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ARTICLE INFO ABSTRACT

Editor: Michael E. Boettcher Nitrogen isotope ratios (5'°N) are a well-established tool for investigating the dietary and trophic behavior of
animals in terrestrial and marine food webs. To date, 5'°N values in fossils have primarily been measured in
collagen extracted from bone or dentin, which is susceptible to degradation and rarely preserved in deep time
(>100,000 years). In contrast, tooth enamel organic matter is protected from diagenetic alteration by the mineral

structure of hydroxyapatite and thus is often preserved over geological time. However, due to the low nitrogen
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Paleodiet . . . . is
T?o:;i::elevel content (<0.01 %) of enamel, the measurement of its nitrogen isotopic composition has been prevented by the
Rodents analytical limitations of traditional methods. Here, we present a novel application of the oxidation-denitrification

method that allows measurement of 8'°N values in tooth enamel (6'*Nenamer). This method involves the oxidation
of nitrogen in enamel-bound organic matter to nitrate followed by bacterial conversion of nitrate to N»O, and
requires >100 times less nitrogen than traditional approaches. To demonstrate that 5" Nenamel values record diet
and trophic behavior, we conducted a controlled feeding experiment with rats and guinea pigs (n = 37). We
determined that nitrogen concentration in tooth enamel (x = 5.0 £ 1.0 nmol/mg) is sufficient for 615Nenmel
analyses with >5 mg untreated enamel powder. The nitrogen isotope composition of enamel reflects diet with an
enrichment (AISNenmel,diet) of ca. 2-4%o. 615Nenamel values differ significantly between dietary groups and
clearly record a shift from pre-experimental to experimental diet. The small sample size required (<5 mg) by this
method permits analyses of sample size-limited, diagenetically robust tooth enamel, and, as such it represents a
promising new dietary proxy for reconstructing food webs and investigating the trophic ecology of extant and
extinct taxa.

1. Introduction

Paleontologists have long sought a reliable geochemical proxy for
inferring the trophic position of fossil organisms. Multiple approaches,
including trace element ratios (e.g., Sr/Ca, Ba/Ca) and traditional (e.g.,
C) and non-traditional (e.g., Ca, Sr, Mg, Zn) isotopic systems, have been
employed with varying degrees of success (Balter et al., 2012, 2019;

* Corresponding author.

Bourgon et al., 2020; Chu et al., 2006; Costas-Rodriguez et al., 2014;
Heuser et al., 2011; Jaouen et al., 2016, 2018, 2019; Jaouen and Pons,
2017; Knudson et al., 2010; Martin et al., 2014, 2015, 2017, 2020; Sillen
and Balter, 2018). While some non-traditional isotopic systems hold
great promise, the physiological mechanisms (i.e., element cycling in the
body) which drive fractionation in these systems are not yet well un-
derstood and thus their implementation as trophic proxies are still in
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their infancy.

In contrast, nitrogen isotope ratios (expressed as 55N values) are a
well-established tool for investigating the dietary and trophic behavior
of animals in terrestrial and marine food webs (e.g., Minagawa and
Wada 1984; Schoeninger and DeNiro 1984; Ambrose and DeNiro 1986;
Sealy et al., 1987; Hilderbrand et al. 1996; Roth and Hobson 2000;
Jenkins et al. 2001; Bocherens 2015), and 8'°N values have been studied
in a variety of natural and experimental settings (DeNiro and Epstein
1981; Hare et al., 1991; Hobson et al. 1996; Ambrose, 2002; Sponheimer
et al., 2003a,b; Wolf et al. 2009). These studies show that, within well-
constrained ecosystems, consumer tissues are enriched in '°N relative to
their diet (i.e., the tissues of vertebrate herbivores typically record
higher 8'°N values than the plants they consume, while the tissues of
animals which consume other animals record higher 8'°N values than
their prey). Thus, animals which consume meat and/or protein-rich
resources (carnivores, insectivores, some omnivores), usually have
higher 5'°N values relative to those which consume only plants (herbi-
vores). Large-scale ecological studies indicate an average trophic
enrichment of 3-4 %o between diet and consumer tissues (Schoeninger
and DeNiro 1984; Bocherens and Drucker 2003; Fox-Dobbs et al. 2007;
Krajcarz et al. 2018; and see Caut et al. 2009 for discussion of variability
in trophic enrichment).

While nitrogen isotope analyses are widely utilized in modern sys-
tems, similar analyses of fossil material have largely been restricted to
bone- and dentin-derived collagen from relatively young (typically
<100,000 years), well-preserved samples in which the original nitrogen
isotope composition is unaltered (Bocherens and Drucker 2003; Britton
et al., 2012; Jaouen et al. 2019; but see Ostrom et al., 1990, 1993, who
measured 5!°N values in fossils from the Late Cretaceous). The organic
matter (OM) in bone is nevertheless particularly susceptible to diage-
netic alteration over time because bone is porous, has a large surface-to-
volume ratio, and its mineral phase is characterized by bioapatite
nanocrystals of low crystallinity (e.g., Clementz 2012; Keenan, 2016). In
contrast, tooth enamel is highly mineralized (95 % wt. vs. 65 % wt. for
bone), and hence more resistant to diagenetic alteration and more
frequently well-preserved in deep time (Koch et al. 1997; Lee-Thorp and
van der Merwe 1987; Wang and Cerling, 1994; Zazzo et al., 2004; Koch
2007). Most stable isotope analyses of teeth have focused on the mineral
fraction of the enamel as opposed to the organic matter. Efforts to
measure the 5!°N values of tooth enamel organic matter using tradi-
tional combustion methods have been hampered by the low nitrogen
content in enamel material (<0.01 % wt.; Savory and Brudevold 1959;
Robinson et al. 1995; Robinson, 2014).

Here, we present a novel application of the oxidation-denitrification
method that allows high-precision measurement of the nitrogen isotopic
composition of tooth enamel (5"®Nenamen). This method involves the
conversion of nitrogen in enamel-bound organic matter to nitrate
(oxidation) followed by bacterial conversion of nitrate (NO3) to nitrous
oxide (N5O) (denitrification). The oxidation-denitrification method was
first used by Robinson et al. (2004) for the analysis of (base-soluble)
opaline diatom microfossil-bound 615N, later adapted for (acid-soluble)
calcitic microfossils (foraminifera-bound 615N) by Ren et al. (2009), and
is now routinely used for determining 8'°N values of mineral-bound
organic matter from a variety of modern and fossil marine in-
vertebrates (e.g., foraminifera, diatoms and corals; Robinson et al. 2004;
Ren et al. 2009, 2012; Straub et al. 2013; Martinez-Garcia et al. 2014;
Wang et al. 2014; Studer et al. 2015, 2018; Smart et al. 2018, 2020). The
method is >100 times more sensitive than traditional combustion
methods allowing us to reduce the amount of material required for
analysis of tooth enamel to <5 mg.

The primary goal of this study was to determine whether 8'°Nenamel
values record the isotopic composition of the diet consumed during
tooth formation (i.e., amelogenesis). To test this, the ever-growing
mandibular incisors of two rodent species (rat and guinea pig) from a
controlled feeding study were analyzed for !°Negame values. Due to the
constant, incremental growth of these incisors, this enamel is expected
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to record the nitrogen isotope composition of the diet continuously.
Animals were fed a custom-made plant-, insect-, or meat-based pelleted
diet for 54 days. Importantly, experimental diets were isonitrogenous (i.
e., contain the same percentage nitrogen) but had distinctly different
515N values to simulate different trophic levels. We sought to determine
(i) whether 615Nenam51 values record differences between diet groups; (ii)
how 8"Nepamel values correlate with 8'°Ngoft tissue data (i.e., liver,
muscle, kidney) from the same individuals, (iii) if and to what extent
5'%Nenamel values vary between species, and(iv) whether 5" Nenamel
values vary according to the degree of enamel maturity.

2. Materials and methods
2.1. Experimental design

Thirty-six rats and guinea pigs received (in groups of 6) the same
plant-, insect- or meat-based pelleted diet for a duration of 54 (+5
acclimatization) days. Adult female WISTAR (RjHan:WI) rats (Rattus
norvegicus forma domestica; n = 18; initial body mass = 198 + 12 g,
11-12 weeks old) and adult female Dunkin Hartley (HsdDhl:DH) guinea
pigs (Cavia porcellus; n = 18; initial body mass = 401 + 16 g, age 4-5
weeks old) (breeder: Envigo) were housed in groups of six in indoor
stables (0.58 m? each), each equipped with two open food dishes con-
taining their assigned experimental diet and two nipple drinkers of local
tap water. One rat that received only the breeder diet was sampled for
measurement (no equivalent guinea pig individual was available). All
animals received exactly the same experimental foods and were housed
under the same conditions. All animals were free to engage in caeco-
trophy (ingestion of feces), a natural behavior in both species (Bjornhag
and Snipes, 1999). The feeding experiment and euthanization were
performed with ethical approval of the Swiss Cantonal Animal Care and
Use Committee Zurich (animal experiment licence N° ZH135/16).

Water and food were provided for ad libitum consumption. The
experimental diet was supplemented with the pelleted diet provided by
the animal breeder for an acclimatization period of 5 days, during which
the breeder food was gradually phased out. The experimental period of
54 days began after this acclimitization period. Each animal was fed one
of three pelleted experimental diets including; (i) a plant-based (P), (ii)
an insect-based (I), or (iii) a meat-based (M) pellet. Each diet consisted
of a primary ingredient of lucerne (P), black soldier fly larvae insect
protein meal (I), or lamb meal (a ruminant herbivore) blended with
additional plant-derived ingredients and minerals/vitamins (see
Table 1) according to the nutritional requirements of the animals. To
avoid isotopic variation resulting from differences in protein content, all
pelleted diets were formulated to be isonitrogenous (21.5 %).

Aliquots of each experimental feed were collected every two weeks
(to confirm pellet homogeneity) during the experiment, homogenized
with a ball mill, and analyzed for 515N (see Section 2.4). Breeder diets
for rats and guinea pigs differed both in ingredient and isotopic

Table 1
Composition of pelleted diets. Ingredients are reported in weight % (wet matter).

Ingredient Plant-based Pellet Insect-based Pellet ~ Meat-based Pellet
in % wt. in % wt. in % wt.
Primary 56 26 25
Ingredient (Lucerne) (Protix Insect (Lamb Meat)
Protein Meal)
Potato Protein 13 - -
Wheat Meal 10 18 18
Oat Meal 7 16 15
Apple Bits 5 14 15
Soy Husks 3 10 13
Straw Meal - 10 9
Molasses 3 3 3
Vitamins and 3 3 2
Minerals
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compositions. The guinea pig breeder pellet had higher §!°N values than
the rat breeder pellet (4.8 %o vs. 2.4 %o0) and thus the two taxa should
have begun the experiment with different tissue isotopic compositions.
Experimental diets differed in §!°N by +3.4 %o between plant- and meat-
based diet, with +1.1 %o between the plant- and insect-based diet and
+2.3 %o between the insect- vs. meat-based diet (Fig. 1; Table 3). Hence,
although the pelleted diets do not represent a direct link in a single food
chain, the 8'°N values of the feeds nonetheless approximate trophic
level enrichment: the plant pellet has a lower 8'°N value than the
animal-product containing pellets.

Following the conclusion of the experiment, animals were eutha-
nized with carbon dioxide. The bodies were immediately dissected, and
the soft tissues were stored at —20 °C. Enzymatic maceration of the
skulls was conducted at the Center of Natural History (CeNak) of the
University of Hamburg, Germany. Enamel of one mandibular incisor
from each individual was prepared for 8'°N analysis using the novel
oxidation-denitrification method.

Soft tissues, including whole liver, whole kidney, and ~1 cm® muscle
from the upper right quadriceps, were sampled from each individual for
comparison of 81 Nooft tissue values with 8'°Nepamel values. Tissue sam-
ples were freeze-dried for 24 h, milled and homogenized using a Retsch
Cryomill, and 700 =+ 0.2 pg of material was weighed into tin capsules for
51 Nioft tissue analyses (see Section 2.4). Lipid extractions were not per-
formed on these samples due to the potential for alteration of tissue §'°N
values by the extraction process (Pinnegar and Polunin 1999; Sotir-
opoulos et al. 2004; Post et al. 2007).

2.2. Tooth enamel nitrogen isotope measurement

2.2.1. Standards and consumables

5" Nenamel analyses were performed in the laboratories of the
Organic Isotope Geochemistry Group of the Department of Climate
Geochemistry at the Max Planck Institute for Chemistry (MPIC), Mainz,
Germany. All standards used are listed in Table 2. In-house standards
include a crushed, homogenized sceleractinian coral Porites sp. (PO-1)
and deep-sea coral Lophelia pertusa (LO-1), as well as two tooth enamel
standards, a modern African elephant Loxodonta africana (AG-Lox;
Gehler et al. 2012) and a fossil (ca. 2.5 to 2.3 Ma) suid Notochoerus scotti
(Noto-1) from Zone 3A-2 of the Chiwondo Beds in Malawi (i.e., HCRP-
RC11-762 in Kullmer, 2008) developed for this study. The values of
the in-house standards were determined using the same oxidation-
denitrification procedure applied to the samples.

