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ABSTRACT Objective: Development of a model for
the prediction of d13Cprotein from d13Ccollagen and D13Cap-

co. Model-generated values could, in turn, serve as
“consumer” inputs for multisource mixture modeling of
paleodiet. Methods: Linear regression analysis of previ-
ously published controlled diet data facilitated the devel-
opment of a mathematical model for predicting
d13Cprotein (and an experimentally generated error term)
from isotopic data routinely generated during the analy-
sis of osseous remains (d13Cco and D13Cap-co). Results:
Regression analysis resulted in a two-term linear model
(d13Cprotein (%) 5 (0.78 3 d13Cco) 2 (0.583 D13Cap-

co) 2 4.7), possessing a high R-value of 0.93 (r2 5 0.86, P

< 0.01), and experimentally generated error terms of
61.9% for any predicted individual value of d13Cprotein.
This model was tested using isotopic data from
Formative Period individuals from northern Chile’s Ata-
cama Desert. Conclusions: The model presented here
appears to hold significant potential for the prediction of
the carbon isotope signature of dietary protein using
only such data as is routinely generated in the course of
stable isotope analysis of human osseous remains. These
predicted values are ideal for use in multisource
mixture modeling of dietary protein source contribution.
Am J Phys Anthropol 157:694–703, 2015. VC 2015 Wiley

Periodicals, Inc.

Recent advances in multisource mixture modeling of
stable isotope systems hold considerable potential for
bioarchaeologists interested in the reconstruction of
paleodiet. To make such modeling applications useful,
however, the user must possess the ability to gauge
tissue-specific source-consumer fractionation for all iso-
tope systems of interest. These methods, in point of fact,
demand quantification of trophic enrichment factors
(TEF)/fractionation/discrimination offsets in order for
their bioarchaeological promise to be fully realized.
While several recent studies have addressed and
attempted to quantify the diet-collagen or protein-
collagen offset for nitrogen isotope systematics (d15N)
(e.g. Hedges and Reynard, 2007; O’Connell et al., 2012),
far less work (Froehle et al., 2010) has been done to
assess such offsets for carbon stable isotopes (d13C).

Here, employing a corpus of previously published
data from controlled diet experiments with rats, mice,
and pigs, we present a multiple (two variable) linear
model by which the d13C value (plus/minus an experi-
mentally generated error term) of dietary protein
(d13Cprotein) can be accurately predicted from isotopic
data routinely generated during the analysis of osseous
remains (d13Cco and D13Cap-co). By combining the output
of this regression with (one of the several) proposed
fractionation offsets between dietary protein and bone
collagen for d15N, one is able to take advantage of mul-
tisource mixture modeling software, and thus develop
quantitative and probabilistic models of paleodietary
mixtures.

After presenting this multiple linear regression
model for predicting d13Cprotein, we demonstrate its
utility by means of a Markov Chain Monte Carlo sim-
ulation [using the software package MixSIAR (Stock
and Semmens, 2013)] of the diet of individuals drawn
from our ongoing research into the Formative Period

of the Atacama Desert of northern Chile. The method
detailed here permits us to move beyond relative
statements of dietary contribution to probabilistic and
uncertainty integrated quantification of dietary inputs
on an individual-by-individual basis (Semmens et al.,
2009).

THE NEED FOR QUANTIFICATION IN ISOTOPIC
PALEODIETARY STUDIES

The past 30 years have witnessed an explosive
increase in the use of stable isotope analysis in bioarch-
aeology (see Pestle et al., 2014: Fig. 1). Indeed, stable
isotope analysis has now become a standard technique
used in the reconstruction of ancient humazn paleodiet,
paleomobility, and paleoclimate. And yet, with limited
recent exceptions (e.g. Ambrose et al., 2003; Kellner and
Schoeninger, 2007; Arcini et al., ; Coltrain and Janetski,
2013; Colonese et al., 2014; Fernandes et al., 2012a,
2014; Ugan and Coltrain, 2012), the paleodietary recon-
struction facilitated by this analysis has been limited to
relative statements about source contributions (e.g. more
of food X, less of food Y). Such relative statements are
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made even more contingent when different classes of
food are isotopically similar and/or when one accounts
for the various sources of uncertainty (e.g. measurement
error, source variability, differential fractionation). How-
ever, various tools have existed for the last 20 to 25
years that enable a greater degree of quantification of
food class contribution, thereby, potentially at least,
advancing the fidelity of bioarchaeological reconstruc-
tions of paleodiet.

