a middle adult at the time of death (Maximum Likelihood Estimate: 42; range: 19.3 – 81.7, 95%). 
Stature could not be estimated due to the absence of complete long bones. With regards to non-metric traits, bilateral supraorbital foramina and bilateral mastoid foramina were identified. Additionally, this individual shows bilateral complete bridging of the sella turcica (Figure S1), bilateral os acromiale, and the left femur seems to show a Poirer’s facet but the assessment is complicated by damage at the neck of the femur. The complete bridging of sella turcica is a rare non-metric trait, possibly of developmental origin (Erturk et al. 2004) associated with the ossification of the ligaments between the anterior and the medial clinoid processes (the carotico-clinoid ligament) and the interclinoid ligament between the anterior and the posterior clinoid processes (Ozdoğmuş et al. 2003; Brahmbhatt et al. 2015). The prevalence of sellar bridges varies between 6% (n= 50) in a collection of dry adult human skulls from India (Brahmbhatt et al. 2015) and 4.09% (n=171) in a sample of recent Turkish population including skeletal and cadaveric specimens (Erturk et al. 2004). However, these prevalence rates refer to the ossification of the carotico-clinoid or the anterior-posterior ligaments; the prevalence of the complete ossification of all the ligaments as seen in this individual is currently unknown. Clinically, the ossification of the carotico-clinoid ligament may have compressed or tightened the internal carotid artery, which supplies blood to the brain, leading to symptomatology (Ozdoğmuş et al. 2003). This individual also shows bilateral os acromiale; this is a non-metric trait resulting from the failure of fusion between the different ossification centres of the acromion (You et al. 2019). While its aetiology is still debated; it is often associated with repetitive stress over the cartilage of the developing acromion and may have a genetic basis (Yammine 2014). Os acromiale can be symptomatic, causing shoulder pain; and it has been associated with pathological conditions of the shoulder (Yammine 2014). However, Individual 1 does not show any further lesions around the shoulder joint.

[image: ]
Figure S1. Complete bridging of the sella turcica as a consequence of the ossification of the interclinoid (long arrow) and the carotico-clinoid (short arrow) ligaments. 
With regards to palaeopathology, on the frontal area, there are blastic lesions in the form of two irregular outgrowths as well as generalised expansion of the endocranial layer of compact bone suggestive of hyperostosis frontalis interna (HFI). HFI is characterised by the continuous growth of the frontal bone and has been described as a common finding in older females (Ortner 2011); it has recurrently been associated with hormonal stimulation (Hershkovitz et al. 1999; She & Szakacs 2004). Clinically, HFI has been associated with frontal headaches, psychoneurosis, obesity, pregnancy, acromegaly, virilism, hypertrichosis, and diabetes (She & Szakacs 2004); however, it is largely asymptomatic at the early stages of disease development (Wilczak & Mulhern 2012). The isolated lesions observed in Individual 1 from Loch Borralie were at the earliest stages of development, or Type A using Hershkovitz et al. (1999) classification and might have been asymptomatic. Additionally, Schmorl’s nodes are observable in L2, and L4 show and discarthrosis at the inferior endplate of L2 and at the superior endplates of L3 and L4. Osteoarthrosis is observable at multiple vertebral apophyseal joints (left inferior of C4; left superior of C5; right inferior of L5; and right superior of S1), as well as the tubercular articular facet of two ribs.  
The most salient findings are the several instances of blunt force trauma and the evidence of postmortem intentional manipulation. Whilst most of the fragments show break surfaces that are consistent with post-mortem damage, an isolated cranial fragment consisting of the lateral parts and the basilar portion of the occipital bone along with a portion of the sphenoid (main text Figure 5a) shows a combination of post-mortem damage and some break surfaces that are smooth in texture and oblique in orientation, have sharp margins and have the same colouration as the rest of the bone (Craig et al. 2005; Knüsel 2005). Additionally, the right side of the occipital bone shows three radiating fractures (Figure S2). All these characteristics suggest that the bone was still wet at the time of breakage. In a modern context, cranial base fractures are associated with high-velocity impact usually as a result of motor vehicle collision, sport accidents and, less frequently, falls or assault (Bobinski et al. 2016; Figure S3). In palaeopathology, these types of fractures have been associated with hanging (Waldron 1996) -- falling from a height where the transmission of forces from the feet or buttocks through the spine to the cranium result in basilar ring fractures around the foramen magnum --and to impacts on the chin, which result in basilar fractures through the petrous portion and the mandibular condyles (Lovell 1997). In all cases, the fractures observable in the skull have relatively consistent patterns, but none of them is representative of the type of fracture observed in Individual 1 from Loch Borralie. This could suggest that the fracture was most likely from an intentional and accurate impact rather than as a result of  direct or indirect cranial trauma. Additionally, this individual shows bilateral fractures at the base of the scapular spine (main text Figure 5b). The surfaces of the fractures are smooth, follow the grain of the bone and show areas of splintering, suggesting that this trauma took place around the time of death. In clinical research, scapular fractures are very rare (0.4 -- 1% of all fractures and are often associated with high-energy impact). 