Throughout the entire study, all standards, samples and other solu-
tions were prepared with ultrapure Milli-Q water (18.2 MQ cm). Re-
agents used for reductive-oxidative cleaning include: sodium citrate,
sodium bicarbonate, sodium dithionite, potassium persulfate (four times
re-crystalized), and sodium hydroxide (ACS grade). Reagents used for
de-mineralization of enamel and oxidation of organic matter include:
hydrochloric acid (Optima grade), potassium persulfate for oxidation
(four times re-crystalized), and sodium hydroxide (ACS grade). All
glassware was pre-combusted to minimize contamination with organic
matter; this included all 4ml borosilicate glass vials (VWR Part No. 548-
0051), 20 ml headspace vials, rinse-water beakers, and pipette tips. All
centrifugation steps were performed at 3000 rpm for 5-10 min.

2.2.2. Oxidation-denitrification method overview

The oxidation-denitrification procedure is outlined briefly here and
detailed descriptions of each step are given in the following sections. The
method consists of four main steps. First, tooth enamel powder is sub-
jected to cleaning to remove exogenous organic matter. Samples are
subsequently demineralized, and the remaining endogenous organic
matter is oxidized to nitrate. This nitrate is then quantitatively con-
verted to N,O via bacterial denitrification (Sigman et al. 2001; Casciotti
et al. 2002; Mcllvin and Casciotti, 2011; Weigand et al. 2016). Finally,
the N,O is extracted, and its isotopic composition is measured to obtain
5°N values. International and in-house standards are included in each
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step of every run to monitor the process and two analytical blanks are
measured in each batch of samples to quantify blank size and isotopic
composition during the oxidation step.

2.2.3. Preparation of enamel samples

The lower incisor was removed from the jaw of each individual after
maceration in an enzymatic bath, and any remaining adherent tissue
was gently buffed away using a hand-held drill with a cleaning/grinding
tip. Teeth were then rinsed with Milli-Q water, dried, weighed and
measured prior to enamel preparation. Using a Dremel mounted under a
microscope fitted with diamond-studded drill bits (0.3-1.5 mm), dentin
was carefully removed leaving only the thin enamel layer remaining.
The enamel from each tooth was then cut in half (perpendicular to the
growth axis of the tooth) ~ 3-5 mm above the boundary between
translucent and opaque enamel (opaque boundary) to ensure separation
of the highly mineralized, “mature” enamel (i.e., tip half of the tooth)
from the partially mineralized, recently formed “immature” root enamel
(see Fig. Al; Robinson, 2014; Robinson et al., 1977, 1995, 1998).
Separate halves were crushed and ground to a fine powder in an agate
mortar and pestle. Mature and immature enamel §!°N values are
compared in Section 3.2.4 and discussed in Section 4.3. The 515Nename1
values presented in this paper are values for mature enamel from the tip
half of the tooth only (see Fig. A1) unless otherwise indicated.

2.2.4. Removal of exogenous organic matter in tooth enamel

For the reductive-oxidative cleaning, untreated modern and fossil
enamel powder was weighed (3-4 mg and 4-6 mg, respectively) into 15
ml polypropylene centrifuge tubes (Falcon®). Then, 7 ml of sodium
bicarbonate-buffered dithionite citrate was added to the samples, which
were shaken and placed, loosely capped to allow degassing, in an 80 °C
water bath for ca. ten minutes. This step is designed to reduce oxidized
contaminants, particularly metal oxide coatings, which could poten-
tially trap exogenous nitrogen during the fossilization process (Mehra
and Jackson, 1958; Ren et al. 2012). Samples were then immediately
centrifuged and decanted. The remaining material was rinsed three
times with 10 ml Milli-Q water (with centrifugation between each rinse),
before the powder was transferred to pre-combusted 4 ml glass vials.
Residual water from the transfer process was removed by aspiration
after centrifuging a final time.

Following the reductive cleaning, a 3 ml aliquot of a basic potassium
persulfate solution consisting of a 1:1 ratio of sodium hydroxide to po-
tassium persulfate per 100 ml of Milli-Q water (i.e., 2 g NaOH and 2 g
K5S;0g) was added to each sample. Samples were then autoclaved for 65
minutes at 120 °C. During this process, exogenous nitrogen in organic
matter is oxidized to nitrate in solution, which is then rinsed away. After
autoclaving, the oxidative solution was removed by aspiration and then
rinsed four times with 4 ml Milli-Q water. Again, samples were centri-
fuged after oxidation and between every rinse. After the final rinse, the
Milli-Q water was removed by aspiration, and the samples were loosely
covered with pre-combusted aluminum foil and placed in a dedicated
drying oven at 60 °C for 36 hours to dry. Once completely dry, samples
were transferred into vials and precisely weighed (for the calculation of
N content) in preparation for oxidation. Sample loss varied between
30-60 % for enamel powder as a result of handling and dissolution
during cleaning.

2.2.5. Conversion of organic nitrogen to nitrate via persulfate oxidation

First, 2-4 mg of cleaned enamel powder was demineralized using 40
pl of 4N hydrochloric acid. Nitrogen in the freed organic matter was then
oxidized to nitrate using 1 ml of basic potassium persulfate solution. To
prepare this solution, 0.67-0.70 g of four times re-crystalized potassium
persulfate (to ensure low nitrogen content) was added to 4 ml of 6.25 N
NaOH solution in 95 ml Milli-Q water. Samples were autoclaved for 65
min at 120 °C to ensure complete oxidation. After oxidation, the samples
were centrifuged to ensure separation of supernatant and any
precipitate.
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Table 2

Certified 5'°N values of international standards and measured §'°N values of in-
house standards (determined using the oxidation-denitrification method) used
in this study.

International Standard Material 515N (%o vs. Air)

USGS40 L-glutamic acid —4.52 + 0.06

USGS41 L-glutamic acid 47.57 £0.11
IAEA-NO-3 Potassium Nitrate 4.7 £0.2
USGS34 Potassium Nitrate -1.8+0.2

MPIC In-House Standard

PO-1 Coral 6.1 +£0.2
LO-1 Coral 10.2 + 0.2
AG-Lox Modern Enamel 4.2+ 0.5
Noto-1 Fossil Enamel 13.7 £ 0.5

To monitor and correct for the nitrogen content and 5'°N value of the
oxidizing solution, we prepared ten 1 ml oxidation blanks consisting
only of HCI and oxidizing solution. In addition, triplicates of two amino
acid isotope reference standards (USGS40, USGS41; see Table 2 for 55N
values) were oxidized with the samples. These standards were prepared
at a concentration of 10 nmol N to match the N concentration of the in-
house standards. These amino acid references served as a means to
ensure that complete oxidation of the nitrogen in the samples took place,
as well as to provide a secondary control on the blank contribution of the
persulfate solution.

2.2.6. Determination of sample nitrate concentration

To minimize uncertainties associated with nonlinearity in the mass
spectrometer, the nitrate concentration of each sample was first deter-
mined in order to ensure a consistent final quantity of N2O for both
samples and standards (Sigman et al. 2001; Weigand et al. 2016). This
measurement was performed via chemiluminescent detection on a Tel-
edyne NOx analyzer (NOxBox) after reduction of nitrate to nitrous oxide
with Vanadium(III) (Braman and Hendrix 1989). This analysis provided
an estimate of the nitrate concentration of the sample, which was then
used to calculate the volume of sample to be injected for conversion by
bacteria to achieve the desired 5 nmol N for measurement.

2.2.7. Bacterial conversion of nitrate to N2O and measurement

Quantitative conversion of nitrate to N2O is accomplished using a
specific strain of denitrifying bacteria (Pseudomonas chlororaphis, grown,
cultured and harvested at MPIC) which lack N3O reductase activity
(Sigman et al. 2001; Weigand et al. 2016). Sample volumes were
injected to achieve a target nitrogen content of 5 nmol per bacterial vial
using the values calculated via chemiluminescent detection.

Standard protocol in the Martinez-Garcia Laboratory is to use a
nitrate-free bacterial resuspension media buffered to a pH of 6.3 for the
denitrifying bacteria, which is one of several recipes that has been tested
for the denitrifier method (Sigman et al. 2001; Casciotti et al. 2002;
Mecllvin and Casciotti 2011; Weigand et al. 2016). This relatively low-pH
recipe was adopted for persulfate-denitrifier analyses at the MPIC
because it was found to conveniently counter-balance the highly basic
oxidized sample solutions, removing or reducing the need for pH
adjustment after the oxidation step and prior to the denitrifier step.

The bacterial resuspension media consisted of Tryptic Soy Broth
(TSB; 60 g), potassium phosphate monobasic (KH2PO4; 9.8 g), and
ammonium chloride (NH4Cl; 0.8 g). The method is optimized for 3 ml of
media and the potassium persulfate recipe: 0.7 g persulfate and 1 g
NaOH, which is used to oxidize foraminifera samples. The re-suspension
media, buffered at a pH of 6.3, ensures that the pH of the bacterial so-
lution remains between 6.5 to 7.0 upon sample injection, thereby pre-
venting bacterial death, and guaranteeing full conversion of the nitrate
into N»O.

Samples with low nitrate concentration (i.e., samples which had
inherently low N content per mg cleaned powder, small amounts of
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available sample material, or significant sample loss during cleaning)
require injection of a larger sample aliquot that could exceed the buff-
ering capacity of the media. Thus, oxidation blanks and samples
requiring >550 pl injection volume were adjusted by stepwise addition
of 4 N hydrochloric acid to achieve a near-neutral pH of 5-7 to ensure
full conversion during the bacterial step.

Two nitrate reference standards, (IAEA-NO-3, USGS34) were
analyzed at concentrations of 1, 3, 5, and 10 nmols to calculate nitrogen
concentration and calibrate the isotopic composition of samples relative
to air. The 515Nename1 values of each sample is reported vs. air No, by
calibration with IAEA-NO-3 and USGS34 (Weigand et al. 2016).

Oxidation blanks were prepared by combining five individual 1 ml
aliquots of the oxidation solution into a single aliquot, which was then
injected into a bacterial vial. This ensures accurate measurement of ni-
trogen content and nitrogen isotope composition for the oxidation
blanks, which have extremely low nitrogen contents (typically 0.3 to 0.5
nmol/ml).

5'°N values of bacterially converted N,O was measured via gas
chromatography-isotope ratio mass spectrometry (GC-IRMS) on a
purpose-built system for NoO extraction and purification online to a
Thermo Scientific 253 Plus isotope ratio mass spectrometer (see Cas-
ciotti et al. 2002; Mcllvin and Casciotti 2011; Weigand et al. 2016 for
detailed information regarding this setup). Standard N»O gas aliquots at
measurement quantity (5 nmol N) were included throughout each run to
monitor instrumental drift. No significant drift was observed for any of
the analytical runs included in this study.

Tooth enamel samples were analyzed for 8'°Nepamer using the
oxidation-denitrification method at the MPIC in seven batches for all 36
individuals included in the experiment. All samples analyzed for nitro-
gen isotopes were measured in duplicate or triplicate and in separate
batches whenever possible (see Table A2).

2.3. Isotopic notation and blank correction

All isotopic values are reported in the standard delta notation (5),
(parts per thousand, %o). The delta value is given by:

5= (R.\umple

Rsmudard

— Ryundara

) *1000 (€D)]

where R is the ratio of the abundance of N to *N of the sample or
standard. All nitrogen isotope data are reported relative to Air (atmo-
spheric Ny).

Individual analyses are referenced to injections of NyO from a pure
N,O gas cylinder and then standardized using two international nitrate
reference materials IAEA-NO3 (International Atomic Energy Agency,
Vienna, Austria) and USGS34 (The National Institute of Standards and
Technology, Gaithersburg, MD, USA). These standards were used to
calibrate the isotopic scale and allow the reporting of §°N values vs. Air.
Additionally, the data were corrected for the contribution of the blank
using the nitrogen content, and 8'°N values of the oxidation blanks
prepared during oxidation. The blank correction, taking the fraction of
the blank (fy1ank) into account, was calculated as follows:

15 * 515
5 N, measured (f blank {5 N, blank )
f.‘ample

15 _
6 Nyampte =

(2)

where both 5! SNppeasured and 5! SNpjank values were measured directly via
GC-IRMS and

N contenty,,

Jotank = o 3

N content,yeasured

f.mmple =1 7fhlank (4)

Differences in isotopic composition in %o were calculated using the A
notation, where:
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Ay p =8,-8p %)

The precision and accuracy of this correction for the contribution of
the oxidation blank was evaluated using the international reference
materials USGS40 and USGS41. In addition, the precision of the entire
analytical procedure, including the cleaning step, was estimated by
replicate measurements of our in-house coral and enamel standards (see
Section 3.1).

