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Abstract

Archaeological and palaeontological excavations frequently produce large quantities 

of highly fragmentary bone. These bones can help to answer questions regarding 

past environments and human and animal lifeways via a number of analytical tech-

niques but this potential is limited by the inability to distinguish individual animals 

and generate sufficiently large samples. Using stable carbon and nitrogen isotope 

values of bone collagen (δ13C, δ15N), we present a metric to identify the number of 

isotopically distinct specimens (NIDS) from highly fragmented faunal assemblages. 

We quantified the amount of intra-individual isotopic variation by generating iso-

topic data from multiple elements from individual animals representing a wide vari-

ety of taxa as well as multiple samples from the same skeletal element. The mean 

intra-individual variation (inter-bone) was 0.52‰ (σ = 0.45) (Euclidean distance 

between two points in isotopic bivariate space), while the mean intra-bone varia-

tion was 0.63‰ (σ = 0.06). Using archaeological data consisting of large numbers 

of individual taxa from single sites, the mean inter-individual isotopic variation was 

1.45‰ (σ = 1.15). We suggest the use of 1.50‰ in bivariate (δ13C, δ15N) space as a 

metric to distinguish NIDS. Blind tests of modelled archaeological datasets of dif-

ferent size and isotopic variability resulted in a rate of misclassification (two or more 

elements from the same individual being classified as coming from different indi-

viduals) of < 5%.
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Introduction

Highly fragmented faunal remains at archaeological sites present challenges 

when attempting to determine the minimum number of individuals (MNI) within 

past animal populations. This is particularly noteworthy in the context of analy-

ses involving these remains such as radiocarbon dating, ancient DNA, and stable 

isotope analysis that require the sampling of discrete individuals. In select cases, 

wherein fragmentary remains have been sampled for stable isotope analysis and 

AMS radiocarbon dating, researchers have identified samples to a taxon through 

inferences based on their stable carbon (δ13C) and nitrogen (δ15N) isotope com-

positions (Corbett et al., 2008; Gorlova et al., 2015; Szpak et al., 2019). In these 

contexts, the MNI is almost certainly a significant underestimation of the true 

number of distinct individuals and the MNI may be 1 even with a large number of 

individual specimens (NISP). Individual animals may have variable diets, mean-

ing it may be possible to differentiate individuals within the same species based 

on stable isotopic compositions. In order to do so, however, it is necessary to 

understand the amount of variation in δ13C and δ15N that exists within individuals 

and how this variation compares to that which exists among individuals.

Schoeninger et  al. (1983) examined intra-individual variation and inter-indi-

vidual isotopic variation for multiple bones from rabbits and minks fed controlled 

diets. Differences in the isotopic composition of bone collagen within an indi-

vidual were approximately the same as between individuals within a population 

with a shared diet. The level of intra-individual variability observed in that study 

(approximately 1.0‰ or less for δ13C and δ15N) was echoed by later comparisons 

of δ13C values in wild deer and vole populations (Hobson & Schwarcz, 1986) 

and δ13C and δ15N values among bones of modern marine mammals (Clark et al., 

2017). Intra-individual differences for these marine mammals with variable diets 

were attributed to the varying rates at which different bones remodel, particularly 

distal limb elements relative to long bones.

For animals with diets that vary over time, intra-individual isotopic variation 

should be driven by varying turnover rates. This assumption is informed by the 

recorded differences in turnover rates among bones (Snyder et al., 1975) as well 

as between cortical and trabecular bone tissues (Manolagas, 2000). Specific to 

human bone collagen, turnover rates are relatively rapid in young individuals and 

decrease with age to < 5% per annum in adults (Geyh, 2001; Hedges et al., 2007; 

Stenhouse & Baxter, 1979). Studies with other species have found bone collagen 

turnover to be slower than in other tissues (Hobson & Clark, 1992), and that adult 

animal bones likely still contain collagen formed during adolescence (Matsub-

ayashi & Tayasu, 2019). A previous study comparing cortical and trabecular bone 

collagen turnover within two humans born prior to, and deceased after the start 

of atomic weapons testing, found that differences in Δ14C between tissue types 

indicated trabecular bone collagen turns over at a slightly faster (albeit undefined) 

rate, although turnover of both tissues may slow down immensely later in life 

(Ubelaker et al., 2006). Beyond that study, systematic research on potential differ-

ences in bone collagen turnover between bone tissue types has been scarce.
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Several studies have attempted to identify human dietary shifts by sampling mul-

tiple bones from the same individual or multiple sections of the same bone. Intra-

individual differences in the isotopic composition of bone collagen, interpreted 

as shifts in diet based on δ13C and δ15N values, have on occasion exceeded 1.6‰ 

(Cheung et  al., 2017; Cox & Sealy, 1997; Fahy et  al., 2017; Pollard et  al., 2012; 