Linear mixing models, which permit the quantification
of source contribution for n11 sources (where n repre-
sents the number of isotope systems [elements] under
consideration), have been used in stable isotope ecology
for over a decade (Schwarcz, 1991; Phillips,
2001a,2001b). More than 10 years have passed since the
introduction of IsoSource, the first widely available mul-
tisource mixture modeling software for stable isotope
analysis (Phillips and Gregg, 2003). This software, and
other similar models (Lubetkin and Simenstad, 2004),
produced nondeterministic solutions for scenarios
wherein more than n 1 1 sources (classes of food) are
present, and in some cases began to confront issues of
uncertainty in such reconstruction (Phillips
2001a,2001b, 2005). It is only in the past five years,
however, that the introduction of Bayesian modeling has
cemented the potential for bioarchaeologists to apply
modeling to their datasets. In 2008, Moore and Sem-
mens (2008) first proposed MIXSIR, “a Bayesian-mixing
model that estimates probability distributions of source
contributions to a mixture while explicitly accounting for
uncertainty associated with multiple sources, fractiona-
tion and isotope signatures” (Moore and Semmens, 2008;
p 470). SIAR (Parnell et al., 2010), IsotopeR (Hopkins
and Ferguson, 2012), and, most recently, MixSIAR
(Stock and Semmens, 2013) were all built upon the foun-
dation laid by MIXSIR. It is MixSIAR, which runs
within the R environment (R Core Team, 2014), with
which we are most familiar, and which we employ below
in our case study. Regardless of the specific package
employed, it is evident that these Bayesian techniques
have great potential for reconstructions of paleodiet as
they “offer a powerful means to interpret data because
they can incorporate prior information, integrate across
sources of uncertainty and explicitly compare the
strength of support for competing models or parameter
values” (Moore and Semmens, 2008; p 471).

The use of such models is, however, discouraged
unless, “there is very strong evidence that no sources
are missing and that TEFs are estimated correctly” (Par-
nell et al., 2013; p 396). Thus it is that in the case of bio-
archaeology, the primary driver of the lack of
quantification in stable isotopic reconstructions of paleo-
diet is not a dearth of tools with which to quantify
source contributions, but rather our inability to deter-
mine, with any fidelity, consumer (human) isotope signa-
tures that accurately account for TEF/fractionation
between foodstuffs and consumer tissues. While the
dynamics of D15Nprotein-collagen have been extensively
studied (DeNiro and Epstein, 1981; Schoeninger and
DeNiro, 1984; Schoeninger, 1985; Hare et al., 1991;
Schoeller, 1999; Ambrose, 2000; Howland et al., 2003;
Sponheimer et al., 2003; Hedges and Reynard, 2007;
Warinner and Tuross, 2009; O’Connell et al., 2012), and
fractionation offsets of varying magnitude have been
proposed, our inability to determine D13Cprotein-collagen

has, to date, held us back. The present work aims to
remedy that gap in our knowledge.

MATERIALS AND METHODS

Initially, we compiled (Table 1) isotopic data derived
from several published controlled diet experiments on
rodents (Ambrose and Norr, 1993; Tieszen and Fagre,
1993; Jim et al., 2004) and pigs (Hare et al., 1991; How-
land et al., 2003; Warinner and Tuross, 2009). These
studies provide detail on dietary (whole diet and dietary
protein) macronutrient proportion and carbon isotope
compositions as well as the d13C signatures of consumer
bone collagen and, with the exception of Hare et al.
(1991), bone hydroxyapatite (in which case, during anal-
ysis, the data points with missing value were omitted
listwise). These experimental data are indispensible for
the construction of a model such as that proposed here
in that we have no such comparable dataset (with iso-
tope values for both dietary inputs and skeletal biomole-
cules) for humans (see below for a discussion of the
limitations of using rodent and pig data in the construc-
tion of models to be applied to humans). While previous
studies (e.g. Kellner and Schoeninger, 2007; Froehle
et al., 2010; Fernandes et al., 2012b) have analyzed the
same dataset for various purposes, none has done so
with the goal of providing a predictive model by which
dietary isotope values might be generated.

The corpus of isotopic data was then analyzed using a
forward stepwise linear model employing the Akaike
Information Criterion with small sample size correction
(AICc). This analysis was conducted using SPSS v.20
(IBM, NY). As the dependent variable of interest at pres-
ent is the carbon isotope composition of dietary protein
(d13Cprotein), d13Cco and D13Cap-co were selected as explan-
atory/predictor variables for the linear model. This deci-
sion was made on the basis that while d13Cdiet and
d13Cap are strongly correlated (r = 0.93, P < 0.01),
d13Cprotein was much more strongly correlated with
d13Cco (r = 0.87, P < 0.01) and D13Cap-co (r = 20.64, P <
0.01) than was d13Cap (0.34, P = 0.05). Moreover, the
inclusion of the d13Cap term did not improve the predic-
tive power of the model beyond that obtained with the
tow-term solution detailed below.