2.4. Measurement of 5'°N values in pelleted feed and soft tissues

Pelleted feeds and soft tissues were analyzed for S1°N (with 8'3C)
using a Costech Elemental Analyzer (ECS 4010) in continuous flow
mode coupled to a Thermo Scientific Delta V Plus isotope ratio mass
spectrometer at the GeoZentrum Nordbayern, Friedrich-Alexander
University Erlangen-Niirnberg, Germany and the Institute for Analyt-
ical and Applied Paleontology, Johannes Gutenberg University Mainz,
Germany. The datasets were corrected for linearity and instrumental
drift with laboratory standards (acetanilide, casein, and urea) which
were calibrated directly against USGS40 and USGS41, and values were
normalized for carbon to Vienna Pee Dee Belemnite (VPDB) and for
nitrogen to atmospheric nitrogen (Air). Precision of the laboratory
standards was better than 0.1 %o for 5!°N values.

2.5. Statistical analyses

Statistical analyses were performed using JMP Version 15.1 and
PAST Version 4.0. Statistical significance was evaluated using a One-
way ANOVA with a Tukey-Kramer post-hoc test, unless otherwise indi-
cated. The significance level was set to 0.05.

3. Results

All results are given in Tables A2 to A4 in the Appendix.

3.1. Blanks, reproducibility and precision

The average nitrogen content of the oxidation blank was 0.36 + 0.07
nmol/ml (n = 15) and of the modern tooth enamel samples from the
feeding experiment was 20.5 + 7.0 nmol/ml (n = 60). Thus, the blank
typically contributed less than 2 % of the total nitrogen content in a
given sample. Due to the low fijank, the majority of the blank corrections
were <0.3 %o but varied depending on fsample in each specific instance
(see Table A3 and A4). Blank corrected inter-batch 515N (& 10) values
for the international standards used to monitor the oxidation process
were -4.6 = 0.3 (n = 20) and 48.2 &+ 0.4 (n = 14), for USGS40 and
USGS41, respectively. Inter-batch precision (+ 10) in !N values were
between 0.3 and 0.5 %o for the coral and tooth enamel in-house stan-
dards across all analytical batches (see Table Al).

3.2. Controlled feeding experiment

3.2.1. Tooth enamel growth

Mean total tooth length for rats was 21.8 &+ 0.7 mm while guinea pig
incisors were slightly longer at 25.5 + 1.0 mm. Mandibular incisors have
been documented to grow at a rate of 0.4-0.6 mm/day in rats and 0.3
mm/day in guinea pigs (Park et al. 2017; Miiller et al. 2015). The
experimental duration was 54 days (after a 5-day acclimatization period
during which the animals also received the experimental food). Thus,
based on documented enamel growth rates for each species, the enamel
in the incisors of the rats is expected to have been completely replaced
(21.6-32.4 mm total growth), while that of the guinea pigs is calculated
to have reached approximately 64 % (16.2 mm total growth) turnover.

3.2.2. Variation of 6" Nnamer values
Mature tooth enamel from experimental animals that received the
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plant-based pellet had the lowest 5'%Nenamer values (6.0 % 0.5 %o), fol-
lowed by insect- (7.1 + 0.6 %o), and meat-based (7.8 + 0.8 %o) diet
groups, and all diet groups differed significantly from one another. This
pattern of relative “trophic spacing” in 615Nenamel values (i.e.,
plant<insect<meat) was consistent within species, with some variation
between species 615Nmamel values depending on which diet was
consumed (Fig. 2; Table 3).

Within species, differences between dietary groups were significant
in several cases (Table 4). In rats, 615Nename1 values of the plant-based
diet group was significantly lower (5.8 + 0.6 %o) than both the insect-
(7.5 + 0.6 %o) and meat-based (8.3 + 0.7) diet groups, which did not
differ significantly from one another. In guinea pigs the plant-and meat-
diet group differed significantly from one another (6.1 + 0.4 %o vs. 7.3 +
0.6 %o).

In both species, the difference in enamel §!°N values between diet
groups (reported as AN diet B - diet A; Table 4) deviated from those
measured between the pellets themselves (reported as Alszeuet B - pellet
A). Overall, enamel 8'°N values of animals fed plant- vs. meat-based
diets (rats = 2.5 %o; guinea pigs = 1.2 %o) did not differ as much as
the pelleted diets (3.4 %o). Differences between the insect- and meat-
based diet group 5"°Nenamel values were comparable for both species
(rats = 0.8; guinea pigs = 0.7) but again smaller than measured differ-
ence between the pelleted diets (2.3 %o). Interestingly, rats fed the in-
sect- vs. plant-based diets differed more (1.7 %o) than guinea pigs on
these same diets (0.5 %o) and exceeded the measured difference in 5!°N
value between the plant- and insect-based pellets (1.1 %o; see Table 4
and Fig. 1).

3.2.3. Diet-to-tissue fractionation in tooth enamel

In this study, enamel was enriched in I5N relative to diet (3.3 + 1.0
%o; range = 1.9-4.9 %o) (Fig. 3). This enrichment differed somewhat
according to both diet and species (Table 3). Comparing diet groups,
AYNenamel.diet Was similar for animals which received breeder, plant-
and insect-based diets (+3.9 %o) but smaller for meat-based diets (+2.3
%o). This pattern is more pronounced in guinea pigs, in which A*Nepa.
mel-diet 1S low in the insect-based diet group (+3.3) compared to rats
(+4.3), and markedly low (+1.8 %o) in the meat-based diet group
(Fig. 4).

3.2.4. Comparison of mature vs. immature enamel

Immature enamel from the root half of the tooth was analyzed from
four individuals in each diet group to evaluate the influence of enamel
maturity/degree of mineralization on 615Nenamel values and N content.
After redox-cleaning, fully mineralized (tip) enamel had a higher ni-
trogen content (5.0 = 1.0 nmol/mg; n = 36) than immature (root)
enamel (4.2 + 0.9 nmol/mg; n = 24; p = 0.006). N content did not differ
significantly between species.

515N values for immature enamel differed significantly (p = 0.0003;
paired t-test) from, but were positively correlated with, those of the
fully-mineralized enamel from the tip half of the tooth (Pearson corre-
lation, r = 0.88; p < 0.001; Fig. 5). In general, immature enamel fol-
lowed the same pattern of trophic enrichment in 5'°Nepamer values
observed in mature enamel (i.e., plant < insect < meat), but with a
smaller diet-to-tissue offset and lower average 5'°Nepamer values (see
Table 3).

Differences in 8'°Nepamel values between mature and immature
enamel were statistically significant for three groups: plant-pellet fed
rats (p = 0.02), plant-pellet fed guinea pigs (p = 0.003), and insect-pellet
fed guinea pigs (p = 0.03) (paired t-test). Mature and immature enamel
from the same individual did not differ significantly in rats fed the
insect-based diet, though there was, on average, a trend towards higher
values in the mature enamel compared to immature enamel. In both
species, for animals that received meat-based diets, mature and imma-
ture enamel did not differ.
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Fig. 2. 8" Nepamel values of mature enamel for rats (A) and guinea pigs (B) by diet. Boxplots show the interquartile range with the median indicated by the solid line
and the mean indicated by “x”. Average 5'%Nenamel values for plant-, insect-, and meat-based diet groups showed the same pattern of relative I5N-enrichment in

both species.

Table 3

515Npeuet values for pelleted feeds and 8'°Nenamel values, A*®Nenamel-diet, and N content (nmol/mg) values for tooth enamel (mature and immature) by taxon and diet

group.”

8" Npelter (%o vs. Air) N Content (nmol/mg) 8'5Nenamel (%o vs. Air) A®Nenamel-diet (%o vs. Air)
Mature Enamel Immature Enamel Mature Enamel Immature Enamel Mature Enamel Immature Enamel
Rat

Breeder 24 +0.1 6.4 (1) 4.3 (1) 6.4 (1) 6.6 (1) +4.0 (1) +4.2 (1)
Plant-based 2.1+0.1 5.0 (1) 4.0+ 0.7 (4 5.8 + 0.6 (6) 5.3+ 0.9(4) +3.7 £ 0.6 (6) +3.2+09#)
Insect-based 3.2+0.1 4.6 + 0.6 (6) 4.7 £1.8(4) 7.5+ 0.6 (6) 6.3 +0.4(4) +4.3 £ 0.6 (6) +3.1 £0.4(4)
Meat-based 55+0.1 5.2+ 0.5 (6) 3.9+ 0.54) 8.3+ 0.7 (6) 7.9+ 0.6 (4) +2.8 £ 0.7 (6) +2.4 £+ 0.6 (4
Guinea Pig
Breeder 4.8 £0.2 - - - - - -
Plant-based 21+0.1 5.7 £ 2.0 (6) 42+1.004) 6.1 + 0.4 (6) 52+ 044 +3.8 £0.4 (6) +3.1 £0.4(4)
Insect-based 3.2+0.1 5.1 + 0.3 (6) 4.8+ 0.7 (4) 6.6 + 0.3 (6) 5.9+ 0.3(4) +3.3 £ 0.3(6) +2.7 £ 0.3 (4
Meat-based 55+0.1 4.7 £ 0.5 (6) 4.0 +£ 0.6 (4) 7.3 £ 0.6 (6) 7.3+ 0.6 (4) +1.8 £ 0.6 (6) +1.8 £ 0.6 (4)
* Average + 1o (n).

3.2.5. Comparison of SN enamer and 515N50ft tissues values Fig. 6).

Soft tissues (liver, kidney, muscle) followed the same N isotope
pattern as enamel, with a AYNiissue-diet €nrichment of ca. 2-6 %o. Liver
was most enriched in !°N, generally followed by kidney and muscle
(Table 5). As expected, soft tissues from animals that received the plant-
based diet had the lowest 8'°N values, animals that received the meat-
based diet had the highest 5'°N values, and animals that received the
insect-based diet had intermediate values.

Measured enamel and soft tissue 5'°N values from the same indi-
vidual were positively correlated (Fig. 6). Correlations between soft
tissue and enamel 5'°N values were similar for liver (Pearson correla-
tion, r = 0.83; p < 0.001), kidney (Pearson correlation, r = 0.82; p <
0.001), and muscle (Pearson correlation, r = 0.76; p < 0.001). Liver had
higher 8'°N values relative to enamel, while kidney and muscle
exhibited slightly lower values.

Regardless of species, animals that received the same diet had similar
55N soft tissue values, with the exception of the insect-based diet. In this
diet group, there was a marked difference between species, which was
most apparent in the liver and kidney. In these tissues, rats were more
enriched in *N (8"*Njiver = 9.0 = 0.4 %0; 8"°N kigney = 7.4 = 0.1 %o) than
guinea pigs (8" Niwer = 7.7 £ 0.1 %0; 8"°N iidney = 5.7 = 0.1 %o) (see

Overall, the offset between the soft tissues of the plant- and meat-
based diet group was between 2 and 3 %o (2.6 + 0.7 %o for liver, 2.9 +
0.2 %o for kidney, 2.2 + 0.3 %o for muscle) for all animals. Within taxa,
the offset in mean 615Nename1 values between these two diet groups were
similar in rats (2.5 %o) but lower (1.2 %o) in guinea pigs compared to soft
tissues (Fig. 7).

In rats, the N enrichment between the soft tissues of animals fed
plant- and insect-based diets were consistently larger (between 1.5 and
2.6 %o) than the offset measured between the pelleted diets (1.1 %o).
However, in guinea pigs the observed differences were slightly lower
than, or comparable to, the offset between the two pellet values (be-
tween 0.6 and 1.2 %o). Differences in 8'°Nepamel values between plant-
and insect-based diet groups (1.7 vs. 0.5 %o for rats and guinea pigs,
respectively) were therefore consistent with those observed in soft tis-
sues for each species (see Fig. 7).

15N enrichment in soft tissues between the insect- and meat-based
diet groups were smaller than the measured 2.3 %o offset between
these two pelleted diets in all tissues and in both species. In the rats, this
reduced spacing (between 0.4 and 0.5 %o) was driven by the relatively
enriched 5'°N values of the insect-based diet group. Spacing between



J.N. Leichliter et al.

Table 4

A" Ngiet p.diet 4 according to sample type and taxon. Statistical results for com-
parison of mean 8'°Nenamer Values according to diet group and taxon. Statistical
significance was determined using One-Way ANOVA for overall significance
with a Tukey-Kramer post-hoc test for pairwise comparisons.

Pelleted Diet Alszellet B - pellet A

Plant vs. Meat 3.4

Plant vs. Insect 1.1

Insect vs. Meat 2.3

Enamel A'Ngiet B - diet A p-value Significance
All < 0.0001 ok
Plant vs. Meat 1.8 < 0.0001

Plant vs. Insect 1.1 0.0007

Insect vs. Meat 0.7 0.03 *
Rat < 0.0001 ok
Plant vs. Meat 2.5 < 0.0001

Plant vs. Insect 1.7 0.0008 x*
Insect vs. Meat 0.8 0.10 NS
Guinea Pig 0.002 i
Plant vs. Meat 1.2 0.015 bl
Plant vs. Insect 0.5 0.16 NS
Insect vs. Meat 0.7 0.071 NS

***significant at p < 0.0001, **significant at p < 0.05, NS: no significance.
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Fig. 3. Mean 5'°N values for pelleted diets (squares) and mature tooth enamel
(diamonds; both species with offset in 5'°N values (A'®Neqamel.diet). Note the
smaller offset for the meat-based diet. Mean (£ 16) 5'°Nename values for rats
(triangles) and guinea pigs (circles) are also plotted and are depicted in more
detail in Fig. 4.

the insect- and meat-based diet groups is similar (0.8 %o) in enamel. In
contrast, the offset between these two diets in the soft tissues of guinea
pigs was larger (between 1.2 and 1.8 %o) than that observed in enamel
(0.7 %o) (see Fig. 7).

