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Despite the growing body of evidence demonstrating that proteins can survive for thousands to even
millions of years in selected contexts, there are relatively few examples of the successful recovery and
identiﬁcation of archaeological protein residues from ceramic artifacts. Claims of positive results are
sometimes contentious and frequently challenged. One source of confusion in the debate is a general lack
of consideration for the taphonomic histories of ceramic-bound proteins. To gain insight into this issue,
we conducted an integrated, mass spectrometry-based study examining ceramic-bound protein that was
experimentally aged over the course of 12 months. Results demonstrate the rapid degradation of proteins, raise questions about the degree to which ceramic-bound proteins can be expected to survive over
time, and reveal some of the limitations of non-targeted mass spectrometry-based analyses. Further, by
comparing results from our experimentally-aged samples to the those we obtained from a multi-pronged
study of archaeological ceramics from the American Southwest, we are able to draw more conﬁdent
conclusions regarding our lack of meaningful matches in the archaeological samples.
© 2018 Elsevier Ltd. All rights reserved.
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1. Introduction
There are very few claims of the successful, mass spectrometrybased, identiﬁcation of ancient proteins from ceramic artifacts (but
see Solazzo et al., 2008, Wiktorowicz et al., 2017), which is surprising given the apparent widespread success of mass spectrometry approaches for identifying ancient proteins in bones (Barker
et al., 2015; Buckley et al., 2010; Cappellini et al., 2012;
Schweitzer et al., 2009; Welker et al., 2015, 2016; but see Buckley
et al., 2017), and other tissues (Cappellini et al., 2010; Hollemeyer
et al., 2008; Solazzo et al., 2011). In part, this is because ceramics
likely contain much lower levels of protein, and that residues are
extensively degraded in comparison to ancient proteins recovered
from intact tissues such as bone. The positive identiﬁcations of
ceramic-bound proteins that do existdregarding both mass
spectrometry-based techniques and immunoassays (e.g., Craig
et al., 2000, 2005; Marlar et al., 2000; Matheson et al., 2009)d
indicate that ceramic-bound protein residues preserve and can be
identiﬁed following several hundred years of weathering in
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selected contexts. Aside from generalitiesde.g., that cold, dry, and/
or anaerobic conditions enhance preservation of protein residues
(Barnard et al., 2007)dthere is poor understanding regarding the
nature of protein taphonomy in ceramics, and thus it is difﬁcult to
anticipate under which circumstances ceramic-bound proteins are
likely to be recovered. This lack of understanding is rooted in
several problems: 1) negative results are rarely reported for these
types of analyses, 2) there has been little actualistic examination of
experimentally aged ceramic-bound protein residues via mass
spectrometry (but see Barnard and Eerkens, 2007, Chapters 16 and
17), and 3) researchers have accepted that analytical biochemistry
techniques designed for very speciﬁc contextsde.g., immunoassay
in forensic casesdare suitable, as is, for the study of residues that
have markedly different taphonomic histories. The last of these
concerns is important for all phases of research ranging from the
optimization of extraction approaches to the design of instrumental
methods for use in archaeological chemistry.
We previously evaluated a collection of 17 ca. 800e1000-yearold potsherds from the Dillard (5MT10647) and Switchback
(5MT2032) sites of southwestern Colorado, USA, using a multiresidue approach that included total organic carbon analysis
(TOC), GC-MS analysis of fatty acids, and a customized liquid
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chromatography-mass spectrometry-based (LC-MS/MS) protocol
for the identiﬁcation of protein residues. Though the sherds come
from a general regional context that has been reported to feature
organic residue preservation under a variety of circumstances
(Crown and Hurst, 2009; Crown et al., 2015; Marlar et al., 2000;
Washburn et al., 2013), and despite our prior success in consistently
recovering proteins from zooarchaeological bone from similar
contexts (Barker et al., 2015), our protein results in this study were
negative. An important question regarding this outcome is whether
these results truly reﬂect the absence of detectable residues, or
rather if they reﬂect the limitations of the methods that we
employed.
To help address this question, we conducted an actualistic
experiment in which we spiked blank ceramic bowls with a
mixture of protein standards, buried them in what can be considered sub-optimal conditions for preservationdwarm ground temperature, loose ﬁll, moist soil, all conditions that are known to
facilitate chemical and biological degradation of organic residuesdand then periodically recovered and analyzed samples over the
course of one year. By employing an integrated approach featuring
multiple lines of evidence, speciﬁcally TOC analysis, ﬂuorometric
quantiﬁcation of protein, and protein identiﬁcation via LC-MS/MS,
we gained insight into why our archaeological protein results
were negative.
In so doing, we confronted each of the three problems listed
above, not just by reporting negative results, but by also addressing
the taphonomy of biomolecular residues in such a manner as to
assess their absence and/or low abundance. It is only because we
relied on complementary analytical chemistry approaches and
actualistic study of protein residue preservation that we can discuss
the taphonomic history of biomolecular residues from these pottery samples.
Taphonomic analysis of biomolecular residuesdsuch as
proteinsdis a critical step in assessing the quality of data reported
in archaeological residue research. A Taphonomic perspective is
critical for assessing the extent to which ancient residues may or
may not have been identiﬁed. Taphonomydin generaldis the
study of the transition of organic matter from the biosphere to the
lithosphere, which includes the recovery of such matter by archaeologists and paleontologists (Efremov, 1940; Lyman, 1994,
2010). Taphonomic studies are conducted to determine the types of
information that may or may not have been lost or added to samples recovered from complete, partial, or mixed geologic contexts.
One of the main goals of taphonomic analysis is to understand the
representativeness of a sample regarding past phenomena, such as
paleoecological community structure or human subsistence activities (Gifford, 1981; Lyman, 1994:5e6). Although commonly associated with studies of bone, shell, antler, teeth, macrobotanical
remains, or other hard parts derived from organisms, it is crucial to
understand that taphonomy also concerns biomolecular residues.
Ultimately, the modiﬁcation of bone, shell, and other tissues, is
attributed to the modiﬁcation of molecules belonging to once living
organisms, which may or may not preserve and can be modiﬁed
over time. A taphonomic perspective provides a mechanism that
can be used to assess the success, failure, or limitations of past and
future work concerning the extraction and identiﬁcation of ancient
biomolecules from archaeological ceramics.
2. Materials and methods
2.1. Sample recovery and preparation - archaeological samples
Archaeological samples were collected from the Dillard
(5MT10647) and Switchback (5MT2032) sites by Crow Canyon
Archaeological Center staff, and consist of seventeen pottery
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fragments recovered from diverse depositional contexts, such as
room block structures and middens. Samples were minimally
handled, were not washed, and were wrapped in aluminum foil
before being shipped to The Interdisciplinary Laboratory of
Archaeological Residue Chemistry (iLARC) at the University of
North Texas. Upon receipt, sherds were carefully weighed, photo
documented, and then analyzed using total organic carbon analysis,
Qubit® ﬂuorometric quantitation, fatty acid-targeted GC-MS, and
non-targeted protein LC-MS (see method descriptions below).