The result of this analysis is an experimentally
derived two-term regression (with individual and mean
95% confidence intervals) by which d13Cprotein can be
predicted from the routinely generated d13Cco and
D13Cap-co terms. This step, when combined with the
application of one of several previously proposed values
for D15Nprotein-collagen, facilitates the use of Bayesian mix-
ture models. Such modeling enables a far greater degree
of specificity about source contribution than previous
simple regression models (Kellner and Schoeninger,
2007; Froehle et al., 2012), with which one could only
specify, in broad terms, the type of macronutrient mix-
ture (e.g. C3 protein and C3 carbohydrates or marine
protein and C4 carbohydrates) that might produce a
given set of consumer isotope values.

RESULTS

Linear modeling of the isotopic data derived from the
rodent and pig controlled diet experiments produced the
following regression formula (Fig. 1):

d13Cprotein %ð Þ ¼ 0:783d13Cco

� �
2 0:583 D13Cap-co

� �
2 4:7

This regression possesses a very high R-value of 0.93
(r2 5 0.86, P < 0.01) and a small AICc of 40.2. The r2
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value of the two-term regression is far higher than that
obtained through the use of d13Cco alone (r2 5 0.76, this
study, r2 5 0.65, Kellner and Schoeninger, 2007; p 1121).
The linear modeling employed in the present analysis
also allows for determination of the regression’s 95%
confidence interval, defined by the following formulae:

Lower bound; d13Cprotein %ð Þ ¼ 0:623d13Cco

� �

2 0:783D13Cap-co

� �
27:0

Upper bound; d13Cprotein %ð Þ ¼ 0:933d13Cco

� �

2 0:373D13Cap-co

� �
22:3

More importantly, however, as regards individual pre-
dictions (and the generation of individual error terms),
the 95% prediction intervals for individual values ranged
from 23.7% to 13.7%, with a standard deviation of
61.9% for any predicted individual value of d13Cprotein

and a standard error of the estimate of 61.7%.
Residuals about the regression line averaged

0.0 6 1.6% and had a range of 24.4% to 13.0% (Table 1,
Fig. 2). These residuals are approximately normally

TABLE 1. Animal controlled diet isotope data (corrected by 1.5% to account for depletion of d13C from burning of fossil fuels in
order to make values directly comparable to ancient values) used in generation of linear model plus predicted d13Cprotein values and

model residuals

Source Diet/ID % Protein d13Cprotein d13Cdiet d13Cco d13Cap D13Cap-co

Predicted
d13Cprotein Residual

Rodents
Ambrose and Norr (1993) 1A 20 224.8 223.7 219.9 214.2 5.7 223.4 21.4

2B 5 212.7 222.8 213.2 211.9 1.3 215.7 3
3C 5 224.8 210.6 212.2 21.4 10.8 220.3 24.5
4D 70 212.7 215.6 28.2 26.2 2.0 212.2 20.5
5E 70 224.8 221.0 219.2 212.0 7.2 223.7 21.1
6F 20 223.8 213.1 214.5 23.7 10.8 222.1 21.7

12,13G 20 224.8 213.2 215.4 24.1 11.3 223.1 21.7
Tieszen and Fagre (1993) 1 18.2 223.2 224.1 220.4 215.3 5.1 223.4 0.2

2 18.1 224.6 220.6 220.0 214.8 5.2 223.2 21.4
3 18.1 219.6 215.9 214.1 25.4 8.7 220.6 1
4 18.4 223.2 223.1 220.2 213.7 6.5 224.1 0.9
5 18.4 215.8 221.7 214.3 212.8 1.5 216.6 0.8
6 36.1 212.2 218.4 210.3 27.3 3.0 214.4 2.2
7 4.7 219.2 221.5 214.0 212.7 1.3 216.3 22.9
8 12 212.1 210.3 28.3 21.6 6.7 215 2.9

Jim et al. (2004) d2a4 20 223.0 223.4 218.4 213.0 5.4 222.1 20.9
d4h 20 213.1 210.7 26.4 21.6 4.8 212.4 20.7
d5i 20 213.1 220.8 210.8 211.5 20.7 212.7 20.4
d6j2 20 216.3 221.8 213.0 211.9 1.1 215.4 20.9
d7k2 20 216.3 211.4 28.2 22.0 6.2 214.6 21.7
d8l2 20 216.3 216.8 210.7 27.1 3.6 215 21.3

Swine
Hare et al. (1991) C3 2 225.9 223.8 222.4 2 – – –

C4 – 211.7 210.9 27.7 – – – –
Howland et al. (2003) 3 20 223.3 223.2 219.1 212.7 6.4 223.2 20.1