Sealy et al., 1995). Differences of this magnitude only occurred within a few indi-

viduals in each study. In most other cases, intra-individual differences in either δ13C 

and δ15N fall below 1.6‰ (Clark et al., 2017), often approximating reported uncer-

tainties of isotopic measurements (Jørkov et al., 2009; Gillis et al., 2013; Riofrío-

Lazo & Aurioles-Gamboa, 2013; Olsen et  al., 2014; Webb et  al., 2016). Studies 

aimed at examining both intra-individual and inter-individual variation have been 

restricted in terms of sample sizes (i.e. only sampling a few bones or a small num-

ber of individuals), necessitating more robust investigation. Moreover, as we demon-

strate, methodological concerns related to lipid extraction may inflate the extent of 

intra-individual variation in modern specimens.

The goal of our study was to characterise the intra-individual variation of δ13C 

and δ15N in bone collagen of various modern marine, freshwater, and terrestrial 

fauna and compare that variation with the inter-individual variation of populations 

of archaeological fauna. We measured the Euclidean distance between δ13C and 

δ15N values from skeletal elements, within and between individuals, to develop a 

probabilistic metric that two bone fragments represent distinct individuals.

Materials and Methods

Intra‑individual Analyses

Carcasses and partially processed bones of identifiable individual animals were 

collected for stable isotope analysis. Animals were sought that would represent a 

wide range of habitat types (marine, freshwater, terrestrial) and levels of expected 

variation in diets (migratory wild animals, wild animals with limited ranges, and 

agricultural animals) (Online Resource 2). Specifics of individual diets were not 

known; however, reasonable assumptions can be made based on husbandry practices 

and species ecology. These animals included complete carcasses donated by local 

farms, bones from household cooking, bones prepared for other research projects, 

and articulated bones sold as dog chews (Table 1). The bones were cleaned of any 

remaining flesh, cartilage, or tendon by manual abrasion, simmering in water, or 

through steaming. After defleshing, a NSK dental drill was used to cut ~ 100 mg of 

bone for collagen extraction.

Intra‑bone Analyses

To determine the amount of expected isotopic variation within a single bone, thir-

teen harp seal humeri were selected for additional intra-bone comparisons. Harp 

seals are a species with an isotopically diverse range of food sources due to their 
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Table 1  A list of the species analysed for intra-individual isotopic variability, place of origin, number of 

individuals, and the number of samples taken from those individuals (samples excluded due to potential 

lipid contamination are not included)

Species Common name Origin of samples n Ind n samples

Freshwater fish

Esox americanus Pickerel (wild) Lake Ontario, Canada 1 4

Perca flavescens Yellow perch (wild) Lake Ontario, Canada 1 4

1 5

Marine fish

Sebastes alutus Pacific ocean perch (wild) Coastal British Columbia, 

Canada

1 5

Sebastes babcocki Redbanded rockfish (wild) Coastal British Columbia, 

Canada

1 2

1 3

Marine mammal

Pagophilus groenlandicus Harp seal (wild) Newfoundland, Canada 1 1

1 3

2 4

2 5

1 6

6 7

Terrestrial avian

Meleagris gallopavo 

domestica

Turkey Household food by-

products

1 9

Colaptes auratus Northern flicker (wild) Horse ranch,

Peterborough,

Ontario, Canada

1 10

Leuconotopicus villosus Hairy woodpecker (wild) Horse ranch,

Peterborough,

Ontario, Canada

1 10

Terrestrial mammal

Bos taurus Domestic cattle Articulated bones of dog 

chew

1 5

3 6

2 7

Bos taurus Domestic cattle Dairy farm, Windsor, 

Ontario, Canada

1 9

Sus scrofa domesticus Pig Household food by-

products

1 9

1 14

Mustela frenata Long-tailed weasel (wild) Horse ranch,

Peterborough, Ontario, 

Canada

1 12

Procyon lotor Raccoon (wild) Dairy farm, Windsor, 

Ontario, Canada

1 14
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migratory behaviour (Falk-Petersen et al., 2004). If isotopic differences within a sin-

gle bone are to be expected as a result of growth or muscle use impacting bone turn-

over, it was believed that a migratory species would be a strong candidate to make 

such observations. The size of the skeletal elements and lack of epiphyseal fusion 

suggested that the seal humeri were undergoing growth up to the time of death. 