[image: ]
Figure S2. Endocranial view of the squama of the occipital bone showing three radiating fractures (arrows)

[image: ]
Figure S3. 1-7. Modern cases of temporal fractures resulting from motor vehicle accidents; 8. temporal fractures resulting from a fall from a height (from Pollanen et al. 1992).
[bookmark: _heading=h.4y21htzcgah6]There is possible evidence of intentional post-mortem manipulation of the cranium and the long bones. The endocranial surface of the frontal bone presents a series of parallel striations or incisions (Figure 5a) that could be interpreted as scratching/cutmarks, trampling marks, fungal activity or root etching. Trampling marks are caused by sedimentary friction against the cortical bone which create clusters of fine striations characterised by symmetrical and U-shaped cross-section, superficial nature and irregular groove trajectory (Madgwick 2014; Courtenay et al. 2020). There is usually a significant variability in the direction and size of trampling-related striations. It is worth noting that differentiating trampling and cutmarks can be very complicated (Madgwick 2014); however, the consistency in direction and spacing of the marks, mainly those which are transverse to the frontal crest, argues against the random and irregular trajectory characteristic of trampling marks. These incisions are also unlikely to be the result of fungal dissolution as the tracks or tunnels caused by this taphonomic agent have a diameter of 5 -- 10 µm and are visible only under electron microscopy (Jans et al. 2004). Finally, root marks are rarely straight for more than a few millimetres and, although they occur singly, they are often imbricated (Fernández–Jalvo & Andrews 2016); this is not observed on the endocranial surface of Individual 1. As such, the most probable cause of these marks is that they are cut or scratching marks. Because of the location of the lesion, it is impossible that this individual was alive when this occurred, and  so they are classified as postmortem; however, it is not possible to know how long after death this event may have taken place. Nonetheless, considering the unusual peri-mortem fracture at the base of the cranium previously described, it is possible that it would have provided access to the inside of the cranium for the activity that caused the possible endo-cranial incisions.
Both humeri and the left ulna are only present at 50% and taper towards the end of the respective fragments, with the outer layers of the cortical bone removed and the internal layers worked to a sharp edge and a singular pointed end. On the right and left humerii, a clear space has appeared between the outer cortical layer and the tapering internal one. The left femur shows a similar tapering modification but instead of finishing in a sharp edge, it has a flat margin. Originally, these changes were associated with rodent gnawing (MacGregor 2003). However, the absence of the parallel marks that would be expected if rodent activity had caused these modifications (main text Figure 6b) argues against this hypothesis. Analysis using reflectance transformation image (RTI) to investigate the surface characteristics of the tapering, the formation of the point, and the sharpening of the edges revealed, on the right humerus, a U-shaped mark consistent of a whittling scar which would suggest that a sharp implement – such as a knife – may have been used to work the bone to its final shape (main text Figure 6c). The same method also revealed that the flat margin on the distal femur shows no visible striations (main text Figure 6d), suggesting that the bone may have been worked either against a soft surface, like a hide, or using a lubricant, such as water. In all cases, it is likely that the bones would have been first broken in half and then worked.
[bookmark: _heading=h.2cp5ax906w7]There is evidence of worked human bone or post-mortem treatment and curation of skeletal remains in European prehistoric contexts (e.g. Andrews & Fernández-Jalvo 2003; Santana et al. 2019; Laffranchi et al. 2023; Veselka et al. 2024). Likewise, in prehistoric Britain, long-term curation, retention and ‘mummification’ of skeletal remains has been identified in sites such as Middle Bronze Age (c. 1500 – 1200 BC) Canada Farm (Cranborne Chase, Dorset) and Bronze Age remains from Cladh Hallan, South Uist (Parker Pearson et al. 2005; Smith et al. 2016). Considering these precedents, the possibility that the remains from Individual 1 from Loch Borralie belonged to multiple individuals should be considered; however, there is no osteological basis to support this hypothesis: the long bones show very similar build and structure, and there is no obvious discrepancy in the age and sex estimation results from different skeletal and dental elements. Therefore, it is likely that the remains from Individual 1 belonged to a single female adult individual who received extensive post-mortem manipulation before being buried in correct anatomical position (main text Figure 3).
Individual 2 
[bookmark: _heading=h.a4zpic5w0pkb]Skeletal inventory
	Skull

	
	Present (P) / Absent (A)
	Comment

	
	Right
	Left
	

	Frontal 
	P
	P
	Metopic suture (Figure S4)

	Parietal 
	P: Anterior ½ only
	P: Antero-inferior quadrant (in squamosal suture) only
	Both very damaged

	Occipital pars basilaris
	P
	

	Occipital pars lateralis
	A
	P
	

	Pars squama (occipital)
	A
	

	Temporal (pars squama)
	N
	Y
	

	Temporal (pars petrosa)
	Y
	Y
	

	Zygomatic
	Y
	Y
	

	Sphenoid (body)
	Y
	

	Sphenoid (lesser wings)
	Y
	Y
	

	Sphenoid (greater wings)
	Y
	Y
	

	Maxilla
	Y
	Y
	

	Mandible
	Y
	Y
	Bingle mental tubercle at
the mid-line

	Malleus 
	N
	N
	

	Incus 
	N
	N
	

	Stapes
	N
	N
	



	Axial Skeleton

	
	Presence/absence
	Comments

	Atlas 
	P
	White discolouration, posterior demiarch missing 

	Axis
	P
	White discolouration, spinous process and right lamina missing

	Cervical vertebral bodies
	4
	Very poor preservation except 3-6

	Cervical vertebral arches
	5
	

	Thoracic vertebral bodies
	3
	Very damaged

	Thoracic vertebral arches
	12
	Mostly well identifiable

	Lumbar vertebral bodies
	0
	

	Lumbar vertebral arches
	5
	1, 3, 4 well preserved, 2 and 5 very fragmented

	Sacral vertebral bodies
	0
	

	Sacral vertebral arches
	0
	

	Other vertebral elements
	0
	



	Ribs

	Right vertebral end
	Right sternal ends
	Left vertebral end
	Left sternal ends

	9 (inc. 1 and 2)
	4
	2
	4

	Comment on ribs:
Despite the fragments identified, there are 10 more fragments of cortical bone belonging to ribs that could not be allocated a side or a region. In general, the right ribs are well preserved but the left ones are very damaged. A fragment of L rib also has a white discolouration. 