4. Discussion

In this study, we measured SlsNenamel values from the tooth enamel
of 37 rodents that received isotopically different diets in a controlled
feeding experiment. These measurements demonstrate that the average
nitrogen concentration in modern tooth enamel (5.0 + 1.0 nmol/mg) is
sufficient for 615Nename1 analyses at sample sizes of > 5 mg, representing
a >100-fold reduction in the amount of material required for traditional
combustion methods. We find that 515Nename1 values reflect the isotopic
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Fig. 4. A"™Nenamel.diet for mature enamel of rats (solid) compared to guinea pigs
(striped) in %o according to diet. Boxplots show the interquartile range with the
median indicated by the solid line and the mean indicated by “x”. Diets are
indicated by color. A®Nenamel-diet Was similar in both species for the plant- and
insect-based diets. A*®Nenamel-diet for the meat-based diet was lower than for the
other diets in both species and is especially low (+1.8 %o) in the herbivorous
guinea pigs.
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Fig. 5. Immature vs. mature 8'°Negame values for rats (triangles) and guinea
pigs (circles) for plant- (green), insect- (yellow), and meat- (red) based diets.
Dashed line represents a 1:1 regression. Error bars represent 16 where repli-
cates were measured. Immature and mature enamel 8'°N values were positively
correlated (y = 0.78x + 1.84; r? = 0.77).

composition and trophic spacing of the experimental diets with a diet-to-
tissue enrichment of ca. 2 to 4 %o. These 8'°Nenamel values correlated
positively with 5 5Nioft tissue values from the same individuals, demon-
strating that nitrogen isotopes in enamel reflect the isotopic composition
of diet in a manner similar to other tissues. Most importantly, 615Nename1
values of animals that received plant- vs. meat-based diets followed a
clear, expected pattern of relative °>N-enrichment, and were statistically
distinguishable from each other regardless of species.

Below we discuss these observations in greater detail. We first
address variation in 515Nenamel values and AlsNenamel-diet according to
diet type. We then examine the differences in 615Nename1 values related
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Table 5 future applications for this method, particularly its use as a novel proxy
Average 5'°N values of liver, kidney and muscle for each taxon and each diet to reconstruct trophic behavior in the fossil record.
group in %o vs. Air.
Pelleted Diet Liver Kidney Muscle 4.1. Variation in 5"°Nnamer values between diet groups
3°N n 35N n 3°N n

The 5'°Nenamel values of mature enamel of all animals reflected diet
Breeder 6.6 1 5.4 1 5.4 1 515N values plus a diet-to-tissue enrichment of ca. 2 to 4 %o in '°N (see
Plant 6.4+ 0.2 6 51+0.1 6 52 +0.1 6 Sections 3.2.2 and 3.2.3), and show a clear shift away from the breeder
Insect 9.0 £ 0.4 5 7.4+0.1 6 6.7 +0.2 6 diets (see Fig. 7). Observed inter-individual variation of 5" Nenamel
Meat 95+0.1 6 79401 6 71401 5 values within diet groups (0.4 to 0.7 %o) was comparable to variation
documented in other tissues by previous feeding experiments (DeNiro

Rat

Guinea Pig

Plant 7.1+ 0.6 6 4.5+ 0.2 6 5.0+ 0.2 6 and Epstein 1981; Caut et al. 2009; Webb et al. 2016) and, more spe-
Insect 7.7 0.1 6 57+0.1 6 6.2+ 0.2 6 cifically, was well within the range of variation (0.3 to 1.8 %o) reported
Meat 93+01 6 7501 6 74401 6 for collagen extracted from bone and dentin (Ambrose and DeNiro 1986;

Webb et al. 2016), the tissues most commonly available for nitrogen
isotope analyses in the fossil record (but see Macko et al. 1999; lacumin
et al. 2006, for analyses of other tissues such as hair in the context of
exceptionally preserved specimens). 8'°Nenamel Values of animals that
received the plant- vs. meat-based diet differed significantly in all cases,
regardless of species, and the pattern of 515Nename1 values between diets

to species (i.e., rats vs. guinea pigs) and degree of enamel maturation.
Next, we explore the relationship between 5" "Nenamel and 8'°Nioft tissue
values measured in the same individuals to further validate the
615Nename1 values as a proxy for diet. Finally, we discuss anticipated
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Fig. 6. Soft tissue 5'°N vs. 615Nenamel values for rats (triangles) and guinea pigs (circles) for plant- (green), insect- (yellow), and meat- (red) based diets. Error bars
represent 1c of replicates measured. Soft tissue and enamel 8'°N values were positively correlated in all cases; regression shown with solid line and equation. Rat soft
tissues were more enriched in °N than guinea pigs, especially in the liver and kidney.
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Fig. 7. 8'°N values of pelleted diets, enamel, and soft tissues of rats and guinea pigs analyzed in this study. The measured §!°N values of the pelleted diets are
indicated with horizontal lines. The measured 5'°N values of the enamel and soft tissues for rats (A) and guinea pigs (B) are indicated with symbols. All diets are color
coded (green = plant, yellow = insect, red = meat, solid gray = rat breeder, gray stripes = guinea pig breeder). Error bars represent + 1c for replicates. Note the
similar pattern of variation in 8'°N values between diet groups across all tissue types.
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followed that expected from the isotopic compositions of the pelleted
feeds (see Figs. 1 and 2).

The observed enrichment in >N from diet to tissue was also in line
with that documented for other (non-enamel) tissues in previous feeding
experiments and ecological studies (DeNiro and Epstein, 1981; Van-
derklift and Ponsard, 2003; McCutchan et al. 2003; Bocherens and
Drucker 2003; Fox-Dobbs et al. 2007; Caut et al. 2009; Krajcarz et al.
2018). However, the animals which received the meat-based diet were a
notable exception; the AlsNenamel_diet of this group was >1 %o lower than
that of animals that received plant- or insect-based diets (see Table 3 and
Fig. 3). This pattern was evident in both species, but was most pro-
nounced in guinea pigs, where AYNenamel-diet 1S only +1.8 %o (as
compared to ~3-4 %o for the two other diets).

One potential explanation for this observation is that complete
enamel turnover (here referring to replacement of the incisor via growth
and mineralization during the experimental period) may not have
occurred in all animals. The total duration of the experiment (i.e., 8
weeks) was designed such that the animal’s mandibular incisors would
completely (rats) or partly (guinea pigs) turn over during the course of
the experiment (see Section 3.2.1). However, if enamel turnover was
incomplete, the enamel formed during the period prior to the experi-
ment (i.e., while the animal received the breeder pellet) contributed to
5'°Nenamer values in the measured samples. In guinea pigs, whose in-
cisors grow at a slower rate than rats, we can be certain that at least some
of the enamel from the tip half of the tooth contained material that grew
before the experiment began. This could have impacted the measured
515Nename1 values for the mature (tip) enamel (see Section 4.3 for dis-
cussion of 8'°N values of mature vs. immature enamel). Interpretation of
8"%Nenamel values for the guinea pigs should thus be made with this in
mind.

In contrast, the rat’s incisors should have re-grown entirely during
the experimental period (see Section 3.2.1). Unless the organic matrix of
tooth enamel is synthesized from a pool of nitrogen in the organism that
is not fully equilibrated with the experimental diet, the tooth enamel of
the rats can be considered to reflect only the experimental diet. As such,
the observed variation in A'™Nepameldiet between rats that received the
insect- and meat-based diets must be driven by additional factors beyond
tissue turnover.

The observed variation in §'°Nepamel values and A'®Nenamel-diet be-
tween animals that received different diets (particularly the rats which
received the insect- and meat-based diets) is instead likely driven by a
combination of factors including, but not limited to, (i) digestive phys-
iology, (ii) consumed protein type, and (iii) enamel maturity. We discuss
each of these factors below in relation to the inter-species and inter-diet
offsets described above.

4.2. Variation in 515Nenamgl values between species

The magnitude of the of inter-species and inter-diet differences in
5"%Nenamel values was not enough to obscure simulated trophic spacing,
and thus does not overly confound the interpretation of the feeding
experiment results, which are straightforward. Still, an exploration of
these differences is warranted, as it helps us examine the mechanisms by
which isotopic differences can be imparted to the organic matter of the
tooth enamel.

4.2.1. Variations in digestive physiology

The digestive physiology of a taxon is known to impact nitrogen
isotope fractionation (Cantalapiedra-Hijar et al., 2015; DeMots et al.,
2010; Robbins et al., 2005; Van Klinken et al., 2002; Sealy et al., 1987)
though the mechanisms that drive this remain elusive. Sponheimer et al.
(2003a) found that the 8'°N values of the hair of herbivores eating
identical diets varied by as much as 3.6 %o and that rabbits had lower
515N values than the larger herbivores in the study. This research sug-
gests that interspecific variations in digestive physiology can lead to
large shifts in 5!°N values.
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The two species of rodents used in this study have known differences
in physiology that may explain some of the observed inter-diet differ-
ences in 8 °Nepamel values. Guinea pigs are strictly herbivorous and thus
well-adapted to diets consisting entirely of plant foods. This is reflected
in their ever-growing, open-rooted (hypselodont, aradicular) premolars
and molars, whose laminate morphology makes them ideal for contin-
uously grinding tough and/or abrasive plant material throughout their
lives (Ungar 2015; Martin et al. 2019). In addition, guinea pigs have a
well-developed caecum that retains digesta for an extended period and
aids in the digestion of nutrient-poor, fibrous plant foods (Wagner and
Manning, 1976; Sakaguchi et al., 1986; Sakaguchi et al. 1987). These
attributes are analogous to the adaptations of larger ruminant and non-
ruminant herbivores.

While rats also possess a well-developed caecum (Baker et al., 1979;
Sakaguchi et al., 1986), they exhibit remarkable dietary flexibility in
comparison to guinea pigs, as is evident by their commensality with
humans. They have a generalist, bunodont dentition, and short digestive
tracts adapted to an omnivorous diet (Baker et al., 1979).

Rodents also engage in caecotrophy to varying degrees. Caecotrophs
selectively retain nitrogen-rich material (esp. microbes) in their caecum
and excrete this material as a special type of feces that is immediately re-
ingested from the anus (Bjornhag and Snipes, 1999). This behavior has
been explicitly demonstrated in rats (Sperber et al. 1983) and guinea
pigs (Holtenius and Bjornhag 1985; Takahashi and Sakaguchi 2006).
Indeed, evidence for microbe-related fatty acids in the body fat of the
experimental animals from this study suggests that the guinea pigs relied
more on this mechanism than did the rats (De Cuyper et al. 2020).
Unknown nitrogen isotope fractionation during metabolism of nutrients
by gut microbes and differential uptake of the resulting microbially-
derived protein could therefore contribute to species differences in
diet-to-tissue fractionation. Specific studies that unravel the different
contributions of microbially transformed dietary nitrogen in rodent
nutrition and related isotope-specific effects of enzymatic protein
digestion are required to resolve such issues.

In summary, given their distinct digestive adaptations and behaviors
(e.g., dentition, digestive efficiency, and caecotrophy), it is possible that
rats and guinea pigs metabolized the plant- and animal- based proteins
in the experimental feeds differently. However, while it is probable that
these variables contributed to the observed inter-species inter-diet dif-
ferences, the specific mechanisms driving the relationship between these
factors and nitrogen isotope fractionation remain poorly understood,
particularly for small mammals.

4.2.2. Variation in protein type

Plant proteins contain fewer essential amino acids than do proteins
derived from animal tissues, and thus dietary amino acids derived from
plants require more “metabolic processing” than do proteins from ani-
mal tissues (Gaebler et al. 1966; Silfer et al. 1992). In contrast, animal
tissue proteins typically originate from endogenous amino acids that
have been transaminated or recycled from protein degradation
(Waterlow 2006). The additional metabolic processing can induce
greater isotopic fractionation during the digestion of plant proteins
compared to animal proteins (Poupin et al. 2011). Therefore, fraction-
ation occurring as a result of plant protein consumption can contribute
more significantly to the trophic effect in nitrogen than fractionation
during animal protein consumption.