4 20 222.0 219.0 217.2 210.3 6.9 222 0.0
5 20 220.7 216.5 215.4 27.5 7.9 221.2 0.5
6 20 219.3 214.4 213.9 24.8 9.1 220.7 1.4
8 20 224.0 224.2 218.1 212.1 6.0 222.2 21.8
10 20 214.9 214.0 210.0 22.8 7.2 216.6 1.7

Warinner and Tuross (2009) 2/nix 13 222.3 221.5 217.0 29.1 7.9 222.4 0.1
3/nix 13 222.3 221.5 217.9 29.1 8.8 223.6 1.3
4/nix 13 222.3 221.5 217.4 210.0 7.4 222.4 0.1
5/nix 13 222.3 221.5 217.4 29.3 8.1 222.8 0.5
6/nix 13 222.3 221.5 217.2 29.1 8.1 222.7 0.4
7/nix 13 221.7 220.7 217.1 28.5 8.6 222.9 1.2
8/raw 13 221.7 220.7 218.3 29.8 8.5 223.8 2.1
9/raw 13 221.7 220.7 217.2 27.8 9.4 223.4 1.7
10/raw 13 221.7 220.7 217.2 28.7 8.5 222.9 1.2

Fig. 1. Scatterplot of actual d13Cprotein and predicted d13Cpro-

tein featuring linear regression (solid line, r2 5 0.86, P < 0.01)
and 95% confidence intervals (dashed lines).
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distributed, as demonstrated by the results of a Shapiro-
Wilk test (W 5 0.98, df 5 36, P = 0.73). An attempt to
identify factors correlated with the regression residuals
identified only two significant correlations. First, there
was a weak positive correlation (r = 0.38, P = 0.02)
between the residual values and d13Cprotein, meaning
that higher d13Cprotein values were correlated with larger
positive residuals. Second, there was a moderate nega-
tive correlation (r = 20.46, P < 0.01) between the resid-
ual values and D13Cdiet-protein, such that diets in which
dietary protein was depleted in 13C relative to whole
diet produced more negative residuals, and vice
versa. This latter relationship was presaged by the find-
ings of Froehle et al., 2010, and in particular their
Figure 3a, in which the direction and magnitude of
D13Cdiet-protein was identified as being similarly corre-
lated with D13Ccollagen-diet. Neither of these correlations

is particularly troubling, as would have been, for
example, strong correlations with percent dietary
protein or particular isotopic combinations (e.g. 13C
enriched dietary protein and depleted whole diet).
Instead, the model would seem to produce accurate
predictive values for d13Cprotein across a broad range of
dietary combinations, in terms of both macronutrient
and isotopic composition.

Given recent debates about the suitability and compa-
rability of different animal taxa (rodents and pigs) as
isotopic proxies for ancient humans (Warinner and Tur-
oss, 2009; Froehle et al., 2010), residuals about the line
were also considered and analyzed by taxon (pigs versus
rodents). As displayed in Figure 3, residuals for pigs
(0.7 6 1.0%) were significantly more positive (t 5 22.2,
df 5 34, P = 0.03) than those observed in rodents
(20.5 6 1.8%). Moreover, the distributions of the resid-
uals for the two taxa are significantly different as judged
by a two-sample Kolmogorov-Smirnov test (D 5 1.8,
n 5 36, P < 0.01). The potential implications of these
findings are discussed below.

It should be noted that the model we propose makes
no allowance for the potential isotopic effects engendered
by differences in body size between the taxa used to con-
struct the model and humans. While Passey et al. (2005)
found differences in offsets between the carbon isotope
signature of diet and hydroxyapatite (enamel) correlated
with differences in body size and/or digestive physiology,
a previous meta-analysis of much of the same experi-
mental data used in the present work found that, “body
size shows no effect on D13Cdiet protein-collagen within the
sample. The average value for the large mammals is not
significantly different from that in the small mammals,

Fig. 2. Histogram of model residuals (predicted d13Cprotein

vs. actual d13Cprotein). Shapiro-Wilk test (W 5 0.98, df 5 36, P =
0.73).

Fig. 3. Population pyramid comparing model residuals (pre-
dicted d13Cprotein vs. actual d13Cprotein) by taxon. The distribu-
tions of the residuals for the two taxa are significantly
different as judged by a two-sample Kolmogorov-Smirnov test
(D 5 1.8, n 5 36, P < 0.01).

Fig. 4. Map of northern Chile with locations mentioned in
text labeled.
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and the ranges overlap when the low protein values are
removed” (Kellner and Schoeninger, 2007; p 1121).