	Ossa Coxae

	
	Right
	Left
	Comment

	Pubis
	A
	A
	

	Ischium
	A
	A
	

	Ilium
	P
	A
	

	Comments on the ossa coxae: 
Of the right ilium, there is only a fragment of the postero-medial half, with the superior half of the auricular surface. The preservation is extremely poor and there is still sand within the trabecular bone. There is another fragment of os coxae with a portion of an acetabulum; by comparison, it does seem to also belong to the right side. 



	Upper appendicular skeleton

	Bone
	Right
	Left
	Comment

	Clavicle 
	P: Epiphyses damaged
	A
	

	Scapula
	P: Acromion, blade, supraspinal area and vertebral margin missing. Coracoid proc. unfused but present
	A
	

	Humerus
	P: prox and distal metaphysis damaged, prox epiph visible
	P: prox and distal ⅕ missing
	

	Ulna
	P: Extremely damaged prox ⅓ without olecranon, only anterior ½ remains.
	A
	

	Radius
	P
	P 
	1 fragment with very damaged radial tuberosity and another diaphyseal, not the same side, too damaged to side.  

	Comments on upper appendicular bones:
In general, very poor cortical preservation, with peeling of the cortical surface and root etching. 
There are only four diaphysis of metacarpals, most likely 1 – 3 and 4 or 5 but siding is not possible. There are 2 definite proximal phalanges (1st and another), and there are 6 other fragments of phalanges that could be proximal or intermediate. 



	Lower appendicular skeleton

	Bone
	Right
	Left
	Comment

	Femur
	A
	A
	Fragment of potentially femoral diaphysis

	Patella
	A
	A
	

	Tibia
	P: Diaphyseal fragment, very damaged
	A
	

	Fibula
	A
	A
	

	Comments on lower appendicular bones: 
No foot bones present




Dental inventory
	Abscess
	0
	0
	0
	0
	0
	-
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	Abscess

	Caries
	0
	0
	0
	0
	0
	-
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	Caries

	Calculus
	0
	0
	0
	0
	0
	-
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	Calculus

	Wear
	1
	2
	2
	2
	2
	-
	2
	3
	3
	2
	3
	2
	2
	2
	2
	1
	Wear

	Tooth
	P
	P
	P
	P
	P
	/
	P
	P
	P
	P
	P
	P
	P
	P
	P
	P
	Tooth

	Al. bone
	P
	P
	P
	P
	P
	P
	P
	P
	P
	P
	P
	P
	P
	P
	P
	P
	Al.  bone

	R max
	M3
	M2
	M1
	P2
	P1
	C
	I2
	I1
	I1
	I2
	C
	P1
	P2
	M1
	M2
	M3
	L max



	R mand
	M3
	M2
	M1
	P2
	P1
	C
	I2
	I1
	I1
	I2
	C
	P1
	P2
	M1
	M2
	M3
	L mand

	Al. bone
	P
	P
	P
	P
	P
	P
	P
	P
	P
	P
	P
	P
	P
	P
	P
	P
	Al.  bone

	Tooth
	P
	P
	P
	P
	P
	P
	P
	P
	P
	P
	P
	P
	P
	P
	P
	P
	Tooth

	Wear
	1
	2
	3
	2
	2
	2
	2
	3
	3
	2
	2
	2
	2
	3
	2
	1
	Wear

	Calculus
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	Calculus

	Caries
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	Caries

	Abscess
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	Abscess


Dental nomenclature (numbering) follows the World Dental Federation (FDI) notation
‘Alveolar bone’ is recoded as: P if present, D if evidence of periodontal disease or X if absent
‘Tooth’ is recorded as: P if present, / if lost postmortem, X if lost ante-mortem or A for agenesis
‘Wear’ is recorded according to stages from Smith (1984)
‘Calculus’ is recorded according to grades from (Dobney & Brothwell 1987) on the buccal/labial surface of the tooth. 
‘Caries’ is recorded as C if present or 0 if absent
‘Abscess’ is recorded as A if present or 0 if absent