2.2. Sample preparation - experimentally-prepared samples
Following Barker et al. (2012), our experimentally prepared
samples consisted of unglazed bisquewaredi.e., white earthenware
bowls. While the paste from these bowls is not a direct compositional match to the gray and white wares of southwestern Coloradodwhere our archaeological samples that produced negative
results were obtaineddthey were chosen because they are homogenous in composition and dimension, and are readily available.
All experimental sample bowls were ﬁred at 800  C in a mufﬂe
furnace prior to use to remove any exogenous organic contaminants, a procedure that was found to reduce organic carbon to
negligible levels and produce no detectable protein matches via LCMS (see Barker et al., 2012).
A mixture of ﬁve puriﬁed protein powders was placed in one
bowl with 600 mL of puriﬁed waterdMilli-Q™, referred to hereafter as 'MQ water.' The mix consisted of 250 mg of equine skeletal
myoglobin, 2 g of bovine achilles collagen, 3 g chicken egg white
albumin, 6 g bovine serum albumin, and 10 g bovine caseindhereafter abbreviated as, 'MYO,' 'COL,' 'OVAL,' 'BSA,' and 'CAS,'
respectively (p/n M0630, C9879, A5503, A2153, C3400, SigmaAldrich, USA). We utilized this mix of proteins at different concentrations with the hypothesis that higher spike concentrations
and/or chemical variability would inﬂuence chances of downstream detection via LC-MS. Previous research (Barker et al., 2012)
has demonstrated that protein-ceramic binding rates under laboratory conditions are inﬂuenced by protein concentration and type.
Another sterilized bowl was ﬁlled with MQ water only and otherwise prepared in the same manner to serve as a reference blank.
After gentle mixing with a sterilized spatula, bowls were covered
with aluminum foildto help reduce evaporationdand placed in an
oven set to 95  C (with the actual temperature ﬂuctuating enough
to ensure a gentle simmer). The mixtures were stirred and topped
up with additional MQ water twice per day to maintain the boil line
at approximately 2 cm below the rim. Though this cooking procedure is not 'realistic,' in terms of how foods were likely prepared
in prehistoric times, we used a 5-day cooking time at a gentle
simmer in order to A) maximize the heat-induced diagenesis of
proteinsdsimulating what may occur when proteins are bound to
ceramic that is used repeatedly, B) provide ample opportunity for
proteins/peptides to reach a binding equilibrium point between
ceramic-bound and dissolved states, and C) employ experimental
cooking conditions that are roughly comparable to related research
(Barker et al., 2012; Craig and Collins, 2002). Bowls were removed
from the oven after ﬁve days of cooking, rinsed with MQ water,
dried, and cut into quarters. Individual quarters were buried 10 cm
deep in a sandy loam in Denton, Texas, USA. Individual samples
were recovered at 1, 6, and 12 months following burial, with recovery mimicking typical archaeological conditions, i.e., samples
were collected by hand, but were minimally handled, not washed,
and wrapped in aluminum foil for storage prior to analysis. TOC and
ﬂuorometric assays were performed as samples were recovered,
but reference specimens were wrapped in foil and stored at 80  C
for simultaneous LC-MS analysis at the end of the study.
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2.3. Total organic carbon analyses and Qubit® ﬂuorometric
quantitation
Total organic carbon analysisdor TOCdinvolves the combustion of a sample in a closed oven followed by the estimation of
original carbon content via infrared absorption of the resulting
carbon dioxide. Ceramic samples, both archaeological and experimental, were prepared by ﬁrst breaking off a roughly 1 cm2 subsection from each sherd. Any adhering soils were removed via
gentle brushing, and approximately 1 mm of the sherd surface was
removed using a Dremel® tool equipped with a stainless steel burr
bit. Samples were pulverized in sterile porcelain mortar and pestlesdﬁred at 800  C prior to use. Powdered samples (1g each) were
treated with phosphoric acid solution (p/n A242-1, Thermo Fisher
Scientiﬁc, USA) to remove inorganic carbon sources, dried under
heat, and evaluated for TOC content using a Rosemount-Dohrmann
Model 183 Total Organic Carbon Boat Sampler and Phoenix 8000
TOC analyzer. Three sample replicates were taken for each sample,
and we report values as averages for these three replicates. Quantiﬁcation of organic residue was based on a standard curve developed using a serial dilution of TOC reference standards, and all
obtained values were recorded as mg TOC per mg ceramic (corrected for phosphoric acid content). Because different organics, and
even different proteins, vary in terms of organic carbon content, for
interpretative purposes we consider the obtained TOC values to be
ordinal scale.
A Qubit® 2.0 ﬂuorometer was also used to estimate protein
concentration in each experimental sample. Archaeological samples were not evaluated using Qubit® because they contain a
complex mix of proteins, other compounds, and weathering
products. Fluorometric quantitation was paired with TOC to provide another, more accurate, line of evidence to estimate protein
abundance, which serves to check our assumption that TOC is an
accurate ordinal scale estimation of protein abundance. The Qubit®
ﬂuorometer works by measuring the ﬂuorescence signal of dyes
that bind to target moleculesdeither DNA, RNA, or protein. The
dyes have extremely low ﬂuorescence signals until they bind to
their target moleculedin this case protein. Fluorometric techniques can provide more accurate estimations of protein abundance compared to spectrophotometric techniques because the
dyes are molecule-speciﬁc. Spectrophotometers measure UVabsorbance at certain wavelengths that can be shared by different
biomolecules in a sample that are not of interest. Further, Qubit®
ﬂuorometers are well suited to detect protein at lowdapproximately 10 ngdor highly variable concentrations (Noble
et al., 2007). 10 mL of each sample was prepared for ﬂuorometric
quantitation with an invitrogen™ Qubit® Protein Assay Kit (Catalog
number: Q33211, ThermoFisher Scientiﬁc, USA) following the
manufacturer's guidelines. A new concentration curve was produced with the provided standards if more than one week passed
between uses of the instrument.
2.4. GC-MS fatty acid analysis
We designed our fatty acid analysis method after Eerkens
(2005), but implemented several changes designed to enhance
sensitivity and accuracy. In particular, we used selected ion monitoring (SIM) and quantiﬁcation against an internal standard
(methyl-10-undecanoate). A SIM standard curve was generated for
the quantiﬁcation of eight fatty acid residues (C12:0, C14:0, C15:0,
C16:0, C16:1, C:17, C18:0, C18:1), using serial dilution of a fatty acid
methyl ester reference standard (p/n 47885-U, Sigma-Aldrich, USA)
with methyl-10-undecanoate (p/n U0250, Sigma-Aldrich, USA) as
an internal standard. Instrumental analysis was conducted using an
Agilent 5973 MS and 6890 GC. The GC inlet was at 260  C with