Three samples were taken from each of the humeri at the diaphysis, the epiphyseal 

condyles, and deltoid tuberosity.

Collagen Extraction and Purification

All samples were subjected to a lipid extraction procedure which consisted of soni-

cation in a 2:1 chloroform: methanol (v/v) solution for 20 min with repeated rinses 

until the resulting solution was clear (up to a maximum of three rinses) (Folch et al., 

1957). Samples were demineralised in 0.5 M HCl, until soft, then placed in a 0.1 M 

NaOH solution for 30 min to remove any additional lipids or possible humic con-

taminants (repeated up to 3 times). Finally, samples were refluxed in 0.01 M HCl at 

75 °C for 48 h and lyophilised.

Samples that exhibited signs of lipid contamination (as described below) were 

subjected to an additional lipid extraction procedure based upon the method 

detailed by Bligh and Dyer (1959). Lyophilised collagen was redissolved in type 

I water and subsequently mixed with chloroform:methanol in proportions of 

2:1:0.8 (chloroform:methanol:water). The solvent-collagen mixture was sonicated 

for 1  h at approximately room temperature before tubes were placed in a centri-

fuge (2500 rpm × 20 min). A clear top layer containing a methanol–water-collagen 

mixture was transferred to a separate tube and a 1:0.8 mixture of methanol:water 

was added to the remaining chloroform-lipid layer in the original tube. The pro-

cess was repeated for additional collagen recovery. Methanol–water-collagen 

samples were placed in a dry bath (62  °C) for at least 24  h to evaporate excess 

methanol. The remaining water-collagen mixture was again placed in a 2:1:0.8 

chloroform:methanol:water solution and collagen was extracted using the same 

above method to remove any remaining lipids. Upon the evaporation of any remain-

ing methanol as described above, collagen samples were once again lyophilised.

Stable Isotope Analysis

All samples were analysed using a EuroEA 3000 Elemental Analyzer (EuroVector 

SpA) coupled to a Nu Horizon (Nu Instruments) continuous flow isotope ratio mass 

spectrometer (CF-IRMS) at the Trent University Water Quality Center. Ten percent 

of the samples were analysed in duplicate to assess sample homogeneity. Calibration 

to international reference scales of VPDB and AIR was completed using a two-point 

calibration curve based on USGS40 (δ13C − 26.39 ± 0.04‰, δ15N − 4.52 ± 0.04‰) 

and USGS41a (δ13C + 36.55 ± 0.08‰, δ15N + 47.55 ± 0.15‰). The quality assur-

ance standards used within each run to determine accuracy were in house standards 

of caribou bone collagen (SRM-1: δ13C − 19.36 ± 0.11‰, δ15N + 1.81 ± 0.10‰), 

walrus bone collagen (SRM-2: δ13C − 14.82 ± 0.06‰, δ15N + 15.59 ± 0.11‰), and 
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polar bear bone collagen (SRM-14: δ13C − 13.66 ± 0.07‰, δ15N + 21.62 ± 0.12‰). 

The total analytical uncertainty was ± 0.15‰ for δ13C and ± 0.36‰ for δ15N.

Collagen yields were calculated for all samples and were used to assess the qual-

ity of collagen along with wt% C, wt% N, and atomic C:N ratio (S1) (Ambrose, 

1990; DeNiro, 1985). The presence of lipids within the collagen was assessed by 

identifying correlations between the δ13C and C:N ratios within the samples of each 

individual (Guiry & Szpak, 2020) (Figure S1). Values that displayed a correlation 

were excluded from the analysis because the δ13C values likely represent lipid con-

tamination and variable amounts of lipid contamination among bones within an 

individual will serve to artificially increase the amount of isotopic variation within 

an individual.

Inter‑individual Analyses

Archaeological stable isotope data from previously published and unpublished 

studies were used to determine the amount of isotopic variation which could be 

expected among individuals of the same species from the same geographic region. 

To be included, the data had to meet three criteria: clear information on analytical 

uncertainty was available, the isotopic compositions represented distinct individu-

als, and the samples had to be identified to the genus or species level. Sample data-

sets that represented marine and terrestrial fauna from wild and agricultural contexts 

were used to illustrate a wide range of potential inter-individual isotopic variability 

(Table 2).