Dental description
All teeth present, except for the URC, and in excellent state of preservation. All teeth show minimal dental wear and the four M3s are still inside the alveoli. Additionally, there is dental crowding on the right hemimandible, with the canine protruding anteriorly and the lateral incisor having erupted lingually to the line described by the other incisors (photo).
[bookmark: _heading=h.9vv3grwj7tk]Osteoarchaeological analysis of Individual 2
Individual 2 from Loch Borralie is a juvenile of between 14.5 and 15.5 years of age at the time of death considering dental development and eruption; the very poor preservation of the metaphyseal plates makes it difficult to assess epiphyseal fusion. Sex has not been estimated for this individual because the dimorphic characters that allow the assessment would not have been fully developed. With regards to non-metric traits, despite being a juvenile, Individual 2 shows retention of the metopic suture. This developmental feature is, most often, fused by 8 months (van der Meulen 2012).
With regards to palaeopathology, this individual shows a plaque of periosteal new bone at the roof of the orbit. This lesion is proposed to be a diagnostic feature of vitamin C deficiency, or scurvy, according to the weighted method developed by Snoddy and colleagues (2018). However, due to the poor preservation or absence of other skeletal areas (e.g. greater alae of the sphenoid, supraspinous fossa of scapula), it is not possible to assess for additional porotic or periostotic lesions that would confirm the diagnosis of scurvy (Snoddy et al. 2018). It is, however, notable that this individual also shows linear enamel hypoplasia (LEH) on mandibular and maxillary canines and incisors. The disruptions in the development of the enamel, which LEH reflects, have been linked to physiological stress during development associated with nutritional deprivation, infectious disease and even trauma (Temple 2014) although it has been suggested that environmental and genetic factors may also influence the appearance of these defects (Towle & Irish 2020). It is therefore possible to say that Individual 2 may have suffered periods of growth disruption and malnutrition during development. 
This individual also shows a small cortical defect on the right superior articular facet of the C2, and the fusion of C4 and C5 through the right transverse region and lamina (Figure S4), creating a block vertebra. The bodies of these two vertebrae are well separated and the left half of both vertebrae appear normal with extant superior and inferior apophyseal facets and distinct laminae. On the left side of C5, there is a pseudo-joint, due to a failure of fusion, between the left vertebral arch and the vertebral body. The segmentation corresponds to the area where the ossification centre of the vertebral body and that of the vertebral arch should have fused. The vertebral arch of C5 that is not fused to C4 consists of the transverse region (with the apophyseal facets), the left lamina and spinous process. On the right side, the lamina of C5 overlaps with that of C4, forming a combined lamina with an articular surface for C6. Together, the right laminae of C4 and C5 also create the apophyseal surface to which C6 articulates.
[image: ]
Figure S4. Fusion of C4 and C5. Top left: Lateral view, note the clear separation of the vertebral bodies, and the absence of the inferior apophyseal surface of C4 and the superior surface of C5 (arrow). Top right: Inferior view of the C4--C5 vertebral block. Note the pseudo-joint on the left side of C5 formed between the body and the pedicle (black arrow). There is also a long additional articulation surface at the inferior aspect of the right lamina of C4--C5 that would articulate with C6 (twin white arrows). Below: posterior view, note the shared lamina and spinous process. The apophyseal joint between C5 and C6 is also visible (arrow).

The fusion of two vertebrae can be caused by infectious diseases, trauma or congenital vertebral malformation (Rusconi & Maestretti 2018; Redfern & Roberts 2019: 444; Roberts & Buikstra 2019: 590). In the fusion of two vertebrae as the result of a traumatic incident, it would be expected that the callus formed in the fusion would be still clearly visible and it usually has an irregular surface. However, when the block is the result of a congenital vertebral malformation, the vertebral body, shape and structure of the lamina or the articulating surfaces may be affected but do not show bone remodelling. In this case, the most likely aetiology of this vertebral malformation is a congenital failure of segmentation. Vertebral malformations can be found in isolation or, occasionally, can be part of a syndrome (Chaturvedi et al. 2018). Congenital syndromes that are characterised by cervical structural abnormalities include Klippel-Fiel Syndrome, Down Syndrome or diastrophic dysplasia, among others (McKay et al. 2012; Hukeľová & Krošláková 2021). Other than the vertebral malformations described, no other skeletal abnormalities have been identified in Individual 2 from Loch Borralie, which may suggest that this is an isolated developmental malformation; however, the preservation of this individual was poor and so it is possible that additional lesions that would have helped in the diagnosis have been lost. 
Finally, it is worth noting the changes in cortical colour observed in the cranium, mandible and cervical vertebrae of this individual (Figure S5). The petrous portion of the right temporal bone, as well as the fragment of right parietal bone, are of a white colour; the remaining bones are of a light brown colour. 
[image: ]
Figure S5. Cranium and cervical vertebrae of Individual 2. Note the open metopic suture on the frontal bone and the substantial difference in bone colour between the right side (white) and the left side (stained)
[bookmark: _heading=h.plbp90hikdf7]Additional fragments: 
Additionally, there are three fragments and an adult os coxae associated with this individual (were found inside the bag of long bones): 
A. Fragment of adult long bone (femur?): it is the same white colour as the cranial bones and it is very taphonomically damaged, with possible perforations within the cortical bone.
B. Left adult os coxae (ilium and ischium) with complete fusion: this element possibly belongs to Individual 1.2cm

C. Vertebra of a small animal 
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Ancient DNA analysis: technical report
Introduction

Ear ossicles from Individuals 1 and 2 at Loch Borralie were successfully analysed for aDNA. Analysis was undertaken at the Harvard Medical School ancient DNA facilities. Powdered samples were obtained in a clean dedicated room. DNA was extracted using a method that is optimised to retain small DNA fragments (Dabney et al. 2013; Rohland et al. 2018). Between one and four double-stranded libraries were built for each sample with the enzyme Uracil-DNA Glycosylase (UDG) to remove characteristic ancient DNA damage and thereby greatly reduce the rate of damage-induced errors (Rohland et al. 2015). Libraries were enriched both for sequences overlapping mitochondrial DNA (Fu et al. 2013) and for sequences overlapping about 1.2 million nuclear targets (Fu et al. 2015; Mathieson et al. 2015) and then sequenced. The reads obtained after sequencing were aligned to the human genome reference with quality filters to assess the integrity of the sequences under study. 