helium carrier gas at a constant pressure of 8 psi and was operated
in the pulsed splitless mode with a 25 psi pulse for 0.5 min. The GC
temperature program started at 60  C with a 1 min hold, ramped at
15C/min to 150  C then ramped immediately at 5C/min to 220  C
with a 3 min hold followed by a 5C/min ramp to 250  C with a 3 min
hold and a ﬁnal ramp of 15 C/min to 300  C with a 5 min hold. The
GC column was an Agilent DB-5MS 30 m  0.25 mm with a 0.25 mm
ﬁlm thickness. Levels of these fatty acids listed above were used for
interpretation of residue origins, as described below.
Ceramic samples were prepared by removing a small subsection
(measuring approximately 1 cm  1 cm, with variable thickness) of
ceramic from each given sample. Approximately 1 mm of the surface of this subsample was then removed by grinding with a Dremel® tool equipped with a stainless grinding bit. This step served to
remove surface contamination expected to occur from handling
and/or soil encrustation. The sample was then ground in a sterile
porcelain mortar and pestle, and 2 g was placed in a pre-rinsed
glass vial with 10 mL of 1:1 chloroform:methanol. After agitation/
mixing for 60 s, each sample was further extracted via 60 s of
ultrasonication using a Fisher Scientiﬁc Sonic Dismembranator
Model 500 probe. After transferring the supernatants into prerinsed test tubes, 10 min of centrifugation at 10,000 g was used to
separate any remaining ceramic, and the supernatants were
transferred into new tubes and dried under nitrogen. Fatty acid
residues were derivatized to methyl esters via methanol and boron
triﬂuoride (p/n 15716, Sigma-Aldrich, USA) at 60  C for 30 min, and
then extracted via liquid-liquid partitioning by the addition of
puriﬁed MQ water and hexane (with agitation for 1 min to ensure
partitioning). After drying under nitrogen, samples were dissolved
in internal standard-spiked hexane and analyzed using our custom
GC-MS method. Method blanks, to which no archaeological ceramic
was added, were performed alongside all extractions to evaluate
background contamination, which is a common problem in these
types of analyses.
Quantiﬁed fatty acids were used to identify possible residue
origins via methods described in Eerkens (2005). In sum, this involves the calculation of fatty acid ratios that have been demonstrated to separate residues into generalized, but nevertheless
meaningful categories: ruminant mammal, non-ruminant
mammal, ﬁsh, roots, greens, seeds/nuts, and berries (Table 1).
Mirroring recommendations of Eerkens (2005), we rejected any
sample for which background contamination (as determined via
method blanks) was higher than 10% of the total fatty acid yield for
C18:0, the most abundant contaminant. Further, we rejected any
sample which contained non-detectable amounts of any of the
target fatty acids. Overall, this resulted in the elimination of twothirds of all samples tested.
2.5. LC-MS/MS protein analysis
Our protein analysis via LC-MS/MS follows the same general
protocols developed in Barker et al. (2012) and reported in Barker
et al. (2015). In this instance, experimental samples were processed/analyzed in triplicate, such that we could determine consistency of recovery in experimental samples. Archaeological
samples were analyzed once, but were re-run for validation in the
event of a positive, archaeologically meaningful match. A method
blank (prepared with sterilized ceramic) was run alongside samples
in order to rule out laboratory-derived contamination.
Brieﬂy, we removed and pulverized a 1 cm  1 cm section (with
variable thickness and resulting mass dependent on the
morphology of the given sherd) of ceramic from each sampledi.e.,
archaeological specimens, 1 month, 6 month and 12 month
experimental specimens, including blanksdin a sterile mortar and
pestle. Although samples were brushed clean to remove adhering
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Table 1
Fatty-acid ratio of six food categories in both fresh and degraded states (after Eerkens, 2005).
Ratio