CASE STUDY

To demonstrate the efficacy of this model, we
employed it and a Bayesian mixing model (MixSIAR) to
reconstruct the diets of three individuals drawn from
ongoing research into the Formative Period societies of
northern Chile’s Atacama Desert. These three individu-
als would be thought, on the basis of site location (Fig.
4), clear (and well-preserved) zooarchaeological evidence,
and a preliminary examination of their isotopic values
(Table 2), to exemplify three rather different dietary
strategies. Individuals from Michilla 02, a coastal site,
would be expected to have relied primarily on marine
protein sources whereas individuals resident at Calar,
located over 200 km from the coast, likely had a terres-
trially (C3) focused protein diet. Finally, as Ancachi
appears to have been a coastal trading outpost on the
lower reaches of the Loa River, individuals residing
there may well have consumed a mixture of marine and
terrestrial proteins. Employing the calculated values for
trophic enrichment presented here and MixSIAR, a pub-
lically available open-source Bayesian mixture modeling
software, we are able to model, probabilistically, the con-
tribution of four different classes of proteinaceous food-
stuffs (marine mammals, marine finfish, marine
invertebrates, and terrestrial mammals) to the diets of
individuals from each of these sites.

As shown in Table 2, the first step was to determine
the isotopic signature (both d13C and d15N) for the die-
tary protein mixture consumed by these three individu-
als. To account for different reconstructions of d15N
trophic level enrichment proposed by different authors,
we carried out two distinct simulations. In both instan-
ces, for d13C we applied the calculated output of the
regression formula derived from the experimental ani-
mal data, while we used an offset of 3.6 6 1.2% (based
on omnivorous mammal values derived from DeNiro and
Epstein (1981); Hare et al., (1991); Ambrose (2000);
Howland (2003); Sponheimer et al., (2003); and Warin-
ner and Tuross (2010)) for d15N in Simulation 1 and
6 6 1% [based on the recent results of O’Connell et al.

(2012)] for Simulation 2. These values were provided as
inputs for the MixSIAR “consumer” file. Trophic enrich-
ment factors, having been accounted for in the first step,
were set at 0%, while their associated standard devia-
tions (1.9% for d13C in both simulations, 1.2% and 1%
for d15N in simulations 1 and 2, respectively) were pro-
vided in the MixSIAR “discrimination” file (MixSIAR
applies the discrimination values and standard devia-
tions to the food sources rather than consumers in order
to allow for differential fractionation of different food
sources). Finally, the means and standard deviations of
the carbon and nitrogen isotopic values of the four prin-
cipal (archaeologically attested) proteinaceous food
groupings: terrestrial mammals, marine mammals,
marine invertebrates, and marine finfish, were input in
the MixSIAR “sources” file (with details on the foodweb
provided in Table 3). As discussed more fully below, the
proposed model cannot differentiate between animal-
and plant-derived proteins, and the lack of the inclusion
of the latter as a potential source of dietary protein is, in
the present case, a testament to a lack of archaeological
data on high protein plants that would have been acces-
sible to the individuals under analysis rather than any
statement about its presumed unimportance.

Markov Chain Monte Carlo options were set as fol-
lows: number of chains (3), chain length (50,000), burn-
in (25,000), thin (25). Both process and residual error
were included, thereby accounting for both estimated
uncertainty in source and discrimination values (process
error) and unknown sources of error (residual error)
(Stock and Semmens, 2013). We chose not to include
measurement error (instrumental uncertainty) as a
source of error in the present model, as the small magni-
tude of this uncertainty (commonly cited as 0.1% for
d13C and 0.2% for d15N) is far exceeded by the uncertain-
ties of the modeled trophic enrichment factors. Standard
error propagation techniques reduce their impact to a
negligible 0.01% and 0.04%, respectively, as compared to
trophic enrichment uncertainties in excess of 1% for
both d13C and d15N. Intra-laboratory variability in iso-
topic measurements (Pestle et al., 2014) was also
excluded from consideration as an error source, as all
human samples were analyzed in the same laboratory,
allowing for direct comparability of measured values.

Modeled dietary contributions of the four specified
food sources are provided in Figures 5 and 6 (means)
and Tables 4 and 5 (5th, 50th [median], and 95th per-
centiles, as well as means and standard deviations).
Recall that in the case of modeling of this sort, the 50th
percentile (median) value represents the most likely con-
tribution of that foodstuff, as based on the model’s thou-
sands of simulations, whereas the 5th and 95th
percentile values define the confidence interval for the
estimate. As with any multisource mixture modeling,
while the measures of central tendency for each source

TABLE 2. Chemical, elemental, and isotopic data (both
observed and predicted) for individuals included in case study

Site Michilla 02 Ancachi Calar

Individual 22-01 UR-3 3055
Collagen yield (wt%) 11.9 18.4 17.8
wt% C 41.7 39.6 41.6
wt% N 15.4 13.6 15
Atomic C:N 3.2 3.4 3.2
d13Cco-PDB (%) 211.0 214.8 215.7
d15Nco-AIR (%) 23.1 20.4 10.7
d13Cap-PDB (%) 28.7 211.6 211.0
D13Cap-co (%) 2.2 3.2 4.8
Calculated d13

Cprotein 6 1.9%
214.5 218.0 219.6

Simulation 1: Calculated
d15Nprotein 6 1.2%

19.5 16.8 7.1

Simulation 2: Calculated
d15Nprotein 6 1%

17.1 14.4 4.7

Collagen and apatite extraction followed protocols detailed in
Pestle (2010) and Pestle and Colvard (2012). Note different
d15N fractionation values used in simulation 1 versus simula-
tion 2.