Sequencing results are summarised in the main text (Table 2). Molecular sex of both individuals was determined using the method of Skoglund et al. (2013): Individual 1 (I37347) was determined to be female and Individual 2 (I37348) male. Both shared the mtDNA-haplogroup T2b30; a subclade of group T2b, which is common in Europe (Hay 2016). We found only one other example of this subclade in the AADR database, however, corresponding to an individual from Poland dated from 4335–4058 calBCE (5380±35 BP, Poz-77330) (Mallick et al. 2024).
Kinship analysis
We performed kinship analysis using the software READv2 (Relationship Estimation from Ancient DNA; Monroy Kuhn et al. 2018; Alaçamlı et al. 2024). Despite the uncommon shared mtDNA-haplogroup, we were unable to detect any biological relationship between the two individuals up to the third degree.
IBD analysis
Identity-by-Descent (IBD) analysis was performed to investigate more distant potential biological relationships between Individuals 1 and 2 and previously published individuals from the AADR v62 dataset (Mallick et al. 2024), using the ancIBD tool (Ringbauer et al. 2023). The results are summarised in Table S1. Individuals 1 and 2 share a total of 43.34 cM across four segments longer than 8 cM and one segment exceeding 12 cM, consistent with a potential distant genetic relationship, likely of fifth degree or more. Additionally, Individual 1 (I37347) shows evidence of distant genetic relationship with I2982 (Bu, Orkney), sharing a segment of 13.70 cM, potentially of eighth 8th or higher degree. while Individual 2 (I37348) shows evidence of a distant genetic relationship with KD043 (Knowe of Skea, Orkney), also suggestive of relationships of at least the eighth degree.
Phenotypes
Using the HIrisPlex SNPs panel (Walsh et al. 2013; Chaitanya et al. 2018), which analyses 41 SNPs, to predict eye and hair colour, and skin pigmentation, we were able to predict eye and hair colour for both individuals:
· Individual 1 (I37347) has a substantial probability of having blue eyes (p = 0.90), blond (p = 0.71) and light (p = 0.96) hair.
· Individual 2 (I37348) has a substantial probability of having brown eyes (p = 0.95), brown (p = 0.78) and dark (p = 0.96) hair.
Population genomics analysis
In order to carry out population genomics analysis, we used the database provided by the David Reich Laboratory (which curates previously published data from many sources), and which is available at: https://dataverse.harvard.edu/dataset.xhtml?persistentId=doi:10.7910/DVN/FFIDCW 
To analyse the relationship between the archaeological samples and the modern population, we performed a principal component analysis (PCA), where the genotypes of modern individuals from across Western Europe were analysed, and the ancient individuals were projected using smartPCA (Patterson et al. 2012; Figure S6).
The PCA analysis shows that the two individuals plot closely together, grouping closely with modern Scottish and Norwegian populations, and with Iron Age Scottish (and to a lesser degree English and Welsh) individuals (Figure S6). 
We performed a qpAdm analysis to estimate the admixture weights of the contribution of various ancestry components to each individual (Figure S7), using the database published by Patterson et al. (2022). We can observe that the contribution of Early European Farmer ancestry (EEF) was 36.4% for Individual 1 (I37347) and 33.6% for Individual 2 (I37348). These results are commonly observed in Iron Age individuals from England (37.9 ± 0.4%) and Scotland (33.4 ± 0.6%) (Patterson et al. 2022). 
We carried out an f3 analysis in the form f3(Mbuti; Ancient population, Individual*) where we tested the affinity of both individuals from Loch Borralie with Iron Age groups defined by Patterson et al. (2022) as England.and.Wales, Scotland, France.Switzerland, CzechRepublic.Slovakia.Germany, and Netherlands, and with EEF and Steppe populations (Figure S8a). A high f3 result indicates high affinity between the individuals and the compared populations. We also analysed the percentage of Steppe and EEF contribution to each individual using the qpAdm method (Figure S8b).
We can observe that the Loch Borralie individuals have a similar affinity and contribution of EEF and Steppe ancestry to other individuals from Iron Age Scotland and England (Figure S8).
[image: ]
Figure S6. Top) Principal Component Analysis (PCA) of Western Europe's modern population with ancient individuals from Loch Borralie (yellow diamonds) projected using smartPCA (Patterson et al. 2012). Bottom) PCA of ancient individuals from the Iron Age (IA) closely related to the Loch Borralie individuals. Small grey dots represent modern individuals
[image: ]
Figure S7. Percentage contribution of ancient populations to each individual from Loch Borralie.