State

Terrestrial Animals

Fish

Roots

Greens

Seeds and Nuts

Berries

(C15:0 þ C17:0)/C18:0

Fresh
Degraded
Fresh
Degraded
Fresh
Degraded
Fresh
Degraded

<0.20
<0.20
0.02e0.20
0.08e0.80
<3.50
<7.00
<0.15
<0.15

0.20e0.50
0.20e0.50
0.20e0.50
0.80e2.00
4.00e6.00
8.00e12.00
<0.15
<0.15

>0.20
>0.20
0.05e0.70
0.20e2.80
3.00e12.00
6.00e24.00
>0.15
>0.15

0.10e1.00
0.10e1.00
>0.70
>2.80
5.00e12.00
10.00e24.00
>0.05
>0.05

<0.60
<0.60
<0.30
<1.20
0.00e9.00
0.00e18.00
>0.15
>0.15

<0.20
<0.20
<0.08
<0.32
2.00e6.00
4.00e12.00
>0.15
>0.15

C16:1/C18:1
C16:0/C18:0
C12:0/C14:0

soils, root ﬁlaments, etc., prior to pulverization, ceramic surfaces
were not removed via grinding because our previous research
(Barker et al., 2012) on experimental pottery indicates that high
quantities of protein are deposited within the ﬁrst few millimeters
of the ceramic surface. Two grams of the resulting powders were
placed in amber glass vials with 5 mL of 2% w/v sodium dodecyl
sulfate (SDS) in MQ water and sealed with teﬂon-lined caps. After
being vortexed for 1 min to mix and saturate the ceramic, samples
were autoclaved for 60 min at 108  C to solubilize protein residues.
Supernatants were transferred into microcentrifuge tubes and
centrifuged at 14,000 g for 10 min to remove ceramic powder. The
supernatants were transferred into new tubes, stored at 3  C
overnight to precipitate SDS, and then centrifuged and transferred
again. This step, 'cold crashing,' facilitates downstream processing
by removing SDS and, in previous experimentation was determined
to minimally impact protein recovery for BSA and COL standards,
though we acknowledge that the more complex chemistry of
archaeological residues could potentially lead to some sample loss
during this step. Solutions were then concentrated and puriﬁed
using 3 kDa molecular weight cutoff columnsdMillipore part
number UFC800324, Billerica, MA, USAdwith a total of 3 0 washes'
with MQ water. After the ﬁnal wash, samples were concentrated to
a volume of approximately 150 mL (concentrating beyond this point
was found to require impractical amounts of time and result in
excessively viscous solutions). Sample solutions were clear and
ranged from near-colorless for the youngest experimental samples
to straw yellow for older experimental samples, and some
archaeological samples, to dark brown for other archaeological
samples.
Solutions were further processed using ﬁlter assisted sample
preparation kitsdor FASP kits (Expedeon part number 44250, San
Diego, CA, USA; Wisniewski et al., 2009)dfollowing the procedures
and reagent concentrations listed in the product guide (Document
No. pd056REV120710). 30 mL of sample, which is the maximum
loading capacity recommended by the FASP product guide, was
used to isolate and trypsin digest protein/peptide residues. Eluate
was acidiﬁed with formic acid, desalted using C-18 zip tips (Millipore part number ZTC18S096, Billerica, MA, USA) reduced to near
dryness under vacuum, diluted to 20 mL in 0.1% formic acid in MQ
water, and then evaluated using LC-MS/MS.
Samples were analyzed using a Model 1100 Series LC-MSD Ion
Trap System, with a Zorbax 300 SB C18 capillary column (p/n 50648267, Agilent Technologies, Santa Clara, CA, USA) using a gradient
elution from 0.1% formate in MQ water to 0.1% formate in acetonitrile. The ﬂow rate was 4 mL per minute, injection volume was
8 mL, and electrospray ionization with positive ion detection was
used. Positive controls (BSA tryptic digestate) and blank injections
were periodically run to ensure instrument/processing method
performance. Mass spectral data were extracted from the raw data
ﬁles using Agilent Chemstation software, and then searched against
the SWISSPROT reference database (Feb 2017) using the Mascot
(www.matrixscience.com) MS/MS search engine. Fragment ion

mass tolerance was set to 0.80 Da, with parent mass tolerance of
1.4 Da, trypsin as the digestion enzyme, a maximum of 1 missed
cleavage, and a signiﬁcance threshold of 0.05. Considering that
aged residues are likely to suffer from chemical modiﬁcation, and
that some chemical modiﬁcations may occur during sample processing, we used two different Mascot search parameters: 1) no
modiﬁcations speciﬁed (other than cysteine alkylation, which occurs as part of FASP processing), and 2) an error tolerant search,
which, while more time consuming and theoretically more error
prone, allows for the identiﬁcation of a wide range of potential
chemical modiﬁcations, e.g., oxidation of methionine residues, that
alter peptide masses.

3. Results and discussion
3.1. TOC analysis and ﬂuorometry
For archaeological samples, TOC values were generally low, but
varied across samples, ranging from 0.25 to 2.6 mg organic carbon
per mg of ceramic. We initially suspected that this variability would
relate to the quality/quantity of preserved residues, with high TOCcontaining sherds yielding better fatty acid or protein results.
However, though we still suspect that this variability is related to
original organic content, we could identify no correlation between
TOC values and total fatty acid content. Similarly, there was no
obvious correlation between TOC content and likelihood of a protein match. It appears that most of the residue from which TOC is
derived in the archaeological sherds is composed of non-targeted
compounds (e.g., carbohydrates), or, more likely in our opinion
given the typically brown color of extracts, weathering products
such as humic acids. Unfortunately, these compounds prevented
the use of ﬂuorometry or other theoretically applicable assays (e.g.,
Bradford assay) for our archaeological samples. Thus, while Qubit®
forms an important component of our experimental research, and
appears to have produced acceptable results for our experimental
samples (see below), we ﬁnd TOC to be more useful as a general
screening method for archaeological samples.
The interpretation that weathering compounds comprise a
majority of residue in our archaeological samples is supported by
the data from our experimental sherds. In previous research
(Barker et al., 2012), we demonstrated that under optimal conditions (when ceramic surface area is maximized via grinding and
high protein:ceramic ratios are used), ceramic-bound protein approaches a saturation point of ~10 mg per mg of ceramic (with some
variation by protein type). In comparison, our experimental sherds
show much lower levels, and a clear decline in TOC abundance over
the 12-month experiment (Fig. 1A). Reference blanks remain very
low in TOC over the course of the experiment, suggesting that
residue inﬁltration, at least under the relatively short-term duration of this experiment, is negligible.
Because TOC is only a coarse measure of organic content, we
used a Qubit® ﬂuorometer to quantify the protein content of
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Fig. 1. A TOC content of experimental sherds rapidly declines as a function of burial time, quickly dropping between 1 and 6 months of age before reaching an apparent equilibrium.
B Protein content of experimental samples. Note that the values reported here are for single replicates of the concentrated extracts (pre-FASP) of sample sherds. Because initial
sample sizes and concentration factors are roughly equivalent, we assume that these values adequately reﬂect the decline of protein content over the 12 months of the experiment.
Together, A and B suggest the rapid decrease of protein over the course of our study. Error bars reﬂect standard deviation ( ±1 SD).