Data Analysis

The isotopic variation for all groups examined was determined by calculating the 

Euclidean distance between two points (δ13C, δ15N) in bivariate space (Fig. 1). For 

intra-individual analysis, every bone from one individual was compared to all of the 

other bones from that individual. For intra-bone analysis, the sampling sites within 

a single bone were compared to one another. For the inter-individual analysis, the 

δ13C and δ15N values of each individual were compared to all other individuals of 

the same archaeological context (strata, feature, or site). These comparisons were 

created using distance matrices calculated through R (version 3.5.3) (R Core Team, 

2013). Animals were grouped into categories according to expected levels of iso-

topic variation. The distribution of distance values between these categories and 

habitat types (marine, freshwater, terrestrial) were compared for the intra-individual 

data sets (Online Resource 1-Discussion).

To identify if significant differences existed between intra-individual, inter-

individual, and intra-bone isotopic variability, parametric statistical tests were per-

formed. Due to large sample sizes (> 50), a normal distribution of the distance data 

was assumed under the central limit theorem (Elliott & Woodward, 2007:26). A 

one-way analysis of variance (ANOVA) was performed to determine if there were 

significant differences between the mean distance values of the intra-individual, 

intra-bone, and inter-individual isotopic distance values.
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Table 2  A list of the species analysed for inter-individual isotopic variability, ecology, number of individuals (n), sample context, and source of isotopic data

Species Common name Ecology n Sample context Reference

Marine avian

Alle alle Little auk Wild migratory 121 Iita, Qaasuitsup Kommunia, Greenland Unpublished

Marine mammal

Delphinapterus leucas Beluga Wild migratory 131 Szpak et al., 2020 and unpublished

Pusa hispida Ringed seal Wild local 234 Somerset Island, Nunavut, Canada Szpak et al., 2019

64 Cape Garry, Nunavut, Canada Szpak et al., 2019

15 Learmonth, Nunavut, Canada Szpak et al., 2019

53 Porden Point, Nunavut, Canada Szpak et al., 2019

25 Devon Island, Nunavut, Canada Szpak & Buckley, 2020

3 Dundas Island, Nunavut, Canada Szpak et al., 2019

35 Qaqaitsut, Greenland Szpak & Buckley, 2020

36 Skraeling Island, Nunavut, Canada Szpak et al., 2019

16 Cape Grinnell, Nunavut, Canada Szpak & Buckley, 2020

23 Iita, Qaasuitsup Kommunia, Greenland Szpak & Buckley, 2020

20 Knud Peninsula, Nunavut, Canada Szpak et al., 2019

Terrestrial mammal

Camelidae Camelid Agricultural 50 Virú, La Libertad, Peru Szpak et al., 2014

13 Chinchawas, North Highlands of Ancash, Peru Szpak et al., 2015

9 Tiwanaku Municipality, Bolivia Szpak, 2013

23 Lluta, Arica y Parinacota, Chile Szpak & Valenzuela, 2020

Lama glama Llama Agricultural 9 Huancano, Pisco, Peru Szpak et al., 2016

25 Virú, La Libertad, Peru Szpak et al., 2014

C. Hyland et al.
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Testing the Ability to Identify Distinct Individuals

An additional 263 bone collagen samples were collected to determine the util-

ity of using the determined metric for the expected intra-individual distance 

in isotopic space as a tool to identify the number of isotopically distinct speci-

mens (NIDS), hereafter referred to as the “NIDS metric” (Table 3). These sam-

ples were processed for stable carbon and nitrogen isotope analysis and assessed 

for lipid contamination using the methods outlined previously. Of these 263 

additional samples, 206 samples provide no indication of lipid contamination 

(Online Resource 3  and 4). These additional samples represented 20 new indi-

viduals and one resampled individual. We generated these additional data to 

test the NIDS metric to avoid circular reasoning — if the same intra-individual 

isotopic dataset that informed the metric was used to test it, the metric would 

naturally be extremely effective. A previously sampled raccoon was resampled 

to include at least one individual displaying an extreme level of intra-individual 

variation and thereby increasing the odds that the metric would make errors of 

misclassification.

The isotopic compositions of the additional samples were randomly ordered 

and ten sub-samples were selected. These 10 sub-samples were assessed for their 

distance in isotopic space by unweighted pair group method with arithmetic mean 

(UPGMA) hierarchical clustering based on Euclidean distance in PAST. The num-

ber of distinct clusters at the NIDS metric was recorded in comparison to the true 

number of distinct individuals represented in the 10 bone collagen samples. The data 

that we generated for testing our NIDS metric contained a much higher MNI:NISP 

ratio than would be expected in a real archaeological assemblage. To more closely 

approximate real-world conditions, we simulated isotopic data for additional indi-

viduals using distributions for intra- and inter-individual variation informed by our 

real data (Online Resource 2). We then repeated our UPGMA classification with 

these modelled data being added to the real data (n = 5, 15, 25, 35, and 45). Five 

thousand iterations of a random sampling of 10 bone collagen samples were con-

ducted for each of the different population sizes (Online Resource 2).