[image: ]
Figure S8. Left) Affinity between each Loch Borralie individual, with EEF and Steppe populations. Right) Percentage of contribution of Steppe and EEF ancestry to each Loch Borralie individual.
We used a qpWave analysis to evaluate whether the two Loch Borralie individuals presented statistically significant differences in their genetic makeup. A P-value from the qpWave test greater than 0.01 indicates that individuals can be grouped into a homogeneous group (Fernandes et al. 2020). For this, we used the outgroup formed by "Mota", "Ust_Ishim", "MA1", "Villabruna", "Mbuti", "Papuan", "Onge", "Han", "Karitiana", "Turkey_N" and "OldSteppe".
The results show that the two Loch Borralie individuals form a homogeneous group (qpWave P-value = 0.76). We then used f3 and qpWave analyses to determine the contemporary groups most closely related to the Loch Borralie ‘group’. The f3 analysis helps identify shared genetic drift between populations, indicating common ancestry or admixture events. The qpWave analysis, on the other hand, assesses whether the Loch Borralie individuals can be considered part of the comparison group, and thus whether they form a genetically homogeneous group (Fernandes et al. 2020; Patterson et al. 2022).
Table S1: IBD analysis showing shared segments between individuals from Loch Borralie and published individuals from the AADR database V62 (Mallick et al. 2024); KD043 from Knowe of Skea (Orkney, Scotland) dated 25-215 cal AD (1915±35 BP; SUERC-8410), and I2982 from Bu (Orkney, Scotland) dated 395-207 cal BC (2260±29 BP; SUERC-68733).  
	Sample 1
	Sample 2
	max_IBD (cM)
	sum_IBD>8 cM
	n_IBD>8 cM
	sum_IBD>12 cM
	n_IBD>12 cM
	Degree

	Loch Borralie Ind. 1
(I37347)
	Loch Borralie Ind. 2
(I37348)
	12.14
	43.34
	4
	12.14
	1
	5th+

	Knowe of Skea
(KD043)
	Loch Borralie Ind. 2
(I37348)
	13.68
	22.75
	2
	13.68
	1
	6th+

	Loch Borralie Ind. 1
(I37347)
	Bu
(I2982)
	13.70
	13.70
	1
	13.70
	1
	8th+


The Loch Borralie individuals presented the highest affinity with the Scotland Iron Age (IA) group (f3 - Estimation ~2.28) (Table S2). The qpWave analysis shows that these individuals can be grouped with Scotland IA (qpWave P-value 0.04), a group of individuals from England and Wales IA/Roman period (qpWave P-value = 0.016) and the Netherlands IA group (qpWave P-value 0.39).



Table S2: Affinity and qpWave analysis results for Loch Borralie. The target groups are ordered by affinity estimation
	
	Affinity estimation between Loch Borralie and a target group
f3(Mbuti, Target, Loch Borralie)
	qpWave analysis

	Target groups
	Affinity Estimation
	S.E
	Z-Score
	Number of SNPs
	Chisq
	P-value

	Scotland_IA
	0.280
	0.002
	128.345
	890093
	18.987
	0.040

	England.and.Wales_IA_Roman
	0.278
	0.002
	123.454
	899256
	21.765
	0.016

	England.and.Wales_IA
	0.278
	0.002
	129.180
	1005231
	31.829
	0.000

	Channel.Islands_IA
	0.278
	0.002
	114.808
	478854
	47.394
	0.000

	Netherlands_IA
	0.276
	0.002
	115.603
	627889
	10.535
	0.395

	France.Switzerland_IA
	0.276
	0.002
	126.124
	932939
	103.422
	0.000

	CzechRepublic.Slovakia.Germany_IA
	0.276
	0.002
	127.979
	973447
	107.683
	0.000

	Austria.Hungary.Slovenia_IA
	0.275
	0.002
	127.535
	980883
	165.134
	0.000

	Croatia.Serbia_IA
	0.275
	0.002
	124.355
	863616
	238.702
	0.000

	Spain.Portugal_IA
	0.274
	0.002
	127.111
	931020
	293.022
	0.000



Data Availability
The raw data are available as aligned sequences (bam files) through the European Nucleotide Archive under accession number PRJEB106907 .






Multi-isotope analysis: technical report
Background
Strontium (87Sr/86Sr) and oxygen (δ18Ocarb) isotope analysis of tooth enamel can be used to investigate residential origins during the time of tooth formation (Evans et al. 2006). While many factors must be considered when trying to identify archaeological migrants (Montgomery 2010), the 87Sr/86Sr of human enamel generally relates to the region where the food consumed was produced/acquired and primarily reflects the strontium composition of the local geology. Carbonate oxygen isotopes (δ18Ocarb) reflect the isotope values of ingested water, which is linked to local precipitation and, therefore, can be used as a geospatial indicator (Sharp 2017). For a review of the applications and potential of oxygen isotopes in bioarchaeology, including identifying human migrants, see Lightfoot and O’Connell (2016) and Pederzani and Britton (2019).