Indeed, recent studies have shown that the consumption of plant vs.
animal protein impact AV Niissue-diet Offsets such that nitrogen isotope
discrimination increases when the efficiency of dietary protein utiliza-
tion decreases. Robbins et al. (2005), found support for the hypothesis of
decreasing discrimination with increasing protein quality and Poupin
etal. (2011), determined that A'>N was markedly lower in the tissues of
rats fed animal (milk) proteins compared to those fed plant (soy) pro-
teins. Similarly, Webb et al. (2016) fed pigs isoproteinous diets with
differing relative proportions of either plant-(soy) or animal-(fish)
derived protein and found similar or smaller A Niissue-diet Offsets in most



J.N. Leichliter et al.

tissues (e.g. liver, muscle) with increased animal protein consumption.
Interestingly, Webb et al. (2016) observed larger AlsNtissue_diet offsets in
bone collagen of the same animals with increased animal consumption.
These studies highlight the fact that differences in the amino acid
composition of consumed proteins and/or differences in how amino
acids are routed through the body, influence A°N.

The pattern of fractionation observed in animals that received the
meat-based pellet in this experiment (relative to those which received
the plant-based pellet) (Fig. 7) is consistent with both the mechanism
proposed above and the results from Poupin et al. (2011). In particular,
the rats, which are both omnivorous, and which should not be affected
by incomplete tissue turnover, had a AP Niissue-diet Offset of 2.8 %o on the
meat diet, 1 %o lower than the 3.8 %o offset observed for rats on the plant
diet.

We have thus far excluded the insect-based diet from direct com-
parison in evaluating these mechanisms because the comparison be-
tween plant- and meat-consumption is better constrained for nitrogen.
However, the animals that received the insect diet also exhibited
interesting variation in 5'%Nenamel values and may provide further
insight into the importance of protein type for these rodents. In the
guinea pigs from this study, for example, the 615Nename1 values for the
insect- and plant-based diet groups did not differ significantly. This lack
of significant difference is arguably unsurprising considering (i) the
probable incomplete turnover of enamel in guinea pigs, (ii) the degree of
individual variation within dietary groups (0.4-0.7 %o), (iii) the current
precision of the method for tooth enamel (0.5 %o), and (iv) the relatively
small isotopic difference between the plant- and insect-based diets (i.e.,
1.1 %o; see Fig. 1). Under these conditions, this small isotopic difference
is probably insufficient, per se, to result in significant differences be-
tween these dietary groups.

It is therefore interesting that 615Nename1 values for rats in the insect-
based diet group were significantly higher than those in the plant-based
diet group. Compellingly, the soft tissues of rats that received the insect-
based diet also evidence high 5'°N values relative to the spacing be-
tween the pelleted diets and to the guinea pigs (see Fig. 7). Hence, the
fact that similar patterns are evident in both the rats’ soft tissue and
enamel 5!°N values highlights the fact that the 5'°Nenamel values likely
reflect a general dietary fractionation, rather than some enamel-specific
effect. Despite the potential confounding factor of slower tissue turnover
time, one might expect that this pattern would also be observed in the
tissue of the guinea pigs, but no such similarity is observed here. We can
rule out the possibility that chitin (the primary component in the exo-
skeletons of insects and typically very depleted in '°N relative to insect
soft tissues; Webb et al. 1998; Schimmelmann, 2011) plays a role in
these differences, as chitin is removed in the protein extraction process
used to produce the insect meal used in the insect pellet. Perhaps the
inter-specific variability in 8!°N values between the rats and guinea pigs
that received the insect-based diet reflects the effects of taxon-specific
digestive physiology (omnivore vs. herbivore) and thereby protein
bioavailability.

Nevertheless, even if these weakly-constrained processes are
responsible for the inter-species differences observed in this study, their
confounding effects are not large enough to overprint the differences
induced by the feeding experiment, underlining the strength of
SlsNenamel values as a dietary proxy. The clear, consistent, and statisti-
cally significant difference between plant- vs. meat-based diets in both
taxa emphasize the utility of 5" Nenamel values in identifying meat con-
sumption, even in instances where it makes up a relatively small (i.e., <
25 %, this study) proportion of the diet.

4.3. Enamel turnover and effect of maturation stage on 515Nenamgl values

Enamel from the most recently formed part of the tooth (i.e., the
actively growing open root) might be expected to best reflect the
experimental diet, particularly in the case of the guinea pigs, in which
enamel turnover was likely incomplete. However, enamel from the root
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half of rodent teeth is poorly mineralized and differs in composition
from fully mineralized, mature enamel towards the tip (Robinson et al.
1995; Lacruz et al. 2017), which may impact 615Nename1 values. These
considerations motivated our investigation of immature enamel for ni-
trogen isotope analyses.

Mature tooth enamel consists of ~95 % mineral (predominantly
hydroxyapatite), ~2-4 % water, and ~1-2 % organic matter by weight
(Lacruz et al. 2017). The crystal structure of the enamel consists of many
millions of nearly identical, highly ordered crystals of calcium hy-
droxyapatite with extraneous mineral components such as carbonate
and magnesium. The outer enamel layer in some rodent taxa, including
the rats in this study, is rich in iron, which gives the teeth a characteristic
orange color (Robinson et al. 1995). In contrast, immature tooth enamel
is comprised of a soft, partially mineralized tissue (~30 % mineral wt. at
initial secretion) that is predominantly organic material and water
(Deakins 1942; Robinson et al., 1977, 1995; Lacruz et al. 2017).

The differences in mineralization between mature and immature
enamel can be observed in the N content of enamel from the tip vs. root
halves of the incisors of the experimental animals (see Table 3). After
redox cleaning, total material loss was greater for root (30-40 %)
compared to tip (15-25 %) enamel, and the N content (per mg) of the
root enamel was consistently lower than that of the tip enamel (4.2 + 0.9
vs. 5.0 + 1.0 nmol/mg, respectively). Taken together these observations
suggest that the organic matter in poorly-mineralized enamel is less
“protected” from oxidation by mature hydroxylapatite crystals and is
thus more readily mobilized and removed during the cleaning process.

Mature and immature enamel showed interesting differences in 5'°N
values as well. 51°N values for mature enamel were typically higher than
immature enamel in both species and for most diet groups (by 0.6 + 0.4
%o; see Table 3). The only exceptions were the guinea pigs that received
the meat-based pellet and the rat that received only the breeder pellet. In
both of these cases mature and immature 5!°N values were essentially
identical. The pattern of lower 5'°Nenamel values in immature enamel for
the rest of the diets is unexpected if the newly formed enamel is
approaching equilibrium with the experimental diets. We would antic-
ipate, for instance, that enamel from the root half of the tooth in both
taxa, but most especially in the guinea pigs (in which tip enamel con-
tains some pre-experimental enamel), would be higher for the animals
that received the insect- and meat-based pellets, reflecting a continued
shift towards diet 8'°N values, but in fact the opposite trend is observed.

The difference between mature and immature enamel is likely
related to differences in the composition of the organic matter itself,
which in turn depends on the degree of maturation of the enamel.
Immature enamel consists primarily of organic matter, specifically
extracellular matrix proteins (EMPs; i.e., amelogenin, ameloblastin and
enamelin) that are enamel-specific and play important roles in enamel
formation (enamelogenesis) (Robinson et al., 1978). This partially
mineralized enamel is rich in the amino acids proline, glutamic acid, and
histidine (Robinson et al. 1995). The prevalence of these amino acids
drops sharply just before the opaque boundary. As enamel matures, the
organic matrix that shapes and facilitates mineralization is largely
degraded and proteolytically removed (Lacruz et al. 2017). Thus, the
organic matter in mature enamel is comprised of the remnants of EMPs
that contribute to enamel’s unique biomechanical properties (i.e., hard
but resistant to fracture) as well as enamel-specific proteases (i.e.,
MMP20 and KLK4) (Robinson et al. 1995; Castiblanco et al. 2015; Lacruz
et al. 2017; Welker et al. 2020). In mature enamel, the dominant amino
acid is glycine, and aspartic acid and serine are also present (Robinson
et al. 1995). We propose that the process of protein degradation may
preferentially remove lighter '*N, leaving the residual extracellular
organic matrix enriched in '°N relative to organic matter in immature
enamel. This argument is supported by studies that have shown that
several metabolic processes, including the deamination, transamination,
and hydrolysis of proteins are associated with isotope fractionation and
contribute to >N accumulation in tissues (Macko et al. 1986; Silfer et al.
1992; Martinez Del Rio et al., 2009; Reitsema 2013; Poupin et al. 2014).
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Similarly, the tissues of individuals are elevated in '°N during fasting
periods or episodes of negative nitrogen or energy balances, because
tissues are catabolized to sustain metabolic function (Hobson et al.
1993; Barboza and Parker 2006; Mekota et al., 2006), but these pro-
cesses can be ruled out here as animals were fed ad libitum.

Our data suggest that a combination of incomplete growth of enamel
during the experimental period as well as effects related to the maturity
of the tissue, likely impacted the 5'°Nenamel values in this study. While
additional sample sets would be helpful to confirm whether the observed
15N enrichment in mature compared to immature enamel is consistent,
our data again indicate that these trends do not overprint the original
dietary signal. 5'°Nenamel values of immature enamel follow the same
pattern of “trophic” enrichment (plant < insect < meat) as mature
enamel, and animals that consumed plant- vs. meat-based diets are
clearly distinguishable (see Fig. 5). Moreover, we anticipate that most
future applications of the oxidation-denitrification method to tooth
enamel will focus on mature enamel, in which the issue of potential
variation in 5!°N values due to differences in enamel maturity does not
arise.

4.4. Comparison of 51 Nenamet t0 515N50ﬁ dissue values

The comparison of enamel to soft tissue 5'°N values confirms that
§'"Nenamel values record the isotopic composition of diet in a manner
similar to that of more commonly measured types of tissues analyzed
with traditional combustion methods. Overall, our measured ANy
tissue-diet €nrichment of 1.1-6.1 %o agrees well with published data from
other controlled feeding experiments which document fractionations
between 2 to 6 %o (mean = 3.5 %o; Caut et al. 2009 and references
therein). Fractionation for liver (4.5 + 0.7 %o) is larger compared to the
kidney (2.7 + 0.8 %o) and muscle (2.7 & 0.7 %o) and these enrichments
are in line with available data for these tissues in rodents (Arneson and
MacAvoy, 2005; DeNiro and Epstein, 1981; MacAvoy et al., 2005). Thus,
the observed A'®Nenamel-diet €nrichment of 2 to 4 %o falls within the range
documented for other tissues, suggesting similar diet-to-tissue fraction-
ation in enamel.

In both rats and guinea pigs, we found a positive correlation (Pear-
son’s correlation coefficients 0.76-0.83) in 8'°N values between enamel
and all measured soft tissue types (see Fig. 6). These correlations indi-
cate that the organic matter preserved in enamel reflects diet-related
515N values in a manner similar to soft tissues from the same individ-
ual and is therefore capable of differentiating trophic level. It is not
unexpected that the regressions do not reflect a perfect 1:1 relationship,
because fractionation is not anticipated to be identical across different
tissues. Indeed, tissue-specific nitrogen isotope fractionation is well-
documented even within the same population (Kelly, 2000; Pearson
et al., 2003; Vander Zanden et al., 2015). The tissues measured in this
study are comprised of different proteins, that turn over at different
rates, and fulfill different physiological and structural roles in the body
(MacAvoy et al. 2006; Phillips and Eldridge 2006; Waterlow, 2006;
Boecklen et al., 2011; Caut et al., 2008). Of particular relevance to this
study, Lueders-Dumont et al. (2018), observed a similar correlation
between the 5!°N values of fish otoliths - measured using a version of the
oxidation-denitrification method employed here - and muscle from the
same individual.

Promisingly, patterns observed in 615Nename1 values are also present
in soft tissue 8'°N values. This is particularly apparent in the case of the
rats that received the insect-based diet, where the relative spacing of the
tissues differs from that observed in the pelleted diets. This is further
evidence that the same factors (e.g., digestive physiology and protein
type; see Section 4.2) that control soft tissue 5!°N values also affect
8'%Nenamel values and that the organic matter preserved in tooth enamel
reflects the nitrogen that is bio-available to the organism. Crucially, the
separation between plant- and meat-based diets is both seen in the tis-
sues and is preserved at a significant level in the enamel-bound organic
matter. Given that the 615Nename1 values clearly evidences a pattern
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similar to that observed in the soft tissues of our experimental animals,
we have confidence that 615Nenamel values in the mature tooth enamel
records an interpretable diet-related signal that is consistent with what
is known about the fractionation behavior of nitrogen isotopes in well-
constrained trophic systems.

4.5. Future applications of TN enamet analysis

The results of this feeding experiment clearly demonstrate that the
nitrogen isotope composition of organic matter bound in tooth enamel
records dietary information and can be used as a trophic proxy under
controlled experimental conditions. Large-scale ecological studies of
nitrogen isotopes of animal tissues document a typical enrichment of 3-4
%o between trophic levels in natural food webs (Minagawa and Wada,
1984; Schoeninger, 1985; Schoeninger and DeNiro 1984; Sealy et al.,
1987; Fry 1988; Caut et al. 2009); the results reported here suggest that
this information is also recorded in tooth enamel (i.e., recorded in the
organic matter of tooth enamel; 615Nenamel values).