Fig. 1  Representation of the 

calculations made for intra-

bone (blue) and intra-individual 

(gold) isotopic variation by cal-

culating the distances between 

the δ13C and δ15N values within 

a bone and between different 

bones of an individual in two-

dimensional isotopic space
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Table 3  A list of the species analysed to test the NIDS metric, number of individuals (n), and list of bones sampled

Species Common name n Bones sampled

Bos taurus Cattle 11 Talus, calcaneus, navicular, sustenaculum tali, tibia, radius, carpal bones, rib

Gallus gallus domesticus Chicken 7 Fibula, scapula, radius, ulna, clavicle, coracoid, femur, humerus, femur, 

tibia, fibula, sternum, os coxae, ischium, tarsometatarsus

Meleagris gallopavo Turkey 1 Humerus, femur, tibia, fibula, sternum, coracoid, ulna, scapula, radius

Procyon lotor Raccoon 1 Metatarsal, ribs, femur, sacrum, os coxae, mandible

C. Hyland et al.
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Our estimation of the probability of misclassifying multiple elements from the 

same individual as being from distinct individuals was informed by the approach 

taken by an analyst using this metric to select samples in a manner similar to 

using a morphological MNI. Figure  2 illustrates three examples in which there 

are ten specimens and seven distinct individuals. If the analyst used the NIDS 

metric to select distinct individuals, it is possible, but not certain in each instance 

that they could sample the same individual twice. In Fig. 2A, the probability of 

misclassification is 0.14 since they would select three specimens: the first would 

be from individual 1, the second would be from individual 3, while the third 

would have a 1/7 chance of being from individual 1. The probability of misclas-

sification in Fig. 2B is 0.125. The analyst would select four specimens and using 

the NIDS metric, individual 1 is the only one that could be misclassified. There 

is a 1/2 and 1/4 chance of selecting an element from individual 1 and overall a 

1/8 chance that they would select two elements from individual 1. Figure 2C is 

more complicated since either (or both) individual 1 and 2 could be misclassified. 

The probability of selecting two elements from either individual 1 or 2 is 0.375 

or (1/2)*(1/2) + (2/3)*(1/2). The probability of sampling two elements from both 

individual 1 and individual 2 is 0.042 or (1/2)*(1/2)*(2/3)*(1/2). The number of 

misclassifications was recorded for each random sampling based on the number 

of times two or more bones of the same individual were identified as isotopically 

distinct specimens based on the NIDS metric of 1.5‰ (Online Resource 2).

Fig. 2  Three examples to illustrate how an analyst would use the NIDS metric (1.50‰) to determine the 

number of isotopically distinct samples and how the probability to misclassify samples was calculated. 

Coloured numbers highlight when multiple bones are from the same individual (example in panel A: 3 

bones belong to Individual 1 (red) and 2 bones belong to Individual 2 (blue)). The probability to misclas-

sify samples increases from panels A to C (A 0.14; B 0.125; C 0.375 to misclassify individual 1 or 2 and 

0.042 to misclassify individual 1 and 2)
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Results

Quantifying Variation

Of the 422 bone collagen samples prepared for analysis to characterise intra-indi-

vidual isotopic variation, 224 had C:Natomic outside the acceptable range or showed 

correlations between δ13C values and C:Natomic within individuals (Online Resource 

3). Fish represented most of the samples that were removed from analysis due to 

lipid contamination or excessive collagen loss during demineralisation. The remain-

ing dataset included 198 bone collagen samples, which were used to calculate the 

isotopic distance between bones of the same individual (Online Resource 4 ).

The distribution of the isotopic distance calculations revealed differences between 

the mean isotopic distance values of intra-bone, intra-individual, and inter-individ-

ual comparisons (Fig. 3). A one-way ANOVA test comparing the isotopic distance 

calculations of the intra-bone, intra-individual, and inter-individual comparisons 

showed a statistically significant difference between the mean values of these groups 

(F(2) = 164.5, p < 0.001). The mean isotopic distance value of the inter-individual 

data was the highest at 1.45‰ with a 5th to 95th percentile range of 0.09 to 1.45‰ 

(Table 4). The mean isotopic distance value for the intra-individual comparisons was 

the lowest at 0.52‰ with a 5th to 95th percentile range of 0.03 to 1.25‰ (Table 4). 