concentrated extractsdpre-FASPdof the protein-spiked experimental samples. These results mirror the decline observed in TOC,
but present a more accurate determination of protein degradation.
As before, the values drop consistently over the course of the
experiment, indicating a rapid decline in protein content (Fig. 1B).
There are two important implications to be drawn from these
experimental results. First is that protein degradation is rapid under the conditions of this study, which was designed to represent a
less than ideal scenario for residue preservation; relatively warm
average temperature, high humidity, and loose sedimentsdleading
to increased oxygen exposuredtheoretically increase degradation
rates. Further, a lack of other organics that would normally be found
in food mixturesde.g., fats/oilsdmay have increased degradation
rates in the experimental samples because these compounds can

form water-impermeable barriers that help shelter other residues.
Though simple migration of proteins out of the ceramic via dissolution in water likely accounts for a portion of loss, our samples
were thoroughly rinsed in MQ water prior to burial. Considering
previous research demonstrating the inefﬁcacy of water in
removing ceramic-bound proteins (Barker et al., 2012; Craig and
Collins, 2002), we do not believe that this was a primary source
of protein loss.
A second important point is that residue inﬁltration of exogenous organics appears to be relatively low over the short time
period of this study, as evidenced by decreasing values in TOC and
protein concentration through time, and the low, stable value of
TOC in the reference blank sherds (Fig. 1) (also see LC-MS Results
below). Nevertheless, we do not rule out the possibility of more
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complex interactions in archaeological samples; susceptibility to
residue inﬂux is likely related to a suite of factors that we did not
model, e.g., complex food mixtures, variable soil chemistry, physical and chemical parameters of different ceramics. Further, over
the long-term, we cannot conclusively rule out an equilibrium
state, in which the removal of endogenous organics is counterbalanced by the inﬂux of exogenous ones. Importantly, however,
our experiment provides baseline expectations for how one can
expect ceramic-bound proteins to behave under non-ideal conditions for preservation.

5x in weathered samples (e.g., from 0.01 to 0.05 in samples meeting
the criteria for seeds and nuts; Eerkens, 2005). In our archaeological
samples, C16:1 to C18:1 values were 0.1 or greater, indicating severe weathering regardless of taxonomic category of origin.
Further, considering that we rejected 10 of 17 samples due to low
yieldddespite using a sample size that was 5 times larger than
reported by Eerkensdit is reasonable to suspect that residue
preservation was poor (though it could be countered that our
samples may have contained low initial quantities of residue to
begin with).

3.2. GC-MS results: archaeological sherds

3.3. LC-MS/MS results

All samples yielded higher quantities of fatty acids than the
average of method blanks (for C16:0 and C18:0). However, only
seven samples passed our criteria for a positive match (all targeted
fatty acids recovered and C18:0 values at least 10 times greater than
values observed in method blanks). As described above, for these
seven samples, assignment of residues to general taxonomic origin(s) was based on the calculation of fatty acid ratios that can be
used to identify general taxonomic origins (Table 2). For the purposes of this study, we assume that the resulting interpretation
reﬂects the strongest signal present, but acknowledge that confounding factors/interpretationsde.g., multiple uses of a pot,
questions regarding whether the result reﬂects the most common
use of the pot, it's initial use, or ﬁnal usedmay limit conﬁdence of
interpretation. Further, in cases of overlap, e.g., when a given ratio
yielded multiple potential interpretations, our determination was
based on identifying the particular origin (category) capable of
explaining all observed fatty acid ratio values. For example, sample
#116-4 yielded the following potential assignments for each fatty
acid ratio:

The mass spectrometry proteomics data have been deposited to
the ProteomeXchange Consortium via the PRIDE (Vizcaíno et al.
2014) partner repository with the dataset identiﬁer PXD009431.
For archaeological samples, the method blanksdin this case
pre-sterilized ceramic processed identically to archaeological
samplesdall tested negative for protein matches. A BSA digestate
reference standard (single replicate) run alongside archaeological
samples resulted in a positive match for BSA, with a Mascot score
of 374 and coverage of 21%dwith lower scoring homology
matches for closely related species (e.g., serum albumin from Ovis
aries). Of the 17 sherds archaeological sherds tested, four returned
positive protein matches. The ﬁrst, 1105-7-1, yielded a low-scoring
(score 20, coverage 1%) match to Citrobacter koseri, a common
bacterium from the digestive tract of animals. We disregarded this
hit, as it is archaeologically meaningless and very low-scoring. The
second, 116-3-129, yielded a match to porcine trypsin (the enzyme
used for performing protein digestions), a reasonably expected
digestion artifact. Upon re-running this sample, no positive
matches were obtained. The ﬁnal samples yielding positive hits,
546-4-88 and 549-22-142, yielded numerous but very lowscoring matches to a variety of bacterial, plant, or animal proteins. Upon closer examination, we rejected these as being
archaeologically meaningful because they 1) were typically very
low-scoring with a low count (2 or less) of peptide matches, 2)
were often from non-food organisms that can be reasonably expected in soils, 3) in cases of potentially archaeologically meaningful taxonomic matches (e.g., to Mus musculus or Arabidopsis
spp.), were derived from common laboratory test organisms and
not associated with tissues expected as part of processing and
consumption by humans (e.g., myoglobin, serum albumin, heme)
and/or 4) were not derived from sources that ﬁt the taxonomic
expectations for the American Southwest (e.g., from common
ancient food items such as corn, beans, turkey, or deer). This last
point, regarding setting taxonomic expectations (see Barker et al.,
2012; Evershed, 2008a; b), is potentially problematic in that it
may facilitate bias. However, we suggest a conservative approach,
in which all results are reported but any outliers (those not ﬁtting
the 'taxonomic universe') require additional inquiry and/or conﬁrming lines of evidence (e.g., zooarchaeological remains) before
being completely accepted.

 (C15:0 þ C17:0)/C18:0: Terrestrial Animal, Seeds and Nuts,
Berries
 C16:1/C18:1: Terrestrial Animal, Seeds and Nuts, Roots
 C16:0/C18:0: Terrestrial Animal, Seeds and Nuts
 C12:0/C14:0: Terrestrial Animal, Fish, Greens
The only common assignment shared across all ratios was
'terrestrial animal.' Thus, sample #116-4 was determined to originate from terrestrial animals. A ﬁfth ratio ((C15:0 þ C17:0)/
(C12:0 þ C14:0 þ C16:0 þ C18:0)), was used to further discriminate
between ruminant (e.g., bison, sheep) and non-ruminant (e.g., bird,
rabbit) terrestrial animals (following Eerkens, 2005). In this
instance, a ratio value greater than 0.05 is indicative of a ruminant,
and thus this particular residue was determined to originate predominantly from a ruminant animal source.
More importantly than the residue assignment itself, one
implication apparent from the results is that these samples appear
to have been subjected to relatively severe weathering. In particular, the ratio of C16:1 to C18:1 is known to increase over time due
to weathering, with values increasing by an approximate factor of

Table 2
Fatty acid results and interpretations for samples meeting minimum reporting criteria. An additional ratio, (C15:0 þ C17:0)/(C12:0 þ C14:0 þ C16:0 þ C18:0), was used to
distinguish ruminant mammals (value  0.05) from other terrestrial mammals, following Eerkens (2005).
Sample