Stable isotope analysis of dentine collagen and bone provides insights into average protein dietary intake (Ambrose & Norr 1993). Carbon (δ13C) isotopes can distinguish between plant groups (C3 vs C4) due to the differences in carbon pathways and can be used to differentiate between marine and terrestrial food chains (Lee-Thorp et al. 1989; Richards & Hedges 1999; Richards et al. 2003). δ13CCarb of dental enamel reflects whole dietary intake, including carbohydrates and lipids (Loftus & Sealy 2012) and is therefore a useful additional proxy for determining diet. Nitrogen (δ15N) stable isotope analysis can determine trophic level, and distinguish between terrestrial and aquatic sources (Hedges & Reynard 2007). Sulfur (δ34S) isotope analysis can help expand dietary reconstructions based on δ13C and δ15N, including aquatic versus terrestrial diets, where the sulfur composition of these two ecosystems differs sufficiently (Nehlich 2015). It can also be used for provenance to explore whether individuals lived (or acquired food) in coastal environments or wetlands (Craig et al. 2006; Lamb et al. 2023). In this study, the carbon isotopic composition of both tooth dentine and tooth enamel was determined. 
BGS Biosphere Isotope Domains Database and predicted biosphere values for Loch Borralie 
Loch Borralie is situated close to the north-west extremity of the Scottish mainland on a peninsula between Balnakeil Bay and the Kyle of Durness. The dominant bedrock is carbonate of the Durness Group (dolostones with intervals of dolomitic limestone, limestone, and subordinate chert), which is of Cambrian to Ordovician age (British Geological Survey 2020; British Geological Survey 2025). The cairn is located against an outcrop of quartzite (MacGregor 2003). 
The BGS Biosphere Isotope Domains map website (Evans et al. 2022) has been used to restrict the possible childhood residential origins of the two Loch Borralie individuals based on their strontium and oxygen isotope composition. Interrogation of the Sr domain map is based on matching the unknowns to the data range of the domains, which is based predominantly on modern plant data (n = 1385). Two levels of interrogation are available: firstly the central 50% or interquartile range, which is recommended for human data and secondly, the central 90% used for herbivores. As recommended, this study used the central 50% match method. The oxygen BGS dataset is derived from human enamel samples from individuals deemed to be of a local origin. The data have been allocated into two geographical zones using the -7‰ to -8‰ drinking water contour as a boundary. The predicted strontium isotope biosphere value for this area (central 50% medium) is between 0.7094 and 0.7096 and the estimated oxygen δ18Ocarb ‰ (VSMOW) for human enamel is 26.5‰ --  27.5‰ (BGS Biosphere Map; Evans et al. 2022).
Tooth enamel preservation assessment and preparation of samples
Overall enamel preservation was assessed and assigned a score (0--6) according to the preservation classification system developed by Janet Montgomery (2002) for her PhD research. Both teeth were assigned an enamel preservation score of 3 - good: “...fine cracks, post-mortem surface concretions or superficial plant root abrasion may be present. On cleaning, enamel is hard, translucent and glossy with no obvious discoloration. EDJ is intact but may be discoloured.” (Montgomery 2002, Chapter 5, tab. 5.1). Both teeth had fully formed roots. 
Strontium-oxygen-carbon isotope analysis of tooth enamel was performed at the British Geological Survey laboratory (Keyworth, UK). The enamel tooth surface was cleaned by abrasion, using a diamond burr, to a depth of about 100 microns, to remove surface contamination on the outer side of the enamel. A sample of c. 50mg was then cut from the tooth and any residual dentine was completely removed from the inner enamel surface. This enamel was roughly crushed using an impact mortar and split into two subsamples: c. 5 mg for oxygen isotope analysis and the remaining material for strontium and lead isotope analysis. The lead isotope results will be reported in a separate study. The samples for oxygen analysis were further reduced to a powder in an agate mortar and pestle.
Strontium  (87Sr/86Sr) isotope analysis of tooth enamel
The enamel sample was transferred to a clean (class 100, laminar flow) working area for further preparation. The sample was first cleaned ultrasonically in high purity water to remove dust, rinsed twice, and then soaked for an hour at 60°C, rinsed twice, then dried and weighed into pre-cleaned Teflon© beakers. 84Sr tracer solution was added and the samples were dissolved in Teflon© distilled 8M HNO3. After evaporation to dryness, the sample was converted to bromide form by the addition of 0.5M Ultrapur© HBr. Strontium was collected using Eichrom AG50 X8 resin columns (Dickin 1995).
Strontium was loaded onto a single Re Filament following the method of Birck (1986) and the isotope composition and strontium concentrations were determined by Thermal Ionisation Mass spectroscopy (TIMS) using a Thermo Triton multi-collector mass spectrometer.  The international standard for 87Sr/86Sr, NBS987, gave a value of 0.710262±0.000018 (2SD; n = 10) during the analysis of these samples. Data are corrected to an accepted value for this standard of 0.710250.
Carbonate oxygen (δ18Ocarb) and carbon (δ13Ccarb) isotope analysis of tooth enamel
Approximately 400μg of powdered, homogenised tooth enamel carbonate was loaded into septa-sealed 1.0 mL WHEATON NextGen V Vial vials. The vials were placed in an Elementar iso CARB PREP kept at 90°C that is connected on-line to an iso DUAL INLET and isoprime precisION isotope ratio mass spectrometer (IRMS). The automated system evacuates the vials and delivers vacuum-distilled anhydrous phosphoric acid to the samples. The evolved CO2 is passed through a water trap and collected under liquid nitrogen for 9 minutes, cryogenically cleaned, and passed to the IRMS for carbon (δ13C) and oxygen (δ18O) isotope analysis. The sample gas 13C/12C and 18O/16O ratios were measured six times against a working CO2 reference gas of unknown isotope composition and averaged. Isotope values are reported in standard delta (δ) notation in per mil (‰) calculated to the Vienna Pee Dee Belemnite (VPDB) scale based on a one-point calibration using a within-run laboratory Carrara marble standard (KCM; δ13C VPDB = +2.00‰, δ18O VPDB = −1.73‰). Scaling effects on the IRMS are negligible and checked regularly using IAEA-603, USGS44, and NBS18. The Craig correction was used to account for δ17O (Craig 1957; Gonfiantini 1981) and the carbonate-acid fractionation factor applied to the gas values is 1.00813 (Kim et al. 2007). Oxygen isotope values were converted to the VSMOW-SLAP scale using δ18O VSMOW-SLAP = 1.03092 × δ18O VPDB + 30.92‰ (Kim et al. 2015; Brand et al. 2014). The average analytical reproducibility of the laboratory KCM standard is typically < 0.1‰ for δ13C VPDB and δ18O VPDB.
Analytical reproducibility for this run of laboratory standard calcite (KCM) is ± 0.02‰ (1σ, n = 18) for δ13CPDB and  ± 0.05‰ (1 σ, n = 18) for δ18OSMOW (c). External reproducibility of the enamel data based on the analysis of duplicate sample pairs was 0.02 or lower for δ18OSMOW(c) and 0.09 or lower for δ13CPDB (1σ, n = 2). 
Stable carbon (δ13C), nitrogen (δ15N), and sulfur (δ34S) isotope analysis of tooth dentine
Stable carbon (δ13C), nitrogen (δ15N), and sulfur (δ34S) isotopic compositions were determined on a Delta V Advantage continuous-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).
Samples were combusted in the presence of oxygen in a single reactor containing tungstic oxide and copper wires at 1020°C to produce N2, CO2 and SO2. A magnesium perchlorate trap was used to eliminate water produced during the combustion 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, CO2, and SO2 entered the mass spectrometer via an open split arrangement within the ConfloIV and were analysed against their corresponding reference gases. 
The International Atomic Energy Agency (IAEA) reference materials USGS40 (L-glutamic acid, δ13CVPDB = –26.39±0.04‰, δ15NAIR = –4.52±0.06‰) and USGS41a (L-glutamic acid, δ13CVPDB = 36.55±0.08‰, δ15NAIR = 47.55±0.15‰) were used to normalise δ13C and δ15N values. Two in-house standards (5-SAAG, δ34SVCTD = –14.35±0.34‰ and GS4, δ34SVCTD = 18.50±0.25‰) that are calibrated to the International Atomic Energy Agency (IAEA) reference materials IAEA-S-2 (silver sulfide, δ34SVCTD = 22.62±0.08‰) and IAEA-S-3 (silver sulfide, δ34SVCTD = –32.49±0.08‰) were used to normalise δ34S values. Results are reported as per mil (‰) relative to the internationally accepted standards VPDB, AIR and VCDT. 
Normalisation was checked using the Elemental Microanalysis standards B2215 (fish gelatin: δ13CVPDB = –22.92±0.10‰, δ15NAIR = 4.26±0.12‰, and δ34SVCTD = 1.21±0.24‰), USGS88 (marine collagen: δ13CVPDB = –16.06±0.07‰, δ15NAIR = 14.96±0.14‰, and δ34SVCTD = 17.10±0.44‰) and USGS89 (porcine collagen: δ13CVPDB = –18.13±0.11‰, δ15NAIR = 6.25±0.12‰, and δ34SVCTD = 3.86±0.56‰), which gave the values:
	B2215/Run date
	δ13CVPDB ‰
	δ15NAIR ‰
	δ34SVCTD ‰