The proposed NIDS metric of 1.50‰ is therefore above the 95th percentile for the 

intra-individual comparisons of this study. While the mean intra-bone isotopic dis-

tance (0.63‰) was larger than the mean intra-individual isotopic distance (0.52‰), 

the intra-bone comparisons had the smallest range (1.22‰) compared to either the 

intra-individual (2.79‰) or the inter-individual (11.04‰) comparisons (Table 4). 

Results and additional discussion of the isotopic distance calculations for animals 

from different ecological backgrounds are provided in the Online Resources (Online 

Resource 1).

NIDS Metric Testing

Of the 263 additional samples prepared for stable isotope analysis, 57 were excluded 

from further analysis due to C:Natomic values outside of the acceptable range or corre-

lations between δ13C values and C:Natomic values within individual samples (Online 

Resource 3). Most of the excluded samples were from chickens. The remaining 206 

bone collagen samples were used to test the efficacy of the NIDS metric (Online 

Resource 5).

The NIDS metric tended to underestimate the true number of distinct individuals. 

In our simulations, the number of distinct individuals was twice the average NIDS. 

The summed probability of misclassifying the same individual as two or more dis-

tinct individuals was between 2.75 and 7.49% with the lowest summed probability 

of error occurring in the datasets with the highest true number of distinct individuals 

and total specimens (Table 5). We did not assess the efficacy of the NIDS metric in 

terms of underestimating the true number of individuals.
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Fig. 3  Histograms showing the distribution of the distances in isotopic space between δ13C and δ15N val-

ues obtained from multiple samples within a single bone (A), multiple bones sampled within one indi-

vidual (B), and multiple individuals within one species (C). Dashed lines represent the mean value for 

each dataset and unfilled bars represent values outside two standard deviations from the mean value
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Discussion

Distinguishing Values for Inter‑ vs. Intra‑individual Variation

The average isotopic distance value for inter-individual comparisons was 1.45‰ 

while the intra-individual average was only 0.52‰ (Table  4). Inter-individual 

isotopic distance calculations were also found to have a larger standard deviation 

(mean: 1.15‰) as well as an absolute range of values (11.04‰) when compared 

to the intra-individual isotopic distance calculation (mean: 0.52‰, range: 2.79‰). 

While not a novel finding, these results support the hypothesis that bone collagen 

δ13C and δ15N values could be useful for identifying distinct individuals.

To distinguish what level of isotopic variation represents values beyond those 

expected from intra-individual comparisons, we recommend using the upper limit of 

the 2σ range of the mean intra-individual isotopic distance calculations, 1.50‰ as 

the NIDS metric. Isotopic distance values below 1.50‰ represent over 95% of the 

calculated range in intra-individual isotopic comparisons in our data, which is the 

most comprehensive examination of intra-individual isotopic variation published to 

date (Table 4). Using a difference of 1.50‰ in isotopic space to distinguish bones 

from different individuals will almost certainly result in an underestimate of the 

true number of individuals. Along similar lines, MNI indices, which are frequently 

used for selecting samples for isotopic, radiocarbon, or ancient DNA analyses, like-

wise provide an underrepresentation of the true number of individuals, especially in 

highly fragmentary assemblages (Marshall & Pilgram 1993).

Our average value calculated for intra-individual variability (0.52‰) is low con-

sidering that values first observed by Schoeninger et al. (1983) for individuals fed 

monotonous diets suggest an individual variation of 1.0‰ or less in either δ13C or 

δ15N. These data suggest that to clearly distinguish different individuals with this 

Table 4  Summary statistics for the calculated distances between δ13C and δ15N values in isotopic space 

(‰)

Sample group n Mean σ Min Max 5th percentile 95th percentile

Inter-individual 15,802 1.45 1.15 0.00 11.04 0.28 3.49

Intra-individual 484 0.52 0.45 0.01 2.80 0.09 1.45

Intra-bone 27 0.63 0.06 0.03 1.25 0.03 1.25

Table 5  Results of testing the 

1.50‰ metric for the number of 

isotopically distinct specimens 

(NIDS) with an increased 

number of true distinct 

individuals in the randomly 

selected 10 bone sampling 

datasets and  103 iterations

True number of dis-

tinct individuals

Number of misclas-

sifications

Summed probability 

of misclassification

36 150 6.2%

46 149 7.5%

56 99 3.5%

66 68 2.8%
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method the population must have high isotopic variability. It is important to bear 

in mind, however, that we observed much greater variation, particularly for δ13C in 

individuals where variable lipid contamination was detected (Online Resource 3). 

Based on our data, we suspect that the amount of intra-individual variation observed 

by Schoeninger et al. (1983) was artificially inflated by variable contamination with 

lipids in some of the bones, especially considering the monotonous diet of the ani-

mals involved in their study.