(C15:0 þ C17:0)/C18:0

C16:1/C18:1

C16:0/C18:0

C12:0/C14:0

(C15:0 þ C17:0)/(C12:0 þ C14:0 þ C16:0 þ C18:0)

Interpretation

116e4
464e5
520e34
547e6
767e1
1105e7
1147e2

0.10
0.02
0.06
0.02
0.15
0.02
0.06

0.32
0.16
0.70
0.48
0.55
0.69
0.53

0.74
0.59
0.68
0.49
1.66
0.54
0.74

0.12
0.07
0.14
0.24
0.05
0.42
0.35

0.05
0.01
0.03
0.01
0.05
0.01
0.03

Ruminant Mammal
Terrestrial Animal
Terrestrial Animal
Seeds and Nuts
Ruminant Mammal
Seeds and Nuts
Seeds and Nuts
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Though disappointing, the lack of positive/meaningful protein
results is not surprising given the fatty acid evidence, which
demonstrates severe weathering; in general, fatty acids are theoretically more resistant to degradation than proteins (Barnard and
Eerkens, 2007, chapter 9; Davídek et al., 1990). A comparison of
typical chromatograms from archaeological specimens to that from
a positive protein match from a six-month aged experimental
sample (Fig. 2), reveals very little evidence of surviving proteins/
peptides in the archaeological samples. Experimental evidence
(below) supports this interpretation.
Regarding experimental samples, of the three injection blanks,
one yielded a positive hit to BSA based on a match to a single
peptide, K.DAFLGSFLYEYSR.R, indicating a limited possibility for
cross-contamination (but see results below). A positive control,
spiked with BSA, yielded a score of 409 with 12% coverage. The
reference blanks (sterilized ceramic that was otherwise treated like
spiked samples) yielded no positive matches. This is somewhat
surprising, especially given the apparent contamination observed
in some archaeological specimens, but likely reﬂects low inﬁltration rates of exogenous materials over the relatively short time
period of this experiment (as indicated by TOC/ﬂuorimetry results
above) and, perhaps more importantly, the limitations of our nontargeted method, which does not appear capable of resolving a
morass of low-abundance peptides from diverse origins (see discussion below). Following the TOC/ﬂuorimetry and reference blank
results, exogneous inﬂux and/or lab-derived contamination appears to have been low in the protein-spiked samples as well, with
only one sample, 6 month replicate 2, yielding meaningful matches
to an exogenous protein (2 peptides assigned as type II cytoskeletal
keratin derived from Homo sapiens or Rattus norvegicus). Of the ﬁve
proteins spiked onto our experimental ceramic, only two, BSA and
OVAL, were consistently recovered across replicates and across the
three time points of the study. Strangely, though CAS was spiked at
the highest concentration, we were not able to obtain positive
identiﬁcations when the standard search criteria were employed
(but see below). Similarly, we failed to obtain positive matches for
MYO or COL. In previous research (Barker et al., 2012), we were able
to identify every component of a ceramic-bound protein mixture
(equal parts BSA, CAS, MYO and COL) in freshly prepared experimental ceramic, even without employing non-standard search
criteria. Further, we also revealed that binding rates vary by protein
type, with BSA and MYO featuring higher binding rates than CAS
and COL. Thus, in regards to the current study, it may be that a

combination of lower spike amount and/or lower binding rates
resulted in failure to conﬁdently detect some of the proteins, and it
is possible that BSA and OVAL selectively occupied available binding sites on the ceramic surfaces, thereby preventing the binding
and subsequent recovery of other proteins.
Another possible explanation could pertain to variability in
susceptibility to degradation; perhaps a failure to recover some
proteins is related to their more rapid degradation relative to
others. The variety of studies documenting the successful recovery
of archaeological MYO (Marlar et al., 2000), CAS (Buckley et al.,
2013; Craig et al., 2005), and COL in particular (Barker et al., 2015,
Buckley et al., 2010, 2013) in ceramic and/or bone, hint that this
may not be the best explanation. Further, hydrophobic proteins
such as collagen are well-documented to be resistant to degradation, at least when recovered from their tissues of origin. However,
it may be that the unique cooking processes and circumstances of
our research differentially contribute to degradation. As discussed
by Collins et al. (1995), for example, the denaturation rate of
collagen is higher when it has been demineralized, and it is
therefore a possibility that the prolonged cooking (and gelatinization) of non-mineralized collagen contributed to its subsequent
removal via biological or chemical degradation. While much
attention has been given towards understanding collagen degradation (e.g., Collins et al., 1995; Pfretzschner, 2006; Dobberstein
et al., 2009), we do not have comparative degradation studies for
each of our target proteins. Thus, while we suggest this mechanism
as a possible factor, we can offer no direct evidence that this is the
primary agent responsible for producing the observed results.
Another explanation for our inability to detect COL, in particular,
is the degree to which COL features post-translational modiﬁcations. Hydroxylation of proline, speciﬁcally, may hinder our ability
to identify COL using non-targeted or generalized error-tolerant
approaches. For example, while a standard, error tolerant search
would theoretically be able to identify a peptide featuring a single
hydroxylated proline, by design (and necessity due to the complexities of factoring in the diverse array of potential chemical
modiﬁcations), such a search would not be able to identify a peptide featuring two or more hydroxyprolines. Considering this, we
re-evaluated our samples in a Mascot search specifying proline
hydroxlation as a variable modiﬁcation (theoretically allowing us to
identify peptides featuring two or more instances of proline hydroxylation). Unfortunately, this more targeted approach also failed
to yield any positive hits for COL in our experimental samples.