However, ecological studies have also shown that the 5'°N values of
animal tissues vary not only as a result of diet composition, but also
according to aridity, altitude, and soil composition. These variables play
important roles in the nitrogen cycle and can impact the 5'°N values of
animal’s tissues such that trophic signals are potentially obscured
(Heaton et al. 1986; Sealy et al., 1987; Ambrose 1991; Amundson et al.,
2003; Mannel et al. 2007; Hartman 2011; Loudon et al. 2016). It is
therefore necessary to determine whether a trophic/dietary signal is
preserved 615Nenamel values in complex natural ecosystems that are
additionally impacted by ecological variables. To test this, we have
analyzed tooth enamel from wild animals belonging to different trophic
levels (e.g., herbivores, omnivores, and carnivores) for which we have
complementary bone collagen 5'°N data using the method outlined in
this paper. The results of these analyses indicate that 5'%Nenamel values in
natural ecosystems also preserve a trophic signal and are the focus of a
future publication.

The logical next step is to employ the method in the analyses of fossil
tooth enamel. Validating and interpreting the results of such analyses
necessarily depend on whether or not the original organic matter pre-
sent in the enamel matrix during tooth formation is sufficiently pre-
served in fossil tooth enamel to record an interpretable nitrogen isotope
signal. In this study, preliminary results of 615Nename1 analyses of three
Plio-Pleistocene teeth (see Appendix Al) subjected to reductive-
oxidative cleaning yielded N contents and 5!°N values consistent with
the removal of exogenous N. These first results are comparable to those
obtained in studies of marine fossils including shark tooth enameloid
(Kast et al. 2016), fish otoliths (Lueders-Dumont et al. 2018), and corals
(Wang et al. 2014), and suggest that endogenous nitrogen may be
similarly preserved in fossil enamel. While these results are encouraging,
rigorous testing is required to determine if fossil 8'°Nenamer values pre-
serve an interpretable trophic signal. This would best be done using
material from a relatively young, well-characterized fossil assemblage
for which the 5!°N baseline values and the trophic dynamics of the
system have already been established.

Promisingly, recent efforts to recover ancient proteins in fossil tooth
enamel have verified the preservation of endogenous, enamel-specific
proteins and proteases, similar to those found in modern tooth
enamel, in the teeth of fauna - including hominin species - as old as 1.77
Ma (Cappellini et al., 2019; Welker et al., 2020). Additionally, Welker
et al. (2020), confirm that the dental enamel proteome preserves better
than that of bone and dentin over geological timescales. This finding is
significant, as degradation of the organic matter in bone and dentin and
the low organic content of tooth enamel have long prevented nitrogen
isotope analysis of fossil material older than 120,000 years (Britton
etal., 2012 and Ostrom et al., 1993, 1994). The presented method could
also be of great importance even for relatively young archeological/
paleontological sites situated within non-favorable climatic zones,
where weathering often results in the degradation of bone and dentin



J.N. Leichliter et al.

(and a concomitant loss of collagen), but enamel remains well-preserved
(e.g., Bourgon et al. 2020).

Another important aspect of the oxidation-denitrification method is
that it requires only 5 mg of enamel. This analytical improvement makes
feasible the measurement of 5'°N values in precious material for which
sample material is limited and can complement existing 5'0 and §'3C
datasets. Thus, if the resilience of endogenous enamel-bound nitrogen to
diagenetic processes can be shown, this method has the potential to
significantly improve our understanding of the dynamics of extant and
ancient food webs, especially in taxa whose dietary behavior is not
immediately apparent from tooth morphology. For example, we know
that our early human ancestors began incorporating meat into their diet
at some point during the Plio-Pleistocene (Blumenschine and Pobiner,
2007; Bunn, 2006), but this is difficult to infer from the evolution of
their tooth morphology alone (Zink and Lieberman 2016). While stable
carbon isotope analysis of the bioapatite in tooth enamel have signifi-
cantly advanced our understanding of the vegetation consumed by (or
consumed by the prey of) early hominins (Lee-Thorp et al. 2010; Ungar
et al., 2011; Cerling et al. 2013; Sponheimer et al. 2013; Liidecke et al.
2018), we cannot glean much information about their trophic behavior
from this proxy alone. Instead, we must infer meat consumption from
the appearance of stone tools and butchered animal remains in the
archeological record (Braun et al. 2010; McPherron et al. 2010;
Thompson et al. 2015). Provided that endogenous organic matter is
preserved in fossil enamel, as observed by Welker et al. (2020) in two
hominin teeth from different localities and of different ages, 5" Nenamel
measurements of early hominin teeth can provide an independent
constraint on the intensification of animal resource consumption across
the geological record.

5. Conclusion

In this study, we present the results of a novel application of the
oxidation-denitrification method for tooth enamel. We demonstrated
that we require <5 mg of enamel in order to measure the 515N values of
the organic matter bound in tooth enamel (8"°Nepamel) With a precision
of 0.5 %o. This represents more than a hundred-fold increase in sensi-
tivity compared to traditional combustion methods.

The results of our controlled feeding experiment confirm that the
nitrogen isotope composition of enamel reflects diet (with a diet-to-
tissue enrichment of ca. 2 to 4 %o), and that differences in diet are pre-
served across different taxa. We found that the 8'°Nepamel values of an-
imals that received a plant-based diet were consistently lower than those
of animals that received a meat-based diet. Significantly, 615Nmame1
values were positively correlated with 8" Nsoft tissue (liver, kidney, and
muscle) values from the same individuals, indicating that fractionation
processes that impact the organic matter of tooth enamel are similar to
those of other, well-studied and commonly-measured soft tissues. As
such, our results demonstrate that 615Nenam51 values have important
applications as a dietary and trophic proxy in modern contexts, and also
that they have the potential to significantly improve upon currently
available methods for the measurement of nitrogen isotopes in the fossil
record (i.e., 515N values of well-preserved collagen from dentin or bone).

This method opens new avenues of research for reconstructing
(paleo) food webs and investigating the trophic ecology of extant and
extinct taxa. Immediate experiments should focus on rigorously
demonstrating the preservation of trophic signals in ancient ecosystems.
Providing this can be done, we may be able to more precisely charac-
terize the dietary behavior of taxa which lived in ancient trophic systems
(e.g., synapsids, dinosaurs) or which lacked highly derived dental
morphology (e.g., animals with homodont dentition). This new proxy
also has the potential to help delineate major transitions in the dietary
behavior of particular lineages (e.g. the transition to meat-eating in
early hominins). Identifying the timing and scope of the latter event
would represent a milestone in our understanding of early human evo-
lution. In combination with recent advances in our understanding of
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paleoclimate and paleodiet during the Plio-Pleistocene, 615Nename1
analysis may offer a complementary, independent line of evidence for
investigating dietary behavior in the past.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.chemgeo.2020.120047.

Author contributions

Conceptualization: JL, TL, MC, TT and AMG.

Methedology: Feeding Experiment DW, TT and MC; Experimental
design for the analysis of enamel N isotopes: JL, TL, ND and AMG.

Formal analysis: JL and TL with support from AF, ND and AMG.

Writing - original draft: JL and TL. Writing - review & editing: JL, TL,
AF, MC, DS, TT and AMG.

All authors contributed to the interpretation of the data at different
stages of the project and provided input to the final manuscript.

Declaration of Competing Interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Acknowledgements

This project has been funded by the Max Planck Society (MPG), the
European Research Council (ERC) under the European Union’s Horizon
2020 Research and Innovation Programme (Grant Agreement 681450)
(ERC Consolidator Grant Agreement to Thomas Tiitken); and the Deut-
sche Forschungsgemeinschaft Grant (DFG) LU 2199/1-2 to Tina
Liidecke. We thank O. Kullmer, F. Schrenk and the Cultural & Museum
Centra Karonga (Malawi) for access to the Chiwondo Bed fossil
specimens.

References

Ambrose, S.H., 1991. Effects of diet, climate and physiology on nitrogen isotope
abundances in terrestrial foodwebs. J. Archaeol. Sci. 18, 293-317. https://link
inghub.elsevier.com/retrieve/pii/030544039190067Y.

Ambrose, S.H., 2002. Controlled diet and climate experiments on nitrogen isotope ratios
of rats. In: Biogeochemical Approaches to Paleodietary Analysis, pp. 243-259.

Ambrose, S.H., DeNiro, M.J., 1986. The isotopic ecology of East African mammals.
Oecologia 69, 395-406.

Amundson, R., Austin, A.T., Schuur, E.A.G., Yoo, K., Matzek, V., Kendall, C.,

Uebersax, A., Brenner, D., Baisden, W.T., 2003. Global patterns of the isotopic
composition of soil and plant nitrogen. Global Biogeochem. Cycles 17. https://doi.
org/10.1029/2002GB001903.

Arneson, L.S., MacAvoy, S.E., 2005. Carbon, nitrogen, and sulfur diet-tissue
discrimination in mouse tissues. Can. J. Zool. 83, 989-995. https://doi.org/
10.1139/z05-083.

Baker, H.J., Lindsey, J.R., Wesibroth, S.H., 1979. The Laboratory Rat: Biology and
Diseases. Elsevier.

Balter, V., Braga, J., Télouk, P., Thackeray, J.F., 2012. Evidence for dietary change but
not landscape use in South African early hominins. Nature 489, 558-560. http://
www.nature.com/doifinder/10.1038/nature11349.

Balter, V., Martin, J.E., Tacail, T., Suan, G., Renaud, Sabrina, Girard, C., Renaud, S, 2019.
Geochemical Perspectives Letters. Eur. Assoication Geochemistry 10, 36-39. https://
doi.org/10.7185/geochemlet.1912i.

Barboza, P.S., Parker, K.L., 2006. Body protein stores and isotopic indicators of N balance
in female reindeer (Rangifer tarandus) during winter. Physiol. Biochem. Zool. 79,
628-644. https://pubmed.ncbi.nlm.nih.gov/16691528.

Bjornhag, G., Snipes, R.L., 1999. Colonic separation mechanism in lagomorph and rodent
species - A comparison. Zoosystematics Evol. 75, 275-281. https://doi.org/10.1002/
mmnz.19990750208.

Blumenschine, R.J., Pobiner, B.L., 2007. Zooarchaeology and the ecology of Oldowan
hominin carnivory. In: Evolution of the human diet: the known, the unknown, and
the unknowable, pp. 167-190.

Bocherens, H., 2015. Isotopic tracking of large carnivore palaeoecology in the mammoth
steppe. Quat. Sci. Rev. 117, 42-71.

Bocherens, H., Drucker, D., 2003. Trophic level isotopic enrichment of carbon and
nitrogen in bone collagen: Case studies from recent and ancient terrestrial
ecosystems. Int. J. Osteoarchaeol. 13, 46-53.

Boecklen, W.J., Yarnes, C.T., Cook, B.A., James, A.C., 2011. On the Use of Stable Isotopes
in Trophic Ecology. Annu. Rev. Ecol. Evol. Syst. 42, 411-440. https://doi.org/
10.1146/annurev-ecolsys-102209-144726.


https://doi.org/10.1016/j.chemgeo.2020.120047
https://doi.org/10.1016/j.chemgeo.2020.120047
https://linkinghub.elsevier.com/retrieve/pii/030544039190067Y
https://linkinghub.elsevier.com/retrieve/pii/030544039190067Y
http://refhub.elsevier.com/S0009-2541(20)30586-6/rf0010
http://refhub.elsevier.com/S0009-2541(20)30586-6/rf0010
http://refhub.elsevier.com/S0009-2541(20)30586-6/rf0015
http://refhub.elsevier.com/S0009-2541(20)30586-6/rf0015
https://doi.org/10.1029/2002GB001903
https://doi.org/10.1029/2002GB001903
https://doi.org/10.1139/z05-083
https://doi.org/10.1139/z05-083
http://refhub.elsevier.com/S0009-2541(20)30586-6/rf0025
http://refhub.elsevier.com/S0009-2541(20)30586-6/rf0025
http://www.nature.com/doifinder/10.1038/nature11349
http://www.nature.com/doifinder/10.1038/nature11349
https://doi.org/10.7185/geochemlet.1912&iuml;
https://doi.org/10.7185/geochemlet.1912&iuml;
https://pubmed.ncbi.nlm.nih.gov/16691528
https://doi.org/10.1002/mmnz.19990750208
https://doi.org/10.1002/mmnz.19990750208
http://refhub.elsevier.com/S0009-2541(20)30586-6/rf3300
http://refhub.elsevier.com/S0009-2541(20)30586-6/rf3300
http://refhub.elsevier.com/S0009-2541(20)30586-6/rf3300
http://refhub.elsevier.com/S0009-2541(20)30586-6/rf0045
http://refhub.elsevier.com/S0009-2541(20)30586-6/rf0045
http://refhub.elsevier.com/S0009-2541(20)30586-6/rf0050
http://refhub.elsevier.com/S0009-2541(20)30586-6/rf0050
http://refhub.elsevier.com/S0009-2541(20)30586-6/rf0050
https://doi.org/10.1146/annurev-ecolsys-102209-144726
https://doi.org/10.1146/annurev-ecolsys-102209-144726

J.N. Leichliter et al.