TABLE 3. Isotopic data for proteinaceous foodweb categories
provided as source inputs for MixSIAR model

Category n d13Cco-PDB (%) d15Nco-AIR (%)

Marine fauna
Finfish 49 215.9 6 1.7 19.9 6 2.1
Invertebrates 31 214.2 6 3.6 16.4 6 1.9
Mammals 5 214.8 6 0.1 21.5 6 3.4

Terrestrial fauna
Mammals 31 219.3 6 4.5 6.9 6 1.6
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are of interest, several other factors (e.g. small ranges,
low maxima [either standard deviation or 5th to 95th
percentile], and high minima) are more telling. Using
these indicators, we can state with a demonstrable
degree of certainty that, for instance, marine mammals
(simulation 1: 54.5 6 17.2%, simulation 2: 49.09 6 17.1%)
and marine finfish (simulation 1: 44.2 6 17.2%, simula-
tion 2: 44.0 6 15.8%) were the major contributors to the
protein diet of the Michilla Norte 02 individual (22-01),
while marine invertebrates (simulation 1: 1.0 6 2.3%,
simulation 2: 4.4 6 7.0%) and terrestrial mammals

(simulation 1: 0.4 6 0.9%, simulation 2: 1.7 6 2.6%)
played little, if any, role.

Similar statements of order and limiting/bounding can
be made for the other individuals analyzed. By these
methods, we can state, with probabilistic certainty, that
Calar 3055 consumed, at a minimum (5th percentile),
96.3% (simulation 1) or 99.5% (simulation 2) terrestrial
protein. Finally, based on simulation 1, Ancachi UR-3
would appear to have consumed a minimum of 21.1%
(and most likely 46.5%) marine finfish, despite residing
some 65 km from the sea. Obviously, the results of

Fig. 5. Results of simulation 1. Stacked column plot showing mean dietary contributions of various dietary protein sources to
the diet of individuals analyzed and discussed in case study. Note that mean values are used in this graphical presentation as
they sum to 100% whereas, in the case of the simulated mixture models, median need not do so.

Fig. 6. Results of simulation 2. Stacked column plot showing mean dietary contributions of various dietary protein sources to
the diet of individuals analyzed and discussed in case study. Note that mean values are used in this graphical presentation as they
sum to 100% whereas, in the case of the simulated mixture models, median need not do so.
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simulation 2, which had a much larger D15Nprotein-collagen

offset reduces that estimate, although over 25% of that
individual’s dietary protein intake was still marine
based (10.8% marine finfish plus 16.9% marine
mammals).

The results obtained confirm the general assumptions
about dietary makeup at the different sites while also
providing a far greater degree of specificity about source
contribution. If combined with other quantitative meas-
ures (e.g. radiocarbon dates), these quantitative esti-
mates of dietary contribution could permit further
modeling and statistical evaluation (for example, the
study of temporal trends or correlations) and thereby
allow higher fidelity reconstruction of foodways in the
Formative Period Atacama, or wherever applied.

DISCUSSION AND CONCLUSION

While previous studies have quantified, with some
notable disagreement, D15Nprotein-collagen (DeNiro and
Epstein, 1981; Schoeninger and DeNiro, 1984; Schoe-
ninger, 1985; Hare et al., 1991; Schoeller, 1999;
Ambrose, 2000; Sponheimer et al., 2003; Howland
et al., 2003; Hedges and Reynard, 2007; Warinner and
Tuross, 2010; O’Connell et al., 2012), and D13Cdiet-apatite

(Vogel and Van Der Merwe, 1977; Krueger and Sullivan,
1984; Ambrose and Norr, 1993; Tieszen and Fagre, 1993;
Bocherens et al., 1995; Howland et al., 2003; Jim et al.,
2004; Kellner and Schoeninger, 2007), no agreed-upon
method yet exists for determining D13Cprotein-collagen. Even
those recent studies that have made use of Bayesian
mixture modeling methods of the sort employed here
(Arcini et al., 2012; Fernandes et al., 2012a, 2014;
Ugan and Coltrain, 2012; Coltrain and Janetski, 2013;
Colonese et al., 2014), have not provided an experimen-
tally derived means by which to calculate this value.

The method shown above represents a first step
towards that goal. This model is not without its limita-
tions, and here we consider how a range of potentially
problematic issues might bear on the model presented
herein.