Fig. 2. Comparison of LC-MS chromatograms for archaeological samples 767-1 and 1105-7 (top), neither of which yielded meaningful protein hits (despite containing identiﬁable
fatty acid ratios), versus an experimental protein-spiked sample that was buried for 6 months and still yielded positive matches for BSA and OVAL (bottom).
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Therefore, at least in this speciﬁc instance, we can rule out posttranslational modiﬁcation of proline residues as the source for
our lack of COL identiﬁcations.
A ﬁnal explanation for our inability to consistently identify
proteins other than BSA and OVAL has to do with the limitations of
our methods/instrumentation. During a sample run, peptide digests are separated into individual fractions via liquid chromatography. As these fractions individually pass into the MS trap, only a
select number of peptide ions are capable of being collected and
evaluated at a given time point, with the operator programming
how manydand which, in the case of targeted analysisdof these to
isolate and fragment. For our instrument, we found that results
were optimized when we speciﬁed that between two to four of the
highest abundance ions at a given time point be collected, which is
a typical range for this type of instrument and analytical method.
This means that only the best performing, highest-abundance
peptides are collected by our method. It is likely therefore, that
our results reﬂect which peptides and proteins are the 'bestbehaved' under the constraints of our instrumentation and
methods. Indeed, examination of some unmatched spectra reveals
many lower-scoring ones that, due to issues of homology or general
poor quality, cannot be relied upon despite theoretically matching
to the proteins that we failed to positively identify. Though relaxing
the matching criteriade.g., increasing the MS/MS tolerance, signiﬁcance thresholdsddoes manage to tease some of these matches
out (e.g., reveal positive matches to CAS and MYO in some of the
one month old samples), for the purposes of this paper we take the
conservative approach that we would expect to use for real
archaeological specimens in which the components are not known
a priori. This problem, of lower quality/quantity components being
overlooked, is an inherent limitation of non-targeted LC-MS approaches in general, though one that can be addressed to some
extent by using instruments/conﬁgurations with higher chromatographic resolution and/or enhanced MS resolution/sensitivities. It is important to consider this limitation insofar as it results in
false negatives. Further, other MS-based approaches (e.g., Heaton
et al., 2009) may prove advantageous.
It is worth noting that one limitation of our study design, as
presented here, is that T0 samples were not analyzed. There are two
reasons for this: 1) This study represents an extension of our previous work (Barker et al., 2012), which documented the recovery
and identiﬁcation of experimental proteins (CAS, COL, MYO, BSA)
from cooked ceramic at T0 (albiet, not from the same set of
experimentally-prepared specimens). 2) The goal of the current
actualistic study is to establish which proteins/peptides are the
most likely to resist degradation over archaeologically-meaningful
time. Thus, while the shifts in peptide abundance from T0 to month
1 are indeed relevant to discussion of protein taphonomy in general, and may help to explain sources of laboratory-derived sample
modiﬁcation (e.g., oxidation and/or residue loss due to cooking or
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other sample preparation), they are less relevant to the speciﬁc
goals of this actualistic study.
Despite our inability to consistently detect three out of the ﬁve
protein spikes, the data obtained for the remaining two has
important
implications
regarding
archaeological
protein
taphonomy. When examining protein coverages for these two
proteins, the results generally mirror what might be expected given
the observed decline in organic/protein content between the time
points, with coverages dropping from month 1e12 (Table 3). Protein scores show a similar trend over the full 12-month course of
the study. However, the uptick in scores for month 6 relative to
month 1 is likely an artifact of our acquisition/processing methods.
Oversaturation of month 1 samples with lesser qualitydin terms of
scoredbut high abundance peptides resulted in slightly lower
overall protein scores. By month 6, many of these poorer quality
peptides had decayed, leaving medium and higher-quality peptides
that, while providing less coverage of the protein, resulted in higher
protein scores because of their uniqueness/individual scores.
Regardless, by month 12, extensive degradation is evident in that
both scores and coverages have severely dropped.
Further evidence of degradation is revealed from spectral data
for individual peptides. We followed an initial, standard Mascot
search with an error-tolerant one because we anticipated some
degradation in our samples. Though more time intensive and
theoretically more prone to false matches, an error tolerant search
allows for alterations in observed peptide matches resulting from
changes in the molecular structure of the peptides (albeit with only
one non-speciﬁed modiﬁcation allowed per spectral match). For
example, it is well documented that the amino acid residue
methionine is particularly susceptible to oxidation (Lee et al., 2009).
Thus, oxidation of methionine, among other modiﬁcations, has
previously been included in archaeological/paleontological protein
residue studies (e.g., Hendy et al., 2016, Welker et al., 2015, 2016),
and it is reasonable to consider methionine oxidation as a potential
'biomarker' for aged protein residue. In our results, methionine
oxidation, while not particularly common, can be observed in both
young and old samples (Fig. 3). Another common, age associated
modiﬁcation in proteins is deamidation (Hendy et al., 2016; Leo
et al., 2011; Welker et al., 2016), wherein the amide side chain of
an amino acid is altered or removed altogether, most commonly in
the amino acids asparagine and glutamine. This modiﬁcation appears several times in our data, even in samples as young as 1
month old, but is infrequent and without any discernible pattern.
However, a confounding factor is that protein modiﬁcations can
also be derived from sample handling/processing. We have occasionally observed modiﬁcations in un-aged samples, but due to our
current research goals and methodological constraints, have not
performed an exhaustive study of modiﬁcations. Thus, while we
document peptide modiﬁcations for the sake of inquiry, without
further investigationde.g., a study that samples at T0 and

Table 3
Protein scores and coverages for BSA and OVAL from months 1e12 show a general decrease in quality, reﬂecting protein degradation. As discussed in 'Results,' the temporary
increase in score between months 1 and six is likely an artifact of our methodology, and it is the difference between 1 month and 12 that is more meaningful from an
archaeological perspective.
Protein Type

Run Number

Month 1

Month 6

Month 12

Score

Coverage (%)

Score

Coverage (%)

Score

Coverage (%)

BSA

1
2
3

215
287
116

8
11
7

194
310
216

6
8
8

72
107
105

1
4
4

OVAL

1
2
3

51
52
56

15
6
12

128
116
81

8
6
8

46
60
n/a

5
3
n/a
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Fig. 3. Mass spectra showing oxidation of methionine (M10) in peptide (K)LTEWTSSNVMER(K) from ovalbumin, one month old sample rep 1 (top) and 12 month old sample rep 1
(bottom).