NIDS

The NIDS metric will most likely distinguish individuals more often in populations 

in which local food sources are isotopically variable, individuals consume differ-

ent proportions of food sources, or individuals experience major shifts in their diet, 

although such instances could raise the potential for misclassification. Conversely, 

if it is applied to a population in which diet is similar among most individuals (e.g. 

a terrestrial herbivore in an environment devoid of  C3 plants), the potential for mis-

classification should be low. The 1.50‰ NIDS metric we have proposed is aimed 

at being more conservative and avoiding misclassification while being nonetheless 

suitable for use with archaeological remains, wherein diet is largely unknown. A 

survey of past archaeological isotope literature by Clark et  al. (2017) found most 

intra-individual ranges ≤ 1.2‰ for both δ13C and δ15N, fitting within our proposed 

1.50‰ isotopic distance range.

While many distinct individuals may not be classified as distinct using the 1.50‰ 

isotopic distance range for calculating NIDS (creating a potentially high amount of 

type II errors), this technique has a low potential for misclassifying multiple bones 

of the same individual as distinct individuals (low amount of type I errors). While 

we have suggested this is desirable when using this method to identify distinct indi-

viduals for techniques such as stable isotope analysis, radiocarbon dating, ZooMS, 

and aDNA, the NIDS metric is probabilistic and researchers can elect to use a differ-

ent value depending on the goals of their project. For example, a value of 2.0‰ for 

the NIDS isotopic distance range would be even less likely to result in the sampling 

of the same individual twice, whereas a value of 1.0‰ could increase sample size, 

with the caveat that a greater potential for resampling may occur.

Intra‑individual Isotopic Variation and the Role of Collagen Turnover

Within our dataset, the average intra-bone isotopic distance measurement (0.63‰) 

is significantly greater than for intra-individual comparisons, yet still below the 

1.50‰ metric for distinguishing individuals (Table 4). A value below 1.50‰ could 

then result in misclassification of either the same bones of an individual or the same 

fragments of a single bone, although values for intra-bone comparisons were notably 

far less varied (σ = 0.06‰). While intra-bone variation is not often investigated, 

this decidedly small amount of variation within bones is consistent with earlier stud-

ies, which found the largest differences in δ13C or δ15N between sites of potentially 

different rates of bone formation (e.g. diaphyseal vs. epiphyseal sites on long bones, 
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different portions of mandibles) were on average 0.9‰ or less (Balasse et al., 1997; 

Sykut et al., 2020; Waters-Rist & Katzenberg, 2010). Larger intra-bone differences 

in δ13C may occur as a result of switches in diet for which the original and new 

diet have very different δ13C values as is the case for  C3 and  C4 plants (Gillis et al., 

2013). The secondary aim of performing intra-bone comparisons was to determine 

if the isotopic variation was contingent on whether samples were extracted from 

sections of cortical bone (the diaphyses) or trabecular bone (the deltoid tuberosities 

and epiphyseal condyles) in the harp seals. Overall, the difference in δ13C and δ15N 

between cortical and trabecular bone within the same bone appears to be negligible 

for the bones we tested.

Intra-individual differences in isotopic composition between cortical and trabecu-

lar bone are believed to arise due to their respective slower and faster turnover rates 

reflecting diet during different periods of an individual’s life (Clark et al., 2017; Cox 

& Sealy, 1997). There have been some counter-arguments that cortical and trabecu-

lar bone turn over at similar rates within the same bone (Parfitt, 2002) and that there 

are only minor differences in collagen turnover among bones (Ubelaker et al., 2006). 

Harp seals were selected to test for intra-bone variation due to their migratory 

behaviour, and for the potential to test for changes in diet during different periods of 

growth in cortical and trabecular bone. Part of their year is spent in the northern and 

north-eastern Barents Sea where they accumulate blubber stores through intensive 

feeding (Falk-Petersen et  al., 2004). In the early winter, the seals migrate to seek 

out the drifting pack ice of their breeding grounds; in the case of this data set, the 

breeding grounds around Newfoundland and Labrador (Bajzak et  al., 2011; Falk-

Petersen et al., 2004). Any variation in diet composition or baseline isotopic varia-

tion between regions was not recorded in intra-bone analyses of the subadult seals in 

this study. There may not have been a sufficient level of isotopic variation between 

regions to produce significant intra-bone variation. Alternatively, it is possible that 

because these seals were actively growing, all skeletal elements and both cortical 

and trabecular bone were remodelling at rapid and comparable rates. Turnover rates 

in human femoral cortical bone are much more rapid for very young individuals rel-

ative to those who have ceased growing (Hedges et al., 2007).