Warinner and Tuross (2009) argued that isotopic data
from rodents and pigs were not directly comparable,
but Froehle et al. (2010) countered that differences
between those species stemmed from differences in pro-
tein sources and not from metabolic differences between
animals. Based on the re-analysis of Froehle et al.
(2010), and especially their finding that the observed
taxonomic differences stem from differences in dietary
inputs rather than underlying physiology, we were con-
fident that data derived from both rodents and pigs
could be included in the construction of the model. The
significantly more positive residuals we observed for
swine versus rodents could thus result from underlying
differences in dietary protein carbon isotope composi-
tion (which averaged 221.2 6 3.3% for pigs vs.
218.9 6 5.0% for rodents), although that difference in
dietary protein was not significant (t 5 1.6, df 5 36, P =
0.12). While it is undeniable that the proposed model
predicts for pigs (at any given value for d13Cprotein

input) a higher-than-observed value and for rodents a
value lower than that measured in that individual’s
dietary protein there is, nonetheless, substantial over-
lap in the range of observed residual values. This is
the case despite there being at least two major differen-
ces between the experimental diets and animals used
in the construction of this model.

First, it has been observed that the rodents employed
in the studies referenced here consumed highly unnatu-
ral and simplified diets of refined food pellets whereas
the pigs were fed more natural diets containing whole
food items. The respective quality, texture, and

TABLE 5. Results of simulation 2

Site Michilla 02 Ancachi Calar

Individual 22-01 UR-3 3055
Marine finfish

5th percentile (%) 34.5 0.1 0.0
50th percentile (%) 44.8 10.8 0.0
95th percentile (%) 68.3 50.5 1.1
Mean (%) 44.0 18.1 0.2
SD (%) 15.8 19.0 0.6

Marine invertebrates
5th percentile (%) 0.0 0.0 0.0
50th percentile (%) 0.8 0.1 0.0
95th percentile (%) 19.7 38.4 1.1
Mean (%) 4.4 6.0 0.2
SD (%) 7.0 12.9 0.8

Marine mammals
5th percentile (%) 38.4 0.2 0.0
50th percentile (%) 49.2 16.9 0.0
95th percentile (%) 79.7 60.8 1.1
Mean (%) 49.9 23.4 0.2
SD (%) 17.1 23.2 0.8

Terrestrial mammals
5th percentile (%) 0.0 46.5 99.5
50th percentile (%) 0.3 52.8 99.9
95th percentile (%) 7.4 67.5 100.0
Mean (%) 1.7 52.5 99.4
SD (%) 2.6 9.7 1.4

Modeled dietary contributions (mean, standard deviation, 5th,
50th, and 95th percentile) for four potential sources of dietary
protein.

TABLE 4. Results of simulation 1

Site Michilla 02 Ancachi Calar

Individual 22-01 UR-3 3055
Marine finfish

5th percentile (%) 32.2 21.1 0.0
50th percentile (%) 43.5 46.5 0.0
95th percentile (%) 72.9 64.3 4.5
Mean (%) 44.2 38.5 0.7
SD (%) 17.2 21.8 1.7

Marine invertebrates
5th percentile (%) 0.0 0.0 0.0
50th percentile (%) 0.0 0.2 0.0
95th percentile (%) 5.4 20.0 6.3
Mean (%) 1.0 3.6 1.0
SD (%) 2.3 8.8 2.7

Marine mammals
5th percentile (%) 42.9 0.0 0.0
50th percentile (%) 55.2 0.9 0.0
95th percentile (%) 82.4 55.7 4.7
Mean (%) 54.5 14.0 0.8
SD (%) 17.2 20.4 2.0

Terrestrial mammals
5th percentile (%) 0.0 39.1 96.3
50th percentile (%) 0.0 44.1 99.3
95th percentile (%) 2.0 56.2 100.0
Mean (%) 0.4 43.9 97.5
SD (%) 0.9 7.6 3.8

Modeled dietary contributions (mean, standard deviation, 5th,
50th, and 95th percentile) for four potential sources of dietary
protein.
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digestibility of their diets might have been expected to
significantly affect digestion and isotopic incorporation.
Second, the training set data of this model were derived
from taxa with distinct digestive anatomies and physiol-
ogies. Both rodents and pigs have proportionally larger
hindguts and exhibit a greater capacity for hindgut fer-
mentation than humans, as is evidenced by their fully
formed caeca, but rodents, unlike pigs, are coprophagic,
re-ingesting their fecal pellets so as to extract maximum
attainable nutrition from their diet (Chivers and Langer,
1994). And yet, as the findings of others (e.g. Kellner
and Schoeninger, 2007 or Froehle et al., 2010) whose
work relied on the same datasets, confirm, it does not
appear that these rather major underlying differences
(in both dietary composition and digestive physiology) in
model-building data sources unduly impacts the utility
of the proposed model.