	03/07/2023
	-23.01±0.15 (n = 4)
	4.51±0.17 (n = 4)
	1.24±0.20 (n = 2)

	19/07/2023
	-22.97±0.06 (n = 4)
	4.24±0.09 (n = 4)
	1.08±0.24 (n = 4)



	USGS88/Run date
	δ13CVPDB ‰
	δ15NAIR ‰
	δ34SVCTD ‰

	03/07/2023
	-16.21±0.06 (n = 4)
	15.22±0.20 (n = 4)
	18.15±0.13 (n = 3)

	19/07/2023
	-16.28±0.08 (n = 4)
	15.20±0.06 (n = 4)
	18.16±0.59 (n = 4)



	USGS89/Run date
	δ13CVPDB ‰
	δ15NAIR ‰
	δ34SVCTD ‰

	03/07/2023
	-18.15±0.07 (n = 4)
	6.31±0.19 (n = 4)
	4.24±0.42 (n = 4)

	19/07/2023
	-18.17±0.10 (n = 4)
	6.24±0.04 (n = 4)
	4.10±0.34 (n = 4)



Precision is determined to be ±0.1‰ for δ13C, ±0.2‰ for δ15N and ±0.4‰ for δ34S and is based on repeated measurements of the well-characterised Elemental Microanalysis IRMS fish gelatin standard B2215. 
Data availability
Results are provided in the main manuscript; the full (δ13Ccarb) and oxygen (δ18Ocarb) carbonate results are shown in Table S3. Data will also be available in the IsoArcH database (https://www.isoarch.org).

Table S3: Carbon (δ13Ccarb) and oxygen (δ18Ocarb) isotope data for Loch Borralie
	Sample
	Average δ13C‰
	Average δ18O‰
	Average δ18O ‰ VSMOW
	1STDEV δ13C‰
	1STDEV δ18O‰
	1STDEV δ18O‰ VSMOW

	Individual 1
	-14.58
	-5.04
	25.73
	0.001
	0.09
	0.09

	Individual 2
	-15.86
	-4.60
	26.18
	0.02
	0.07
	0.08
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