While intra-individual variation was generally low among the different animals 

analysed, the raccoon showed large amounts of variation in δ13C, which may be rep-

resentative of substantial changes in diet. As shown in Fig. 4, the long bones exhibit 

δ13C consistent with a diet of mixed  C3/C4 plant-based foodstuffs, whereas the pel-

vic and rib bones show a shift in δ13C to a more  C4 plant-based diet. We suggest that 

a dietary shift occurred to a more  C4-rich diet before the raccoon’s death, as bone 

turnover was likely most rapid in the rib and pelvic bones, which contained a greater 

amount of trabecular relative to cortical bone. Rib bones are believed to undergo fre-

quent mechanical stress due to respiration, causing remodelling to occur more often 

(Skedros et al., 2013). In raccoons, it appears that the lower vertebrae and os coxae 

may also experience greater mechanical strain due to persistent changes to a bipedal 

posture (especially compared to other quadrupeds; McClearn, 1992), causing these 

bones to remodel more often than other bones. The arguably slower turnover rate 

of limb bones may be a result of such bones remodelling less often to avoid loss of 

strength through the remodelling process (Skedros et al., 2003).
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The level of isotopic variation observed in the racoon demonstrates the need 

for future research into the remodelling of bone and collagen turnover, and how 

these processes intersect with changes in diet and isotopic composition. As dem-

onstrated by the majority of our dataset, however, large intra-individual variation 

is uncommon in modern wild and domesticated animals without major dietary 

changes during their lives. Domesticated animals like pigs, chicken, and turkey 

are generally provisioned with a homogenised, commercially prepared diet, which 

results in isotopic consistency over the life of the animal (Marchewka et al., 2013, 

Manitoba Pork, 2019, Turkey Farmers of Canada, 2019). The diet of beef cattle 

is controlled but incorporates a predictable shift from graze, in the form of grass 

and hay, to increased incorporation of grain, until the grain component comprises 

90% of the diet (Cheung et al., 2017). This large shift in diet may be visible as 

changes in δ13C values between bones of differing developmental intervals when 

domesticated animals are raised mainly on  C3 crops (low δ13C values) and fin-

ished with  C4 crops (high δ13C values). Wild animals may have less predictable 

ecologies. For example, fish change diet with growth, shifting trophic position 

and potentially pivoting to food webs supported by alternate primary production 

(i.e. littoral/pelagic) giving rise to greater potential for intra-individual variation 

(Westrheim, 1973). Likewise, the opportunistic, omnivorous diet of raccoons may 

lead to greater intra-individual variation across skeletal elements with different 

developmental intervals (Parsons et al., 2013; Schoonover & Marshall, 1951). 

As discussed above, it remains that our proposed 1.50‰ value for identifying 

individuals is subject to very little misclassification. Rare instances in which mis-

classification may occur would likely include bones with very different turnover 

rates in individuals with marked shifts between isotopically distinct foods (see also 

Balasse et al., 1999). If the assemblage was sufficiently large, sampling only from 

long bone diaphyses could mitigate the small chance of misclassification even fur-

ther. Finally, based on the variable lipid contamination we observed and its impact 

on the intra-individual variation, previous studies may have exaggerated the extent 

Fig. 4  Variation in δ13C among 

sampled elements of a southern 

Ontario raccoon (Procyon 

lotor). See Online Resource 

Table S4 for individual bone 

δ13C values
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of intra-individual isotopic variation. Future studies of this nature must prioritise 

sample pre-treatment protocols that effectively remove lipids.

Conclusion

A Euclidean distance of ≥ 1.50‰ in bivariate (δ13C, δ15N) space provides 95% con-

fidence that two or more bone fragments originate from distinct individuals. Testing 

with real and simulated data, the efficacy of this metric (NIDS) was confirmed. It is 

a conservative and low error means to distinguish individuals within fragmentary 

archaeological faunal assemblages or those that have a low MNI. Archaeological 

scientists researching health, diet, environment, and lifeways can apply this metric 

to their samples to generate larger sample sizes than would be possible if select-

ing elements based on strict MNI counts. When research involves the application 

of methods such as stable isotope analysis, 14C dating, or aDNA, it can be particu-

larly important to have confidence in the individuation of the samples as duplication 

of individuals could alter site chronologies, environmental, dietary, or evolutionary 

interpretations. Given the low cost of light stable isotope analysis and the compara-

tively high costs of techniques such as aDNA and 14C dating, this metric is a time-

saving, economical method of differentiating individuals.
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