The magnitude of average taxon-specific prediction
errors (as gauged by predicted-observed d13Cprotein

residuals) fall near or below the Minimum Meaningful
Difference (MMD) value for d13C analysis of bone colla-
gen (0.6%) and hydroxyapatite (1.2%) presented else-
where (Pestle et al., 2014). Indeed, this finding, in
combination with the results of others (Kellner and
Schoeninger, 2007, Froehle et al., 2010), gives us an
indication of the limits of our ability to detect, using
isotopic methodologies, the effects of differences in
digestive physiology (e.g. ruminants versus hindgut fer-
menters) and dietary makeup (natural versus processed
diets) that potentially inform diet-tissue offsets. If noth-
ing else, this finding makes it quite clear that more
experimental studies using animal models fed more
natural/representative diets are needed, both in gen-
eral, and in order to validate the use of these earlier
studies in building models applied to ancient human
cultures. Moreover, as humans (the taxon whose diet
we are ultimately interested in modeling), unlike the
taxa employed in model building, have only a vestigial
caecum and rely more on endogenous enzymes, rather
than fermentation, to facilitate food breakdown, it
would be desirable to better elucidate the effects of
these apparently important differences in digestive
physiology on diet-tissue isotope dynamics.

Also of concern, Kellner and Schoeninger (2007) sug-
gested that differential proportions of protein in differ-
ent individuals’ diets might adversely affect the
accuracy of models such as that proposed here. However,
we found no significant correlation (r = 20.08, P = 0.63)
between protein amount (% protein in Table 1) and
residuals about the regression line. This finding indi-
cates that differences in dietary macronutrient composi-
tion are not significantly determinative of the model’s
predicted values. Over the observed range of dietary pro-
tein contributions (4.7–70.0%, as based on source experi-
mental diet data), this model would appear to be equally
robust.

Findings of both Froehle et al. (2012) and Fernandes
et al. (2012b) amply illustrate the influence of carbon
derived from both dietary protein and whole diet on
d13Cco. Thus, any model that might attempt to predict
d13Cprotein without taking into account, in some form, the
contribution of carbon derived from whole diet or dietary
energy could produce erroneous values. The model we
propose, through the incorporation of the D13Cap-co term,
accounts for the experimentally-determined impact that
d13Cenergy values could have on the prediction of d13Cpro-

tein (as the D13Cap-co value tracks differences in the iso-

tope values of dietary energy and protein). It is
interesting to note that in terms of predictor importance,
the d13Cco term of our regression is roughly four times
(0.8 vs. 0.2) more important in estimating a consumer’s
d13Cprotein value than the individual’s D13Cap-co signa-
ture. It is likely not coincidental that this difference in
relative importance comes close, at least, to previous
estimations (e.g. Froehle et al., 2010; Fernandes et al.,
2012b) that dietary protein contributes at least three-
fifths of the carbon atoms to collagen, while accounting
for the other two-fifths derived from dietary energy. The
proposed model thus accounts for the influence of whole
diet/dietary energy when attempting to calculate dietary
protein carbon isotope values from measured skeletal
isotope values.

Finally, while Harrison and Katzenberg (2003) have
demonstrated that animal protein likely contributes
more heavily to collagen synthesis than plant protein
(because animal proteins contain a higher proportion
of the indispensable amino acids than plant proteins),
it should be acknowledged that the proposed model is
not capable of discriminating between these disparate
(floral versus faunal) protein sources. As such, any
application of this model to regions/settings possessing
protein-rich plant foods, or those examples where
recourse to high protein plants was made in order to
compensate for a lack of access to animal-derived pro-
tein, should be certain to include these plants in their
protein foodweb values, otherwise they risk fundamen-
tally misestimating protein source contributions.

It goes without saying, perhaps, that it is our sincere
hope that the model presented here might be tested
broadly on a variety of archaeological populations, and
refined accordingly. It is particularly important, how-
ever, that it be evaluated using populations or individu-
als for whom diet is known, rather than inferred, as is
the case in the presented case study. Such an application
would provide the only means by which the models accu-
racy and precision could be assessed in full.

Bearing these points in mind, the model presented
above would appear to hold significant potential for the
prediction of the carbon isotope signature of dietary pro-
tein using only such data as is routinely generated in
the course of stable isotope analysis of human osseous
remains. The generation of individual d13Cprotein values
(plus experimentally generated error terms) is ideal for
use in multisource mixture modeling of dietary protein
source contribution, and raises intriguing possibilities
for moving beyond relative statements of dietary contri-
bution to probabilistic and uncertainty integrated quan-
tification of dietary inputs.
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