Bourgon, N., Jaouen, K., Bacon, A.M., Jochum, K.P., Dufour, E., Duringer, P., Ponche, J.
L., Joannes-Boyau, R., Boesch, Q., Antoine, P.O., Hullot, M., Weis, U., Schulz-
Kornas, E., Trost, M., Fiorillo, D., Demeter, F., Patole-Edoumba, E., Shackelford, L.L.,
Dunn, T.E., Zachwieja, A., Duangthongchit, S., Sayavonkhamdy, T.,
Sichanthongtip, P., Sihanam, D., Souksavatdy, V., Hublin, J.J., Tiitken, T., 2020.
Zinc isotopes in Late Pleistocene fossil teeth from a Southeast Asian cave setting
preserve paleodietary information. Proc. Natl. Acad. Sci. U. S. A. 117, 4675-4681.

Braman, R.S., Hendrix, S.A., 1989. Nanogram nitrite and nitrate determination in
environmental and biological materials by vanadium(III) reduction with
chemiluminescence detection. Anal. Chem. 61, 2715-2718. https://pubs.acs.org/sh
aringguidelines.

Braun, D.R., Harris, JJW.K., Levin, N.E., McCoy, J.T., Herries, A.L.R., Bamford, M.K.,
Bishop, L.C., Richmond, B.G., Kibunjia, M., 2010. Early hominin diet included
diverse terrestrial and aquatic animals 1.95 Ma in East Turkana, Kenya. Proc. Natl.
Acad. Sci. U. S. A. 107, 10002-10007.

Britton, K., Gaudzinski-Windheuser, S., Roebroeks, W., Kindler, L., Richards, M.P., 2012.
Stable isotope analysis of well-preserved 120,000-year-old herbivore bone collagen
from the Middle Palaeolithic site of Neumark-Nord 2, Germany reveals niche
separation between bovids and equids. Palaeogeogr. Palaeoclimatol. Palaeoecol.
333-334, 168-177. https://doi.org/10.1016/j.palaeo.2012.03.028.

Bunn, H.T., 2006. Meat made us human. In: Evolution of the human diet: the known, the
unknown, and the unknowable, pp. 191-211.

Cantalapiedra-Hijar, G., Ortigues-Marty, 1., Sepchat, B., Agabriel, J., Huneau, J.F.,
Fouillet, H., 2015. Diet-animal fractionation of nitrogen stable isotopes reflects the
efficiency of nitrogen assimilation in ruminants Expt 1 (beef cattle). Br. J. Nutr. 113,
1158-1169. https://doi.org/10.1017/5S0007114514004449.

Cappellini, E., Welker, F., Pandolfi, L., Ramos-Madrigal, J., Samodova, D., Riither, P.L.,
Fotakis, A.K., Lyon, D., Moreno-Mayar, J.V., Bukhsianidze, M., Rakownikow Jersie-
Christensen, R., Mackie, M., Ginolhac, A., Ferring, R., Tappen, M., Palkopoulou, E.,
Dickinson, M.R., Stafford, T.W., Chan, Y.L., Gotherstrom, A., Nathan, S.K.S.S.,
Heintzman, P.D., Kapp, J.D., Kirillova, I., Moodley, Y., Agusti, J., Kahlke, R.D.,
Kiladze, G., Martinez-Navarro, B., Liu, S., Sandoval Velasco, M., Sinding, M.H.S.,
Kelstrup, C.D., Allentoft, M.E., Orlando, L., Penkman, K., Shapiro, B., Rook, L.,
Dalén, L., Gilbert, M.T.P., Olsen, J.V., Lordkipanidze, D., Willerslev, E., 2019. Early
Pleistocene enamel proteome from Dmanisi resolves Stephanorhinus phylogeny.
Nature 574, 103-107. https://doi.org/10.1038/541586-019-1555-y.

Casciotti, K.L., Sigman, D.M., Hastings, M.G., Bohlke, J.K., Hilkert, A., 2002.
Measurement of the oxygen isotopic composition of nitrate in seawater and
freshwater using the denitrifier method. Anal. Chem. 74, 4905-4912.

Castiblanco, G.A., Rutishauser, D., Ilag, L.L., Martignon, S., Castellanos, J.E., Mejia, W.,
2015. Identification of proteins from human permanent erupted enamel. Eur. J. Oral
Sci. 123, 390-395. https://doi.org/10.1111/e0s.12214.

Caut, S., Angulo, E., Courchamp, F., 2008. Discrimination factors (AN and A'3C) in an
omnivorous consumer: effect of diet isotopic ratio. Funct. Ecol. 22, 284-288.

Caut, S., Angulo, E., Courchamp, F., 2009. Variation in discrimination factors (AISN and
A3C): The effect of diet isotopic values and applications for diet reconstruction.

J. Appl. Ecol. 46, 443-453.

Cerling, T.E., Manthi, F.K., Mbua, E.N., Leakey, L.N., Leakey, M.G., Leakey, R.E.,
Brown, F.H., Grine, F.E., Hart, J.A., Kaleme, P., Roche, H., Uno, K.T., Wood, B.A.,
2013. Stable isotope-based diet reconstructions of Turkana Basin Hominins. Proc.
Natl. Acad. Sci. U. S. A. 110, 10501-10506.

Chu, N.C., Henderson, G.M., Belshaw, N.S., Hedges, R.E.M., 2006. Establishing the
potential of Ca isotopes as proxy for consumption of dairy products. Appl. Geochem.
21, 1656-1667.

Clementz, M.T., 2012. New insight from old bones: stable isotope analysis of fossil
mammals. J. Mammal. 93, 368-380.

Costas-Rodriguez, M., Van Heghe, L., Vanhaecke, F., 2014. Evidence for a possible
dietary effect on the isotopic composition of Zn in blood via isotopic analysis of food
products by multi-collector ICP-mass spectrometry. Metallomics 6, 139-146.

De Cuyper, A., Winkler, D., Tiitken, T., Janssens, G.P.J., Clauss, M., 2020. Fatty acids of
microbial origin in the perirenal fat of rats (Rattus norvegicus domestica) and Guinea
Pigs (Cavia porcellus) fed various diets. Lipids 55, 341-351. https://onlinelibrary.wil
ey.com/doi/abs/10.1002/lipd.12240.

Deakins, M., 1942. Changes in the ash, water, and organic content of pig enamel during
calcification. J. Dent. Res. 21, 429-435.

DeMots, R.L., Novak, J.M., Gaines, K.F., Gregor, A.J., Romanek, C.S., Soluk, D.A., 2010.
Tissue-diet discrimination factors and turnover of stable carbon and nitrogen
isotopes in white-footed mice (Peromyscus leucopus). Can. J. Zool. 88, 961-967.
https://doi.org/10.1139/Z10-063.

DeNiro, M.J., Epstein, S., 1981. Influence of diet on the distribution of nitrogen isotopes
in animals. Geochim. Cosmochim. Acta 45, 341-351.

Fox-Dobbs, K., Bump, J.K., Peterson, R.O., Fox, D.L., Koch, P.L., 2007. Carnivore-specific
stable isotope variables and variation in the foraging ecology of modern and ancient
wolf populations: case studies from Isle Royale, Minnesota, and La Brea. Can. J. Zool.
85, 458-471.

Fry, B., 1988. Food web structure on Georges Bank from stable C, N, and S isotopic
compositions. Limnol. Oceanogr. 33, 1182-1190.

Gaebler, O.H., Vitti, T.G., Vukmirovich, R., 1966. Isotope effects in metabolism of 14N
and 15N from unlabeled dietary proteins. Can. J. Biochem. 44, 1249-1257. http://
www.nrcresearchpress.com/doi/10.1139/066-142.

Gehler, A, Tiitken, T., Pack, A., 2012. Oxygen and carbon isotope variations in a modern
rodent community - implications for palaeoenvironmental reconstructions. PLoS One
7, 16-27.

Hare, E.P., Fogel, M.L., Stafford, T.W., Mitchell, A.D., Hoering, T.C., 1991. The isotopic
composition of carbon and nitrogen in individual amino acids isolated from modern
and fossil proteins. J. Archaeol. Sci. 18, 277-292.

14

Chemical Geology 563 (2021) 120047

Hartman, G., 2011. Are elevated 8'°N values in herbivores in hot and arid environments
caused by diet or animal physiology? Funct. Ecol. 25, 122-131. https://doi.org/
10.1111/§.1365-2435.2010.01782.x.

Heaton, T.H.E., Vogel, J.C., Von La Chevallerie, G., Collett, G., 1986. Climatic influence
on the isotopic composition of bone nitrogen. Nature 322, 822-823.

Heuser, A., Tiitken, T., Gussone, N., Galer, S.J.G., 2011. Calcium isotopes in fossil bones
and teeth - Diagenetic versus biogenic origin. Geochim. Cosmochim. Acta 75,
3419-3433.

Hilderbrand, G.V., Farley, S.D., Robbins, C.T., Hanley, T.A., Titus, K., Servheen, C., 1996.
Use of stable isotopes to determine diets of living and extinct bears. Can. J. Zool. 74,
2080-2088. http://www.nrcresearchpress.com/doi/10.1139,/296-236.

Hobson, K.A., Alisauskas, R.T., Clark, R.G., 1993. Stable-nitrogen isotope enrichment in
avian tissues due to fasting and nutritional stress: implications for isotopic analyses
of diet. Condor 95, 388-394.

Hobson, K.A., Schell, D.M., Renouf, D., Noseworthy, E., 1996. Stable carbon and nitrogen
isotopic fractionation between diet and tissues of captive seals: Implications for
dietary reconstructions involving marine mammals. Can. J. Fish. Aquat. Sci. 53,
528-533.

Holtenius, K., Bjornhag, G., 1985. The colonic separation mechanism in the guinea-pig
(Cavia porcellus) and the chinchilla (Chinchilla laniger). Comp. Biochem. Physiol. Part
A Physiol. 82, 537-542. https://linkinghub.elsevier.com/retrieve/pii/0300962
985904293.

Iacumin, P., Davanzo, S., Nikolaev, V., 2006. Spatial and temporal variations in the
13¢/12C and 1°N/YN ratios of mammoth hairs: palaeodiet and palaeoclimatic
implications. Chem. Geol. 231, 16-25.

Jaouen, K., Pons, M.-L., 2017. Potential of non-traditional isotope studies for
bioarchaeology. Archaeol. Anthropol. Sci. 9, 1389-1404. http://link.springer.
com/10.1007/512520-016-0426-9.

Jaouen, K., Szpak, P., Richards, M.P., 2016. Zinc isotope ratios as indicators of diet and
trophic level in arctic marine mammals. PLoS One 11 (3), e0152299. https://doi.
org/10.1371/journal.pone.0152299.

Jaouen, K., Colleter, R., Pietrzak, A., Pons, M.-L., Clavel, B., Telmon, N., Crubézy, E.,
Hublin, J.-J., Richards, M.P., 2018. Tracing intensive fish and meat consumption
using Zn isotope ratios: evidence from a historical Breton population (Rennes,
France). Sci. Rep. 8, 5077. http://www.nature.com/articles/s41598-018-23249-x.

Jaouen, K., Richards, M.P., Cabec, A., Le, Welker F., Rendu, W., Hublin, J.-J., Soressi, M.,
Talamo, S., 2019. Exceptionally high 5'°N values in collagen single amino acids
confirm Neandertals as high-trophic level carnivores. Proc. Natl. Acad. Sci. U. S. A.
116, 4928-4933.

Jenkins, S.G., Partridge, S.T., Stephenson, T.R., Farley, S.D., Robbins, C.T., 2001.
Nitrogen and carbon isotope fractionation between mothers, neonates, and nursing
offspring. Oecologia 129, 336-341.

Kast, E., Wang, X.T., Kim, S., Kocsis, L., Sigman, D.M., 2016. Nitrogen isotopic
composition of enameloid-bound organic matter from modern and fossil shark teeth.
AGUFM 2016. PP21E-02. https://ui.adsabs.harvard.edu/abs/2016 AGUFM
PP21E..02K/abstract.

Keenan, S.W., 2016. From bone to fossil: a review of the diagenesis of bioapatite. Am.
Mineral. 101, 1943-1951.

Kelly, J.F., 2000. Stable isotopes of carbon and nitrogen in the study of avian and
mammalian trophic ecology. Can. J. Zool. 78, 1-27. https://doi.org/10.1139/299-
165.

Knudson, K.J., Williams, H.M., Buikstra, J.E., Tomczak, P.D., Gordon, G.W., Anbar, A.D.,
2010. Introducing §%¥/%%Sr analysis in archaeology: A demonstration of the utility of
strontium isotope fractionation in paleodietary studies. J. Archaeol. Sci. 37,
2352-2364.

Koch, P., 2007. Isotopic study of the biology of modern and fossil vertebrates. In:
Michener, R., Lajtha, K. (Eds.), Stable Isotopes in Ecology and Environmental
Science, Second edition. Blackwell Publishing Ltd., Oxford, UK.

Koch, P.L., Tuross, N., Fogel, M.L., 1997. The effects of sample treatment and diagenesis
on the isotopic integrity of carbonate in biogenic hydroxylapatite. J. Archaeol. Sci.
24, 417-429.