statistically evaluates modiﬁcation rates with larger sample
numbers and smaller sampling intervalsdwe cannot conﬁdently
determine the origins (in vivo versus ex vivo) of protein modiﬁcations in our experimental samples. Nevertheless, we include this
data as tentative support for our overall interpretation and as a call
for additional research in this area.
A ﬁnal perspective on protein taphonomy involves looking at
which peptides are consistently recovered across samples and
across time periods. In other words, which peptides are 'wellbehaved' when analyzed using a given methodology and, perhaps
more importantly, which are the most likely to preserve over time?
To this end, we constructed a 'peptide recovery matrix' (Fig. 4) that
ﬁrst compares peptide recovery across samples within a given time
period. For simplicity, we ﬁltered out redundant matchesde.g.,
repeated peptides, modiﬁed versions of the same peptidedsuch
that a given peptide is only listed once per sample. Next, we colorcoded peptides based on whether they occurred in all three, two, or
only one of the sample replicates. In this way, we identify which
peptides are most consistently recovered within a given time
period.
From the resulting data, we then created a 'peptide summary

matrix' (Fig. 5) comparing the most consistently-recovered peptides both across reps within a given time period, and across time
periods. As might be expected, for BSA, the number of consistentlyrecovered peptides decreases with increasing age in a nested
fashion. In BSA matches, for example, the counts decrease from ﬁve
peptides at 1 month, to four peptides at 6 months, and then ﬁnally
to one peptide at 12 months, with complete overlap across groups.
For OVAL, peptide survival/recovery was less consistent and not as
nested, decreasing from two peptides at 1 month, to two at 6
months, to ﬁnally one at 12 monthsdthough a single miss in the 12
month samples technically disqualiﬁes the ﬁnal peptide,
K.LTEWTSSNVMEER.K.
Overall, the decrease in consistent peptides is expected. Though
we do not delve further into the topic here, future research may
involve examining why certain peptides are more likely to survive.
Factors such as general location within the protein sequence/protein folding (such that some peptides are more protected than
others), hydrophobicity, content of reactive amino acids, and
digestion-resistant sequences are likely relevant in this regard.
More importantly, this decrease in consistently recovered peptides is relevant to method development. As stated in the
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Fig. 4. Peptide Recovery Matrix showing peptide consistency across reps within given age group. Peptides recovered in all three reps (black), those recovered in two out of three
reps (dark gray), or those recovered in only one rep (light gray). Several peptides were prone to non-trypsin cleavage, possibly derived from laboratory handling but more likely
from chemical or enzymatic degradation during burial. For example, the peptide, ILELPFASGTMSML, is prone to decomposition in the methionineerich tail, often resulting in
cleavage. For ease of viewing, we list the full peptides here but note that the raw data often include such cleavage products.

Fig. 5. Peptide Summary Matrix showing peptide consistency across time periods, with those peptides occurring in all sample ages (black), those occurring in two of three ages
(dark gray), and those occurring in just one sample age (light gray). The peptides that were consistently recovered across reps and ages theoretically represent the best candidates
for targeted method development. LTEWTSSNVMEER was only recovered in two of the three reps for the 12-month-old sample, but was recovered in all reps for other time periods.
Thus, we still suggest it as a good candidate for targeting. DAFLGSFLYEYSR was recovered in an injection blank and is therefore technically disqualiﬁed.

introduction, one of our concerns pertains to the possibility that the
limitations of our method are the source of the negative results we
obtained for archaeological ceramics. Considering that we use nontargeted mass spectrometry, it is certain that we overlook lower
abundance and/or poorer performing proteins/peptides. However,
in conducting non-targeted, actualistic studies, we identify which
peptides from given proteins are 1) resilient to degradation under
the conditions of this study, and 2) consistently recoverable and
identiﬁable via our method. In turn, this information can be used to
develop future targeted methods with enhanced sensitivities. The
'ﬁnal' peptide from BSA, for example, R.HPEYAVSVLLR.L (Fig. 6),
theoretically represents the best possible candidate for targeted
method development in that it is both resilient and consistent.
Ultimately, we hope that further targeted method development can
be used to bridge the gap between immunoassay, which is highly
sensitive but lacks probability measures, and MS, which features

much better probability measures but is currently less sensitive. Of
course, targeted MS features the same challenge of immunoassay in
that one can only ﬁnd what one speciﬁcally looks for. However, the
advantage is that unlike immunoassay, targeted MS features
probability scores for peptide matches, allowing us to more conﬁdently rule out false positives.

4. Conclusions
Our results, derived from several lines of evidence, suggest that
under typical, sub-optimal conditions for preservationdand when
non-targeted approaches are employeddnegative results for
ceramic-bound protein residues should currently be the norm
rather than the exception. The paucity of negative results reported
in the published literature is therefore troubling. Going back to the
three problems enumerated in the introduction, we suggest that: 1)
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Fig. 6. Representative spectra for the peptides identiﬁed as being the best candidates for targeted method development. For BSA (top), R.HPEYAVSVLLR.L. For OVAL (bottom),
K.LTEWTSSNVMEER.K (Both from 12 month sample rep 2).

More effort should be given towards analyzing ceramics from suboptimal contexts, with the understanding that negative results
provide a framework against which we can better understand
positive ones. In other words, negative results are just as valuable as
positive ones because they provide much needed baseline information. Further, it is likely that with continued method development, particularly the reﬁnement of targeted methods, ceramics
from such contexts will be found to be a readily available and
reliable source of information that can meaningfully supplement
archaeobotanical and zooarchaeological analyses. 2) Similarly,
additional actualistic studies (sensu Barnard and Eerkens, 2007) are
needed to better shape expectations regarding the survival of
archaeological protein residues in ceramic. Paleontological and
archaeological studies continue to push back the expected dates for
protein survival in original contexts (e.g., bone, mummiﬁed soft
tissues), but regarding ceramics, our research indicates that the
rates of survival are generally low, and that the challenges of recovery and identiﬁcation are greater. As evidence, we cite the
experimental results presented above, the negative results we obtained for archaeological ceramics, and the positive results we
obtained for zooarchaeological remains from roughly the same

time period and locus (Barker et al., 2015). Further, actualistic
research will enable us to better ascertain which residues are likely
to survive, under what circumstances they are likely to survive, and
how best to target them. 3) Lastly, more attention is needed in
terms of method development. We are optimistic about the possibility of identifying trace protein residues in archaeological ceramics. However, going forward it is important that studies include
careful consideration for the challenges of protein taphonomy and
the strengths and limitations of existing methodologies. We posit
that methods capable of incorporating measures of probability and
a consideration for taphonomy (e.g., mass spectrometry-based
approaches) hold the most promise when it comes to developing
trustworthy, residue-based claims regarding past subsistence
patterns.
In sum, our results demonstrate that, on one hand, ceramicbound proteins are rapidly degraded over relatively short time
scales, and that this pattern of degradation limits the usefulness of
non-targeted approaches regarding archaeological ceramic-bound
proteins. On the other hand, they also suggest the possibility for
developing targeted protocols capable of recovering and identifying those protein residues that are the most likely to survive in
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archaeological contexts (sensu Scott, 2017). Importantly, it is the
combination of multiple lines of biochemical evidence (TOC, ﬂuorometric quantitation, fatty acid GC-MS, and protein LC-MS), and an
emphasis on residue taphonomy that allows us to be conﬁdent
about our claims.
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