Krajcarz, M.T., Krajcarz, M., Bocherens, H., 2018. Collagen-to-collagen prey-predator
isotopic enrichment (A13C, A'™N) in terrestrial mammals - a case study of a subfossil
red fox den. Palaeogeogr. Palaeoclimatol. Palaeoecol. 490, 563-570.

Kullmer, O., 2008. The fossil Suidae from the Plio-Pleistocene Chiwondo Beds of
northern Malawi, Africa. J. Vertebr. Paleontol. 28, 208-216.

Lacruz, R.S., Habelitz, S., Wright, J.T., Paine, M.L., 2017. Dental enamel formation and
implications for oral health and disease. Physiol. Rev. 97, 939-993.

Lee-Thorp, J., van der Merwe, N.J., 1987. Carbon isotope analysis of fossil bone apatite.
S. Afr. J. Sci. 83, 712-715.

Lee-Thorp, J.A., Sponheimer, M., Passey, B.H., de Ruiter, D.J., Cerling, T.E., 2010. Stable
isotopes in fossil hominin tooth enamel suggest a fundamental dietary shift in the
Pliocene. Philos. Trans. R. Soc. B Biol. Sci. 365, 3389-3396. https://doi.org/
10.1098/rstb.2010.0059.

Loudon, J.E., Sandberg, P., Wrangham, R.W., Fahey, B., Sponheimer, M., 2016. The
stable isotope ecology of Pan in Uganda and beyond. Am. J. Primatol. 78,
1070-1085.

Liidecke, T., Kullmer, O., Wacker, U., Sandrock, O., Fiebig, J., Schrenk, F., Mulch, A.,
2018. Dietary versatility of Early Pleistocene hominins. Proc. Natl. Acad. Sci. U. S. A.
115, 13330-13335.

Lueders-Dumont, J.A., Wang, X.T., Jensen, O.P., Sigman, D.M., Ward, B.B., 2018.
Nitrogen isotopic analysis of carbonate-bound organic matter in modern and fossil
fish otoliths. Geochim. Cosmochim. Acta 224, 200-222. https://www.sciencedirect.
com/science/article/pii/S0016703718300048.


http://refhub.elsevier.com/S0009-2541(20)30586-6/rf0055
http://refhub.elsevier.com/S0009-2541(20)30586-6/rf0055
http://refhub.elsevier.com/S0009-2541(20)30586-6/rf0055
http://refhub.elsevier.com/S0009-2541(20)30586-6/rf0055
http://refhub.elsevier.com/S0009-2541(20)30586-6/rf0055
http://refhub.elsevier.com/S0009-2541(20)30586-6/rf0055
http://refhub.elsevier.com/S0009-2541(20)30586-6/rf0055
https://pubs.acs.org/sharingguidelines
https://pubs.acs.org/sharingguidelines
http://refhub.elsevier.com/S0009-2541(20)30586-6/rf0065
http://refhub.elsevier.com/S0009-2541(20)30586-6/rf0065
http://refhub.elsevier.com/S0009-2541(20)30586-6/rf0065
http://refhub.elsevier.com/S0009-2541(20)30586-6/rf0065
https://doi.org/10.1016/j.palaeo.2012.03.028
http://refhub.elsevier.com/S0009-2541(20)30586-6/rf4400
http://refhub.elsevier.com/S0009-2541(20)30586-6/rf4400
https://doi.org/10.1017/S0007114514004449
https://doi.org/10.1038/s41586-019-1555-y
http://refhub.elsevier.com/S0009-2541(20)30586-6/rf0095
http://refhub.elsevier.com/S0009-2541(20)30586-6/rf0095
http://refhub.elsevier.com/S0009-2541(20)30586-6/rf0095
https://doi.org/10.1111/eos.12214
http://refhub.elsevier.com/S0009-2541(20)30586-6/rf0105
http://refhub.elsevier.com/S0009-2541(20)30586-6/rf0105
http://refhub.elsevier.com/S0009-2541(20)30586-6/rf0110
http://refhub.elsevier.com/S0009-2541(20)30586-6/rf0110
http://refhub.elsevier.com/S0009-2541(20)30586-6/rf0110
http://refhub.elsevier.com/S0009-2541(20)30586-6/rf0115
http://refhub.elsevier.com/S0009-2541(20)30586-6/rf0115
http://refhub.elsevier.com/S0009-2541(20)30586-6/rf0115
http://refhub.elsevier.com/S0009-2541(20)30586-6/rf0115
http://refhub.elsevier.com/S0009-2541(20)30586-6/rf0120
http://refhub.elsevier.com/S0009-2541(20)30586-6/rf0120
http://refhub.elsevier.com/S0009-2541(20)30586-6/rf0120
http://refhub.elsevier.com/S0009-2541(20)30586-6/rf0125
http://refhub.elsevier.com/S0009-2541(20)30586-6/rf0125
http://refhub.elsevier.com/S0009-2541(20)30586-6/rf0130
http://refhub.elsevier.com/S0009-2541(20)30586-6/rf0130
http://refhub.elsevier.com/S0009-2541(20)30586-6/rf0130
https://onlinelibrary.wiley.com/doi/abs/10.1002/lipd.12240
https://onlinelibrary.wiley.com/doi/abs/10.1002/lipd.12240
http://refhub.elsevier.com/S0009-2541(20)30586-6/rf0140
http://refhub.elsevier.com/S0009-2541(20)30586-6/rf0140
https://doi.org/10.1139/Z10-063
http://refhub.elsevier.com/S0009-2541(20)30586-6/rf0150
http://refhub.elsevier.com/S0009-2541(20)30586-6/rf0150
http://refhub.elsevier.com/S0009-2541(20)30586-6/rf0160
http://refhub.elsevier.com/S0009-2541(20)30586-6/rf0160
http://refhub.elsevier.com/S0009-2541(20)30586-6/rf0160
http://refhub.elsevier.com/S0009-2541(20)30586-6/rf0160
http://refhub.elsevier.com/S0009-2541(20)30586-6/rf0165
http://refhub.elsevier.com/S0009-2541(20)30586-6/rf0165
http://www.nrcresearchpress.com/doi/10.1139/o66-142
http://www.nrcresearchpress.com/doi/10.1139/o66-142
http://refhub.elsevier.com/S0009-2541(20)30586-6/rf0175
http://refhub.elsevier.com/S0009-2541(20)30586-6/rf0175
http://refhub.elsevier.com/S0009-2541(20)30586-6/rf0175
http://refhub.elsevier.com/S0009-2541(20)30586-6/rf0155
http://refhub.elsevier.com/S0009-2541(20)30586-6/rf0155
http://refhub.elsevier.com/S0009-2541(20)30586-6/rf0155
https://doi.org/10.1111/j.1365-2435.2010.01782.x
https://doi.org/10.1111/j.1365-2435.2010.01782.x
http://refhub.elsevier.com/S0009-2541(20)30586-6/rf0185
http://refhub.elsevier.com/S0009-2541(20)30586-6/rf0185
http://refhub.elsevier.com/S0009-2541(20)30586-6/rf0190
http://refhub.elsevier.com/S0009-2541(20)30586-6/rf0190
http://refhub.elsevier.com/S0009-2541(20)30586-6/rf0190
http://www.nrcresearchpress.com/doi/10.1139/z96-236
http://refhub.elsevier.com/S0009-2541(20)30586-6/rf0200
http://refhub.elsevier.com/S0009-2541(20)30586-6/rf0200
http://refhub.elsevier.com/S0009-2541(20)30586-6/rf0200
http://refhub.elsevier.com/S0009-2541(20)30586-6/rf0205
http://refhub.elsevier.com/S0009-2541(20)30586-6/rf0205
http://refhub.elsevier.com/S0009-2541(20)30586-6/rf0205
http://refhub.elsevier.com/S0009-2541(20)30586-6/rf0205
https://linkinghub.elsevier.com/retrieve/pii/0300962985904293
https://linkinghub.elsevier.com/retrieve/pii/0300962985904293
http://refhub.elsevier.com/S0009-2541(20)30586-6/rf0215
http://refhub.elsevier.com/S0009-2541(20)30586-6/rf0215
http://refhub.elsevier.com/S0009-2541(20)30586-6/rf0215
http://link.springer.com/10.1007/s12520-016-0426-9
http://link.springer.com/10.1007/s12520-016-0426-9
https://doi.org/10.1371/journal.pone.0152299
https://doi.org/10.1371/journal.pone.0152299
http://www.nature.com/articles/s41598-018-23249-x
http://refhub.elsevier.com/S0009-2541(20)30586-6/rf0235
http://refhub.elsevier.com/S0009-2541(20)30586-6/rf0235
http://refhub.elsevier.com/S0009-2541(20)30586-6/rf0235
http://refhub.elsevier.com/S0009-2541(20)30586-6/rf0235
http://refhub.elsevier.com/S0009-2541(20)30586-6/rf0240
http://refhub.elsevier.com/S0009-2541(20)30586-6/rf0240
http://refhub.elsevier.com/S0009-2541(20)30586-6/rf0240
https://ui.adsabs.harvard.edu/abs/2016AGUFMPP21E..02K/abstract
https://ui.adsabs.harvard.edu/abs/2016AGUFMPP21E..02K/abstract
http://refhub.elsevier.com/S0009-2541(20)30586-6/rf0255
http://refhub.elsevier.com/S0009-2541(20)30586-6/rf0255
https://doi.org/10.1139/z99-165
https://doi.org/10.1139/z99-165
http://refhub.elsevier.com/S0009-2541(20)30586-6/rf0265
http://refhub.elsevier.com/S0009-2541(20)30586-6/rf0265
http://refhub.elsevier.com/S0009-2541(20)30586-6/rf0265
http://refhub.elsevier.com/S0009-2541(20)30586-6/rf0265
http://refhub.elsevier.com/S0009-2541(20)30586-6/rf0270
http://refhub.elsevier.com/S0009-2541(20)30586-6/rf0270
http://refhub.elsevier.com/S0009-2541(20)30586-6/rf0270
http://refhub.elsevier.com/S0009-2541(20)30586-6/rf0275
http://refhub.elsevier.com/S0009-2541(20)30586-6/rf0275
http://refhub.elsevier.com/S0009-2541(20)30586-6/rf0275
http://refhub.elsevier.com/S0009-2541(20)30586-6/rf0285
http://refhub.elsevier.com/S0009-2541(20)30586-6/rf0285
http://refhub.elsevier.com/S0009-2541(20)30586-6/rf0285
http://refhub.elsevier.com/S0009-2541(20)30586-6/rf0290
http://refhub.elsevier.com/S0009-2541(20)30586-6/rf0290
http://refhub.elsevier.com/S0009-2541(20)30586-6/rf0295
http://refhub.elsevier.com/S0009-2541(20)30586-6/rf0295
http://refhub.elsevier.com/S0009-2541(20)30586-6/rf0300
http://refhub.elsevier.com/S0009-2541(20)30586-6/rf0300
https://doi.org/10.1098/rstb.2010.0059
https://doi.org/10.1098/rstb.2010.0059
http://refhub.elsevier.com/S0009-2541(20)30586-6/rf0310
http://refhub.elsevier.com/S0009-2541(20)30586-6/rf0310
http://refhub.elsevier.com/S0009-2541(20)30586-6/rf0310
http://refhub.elsevier.com/S0009-2541(20)30586-6/rf0315
http://refhub.elsevier.com/S0009-2541(20)30586-6/rf0315
http://refhub.elsevier.com/S0009-2541(20)30586-6/rf0315
https://www.sciencedirect.com/science/article/pii/S0016703718300048
https://www.sciencedirect.com/science/article/pii/S0016703718300048

J.N. Leichliter et al.

MacAvoy, S.E., Macko, S.A., Arneson, L.S., 2005. Growth versus metabolic tissue
replacement in mouse tissues determined by stable carbon and nitrogen isotope
analysis. Can. J. Zool. 83, 631-641. https://doi.org/10.1139/205-038.

MacAvoy, S.E., Arneson, L.S., Bassett, E., 2006. Correlation of metabolism with tissue
carbon and nitrogen turnover rate in small mammals. Oecologia 150, 190-201.
Macko, S.A., Estep, M.L.F., Engel, M.H., Hare, P.E., 1986. Kinetic fractionation of stable
nitrogen isotopes during amino acid transamination. Geochim. Cosmochim. Acta 50,

2143-2146.

Macko, S.A., Lubec, G., Teschler-Nicola, M., Andrusevich, V., Engel, M.H., 1999. The Ice
Man’s diet as reflected by the stable nitrogen and carbon isotopic composition of his
hair. FASEB J. 13, 559-562. https://doi.org/10.1096/fasebj.13.3.559.

Mannel, T.T., Auerswald, K., Schnyder, H., 2007. Altitudinal gradients of grassland
carbon and nitrogen isotope composition are recorded in the hair of grazers. Glob.
Ecol. Biogeogr. 16, 583-592. https://doi.org/10.1111/j.1466-8238.2007.00322.x.

Martin, J.E., Vance, D., Balter, V., 2014. Natural variation of magnesium isotopes in
mammal bones and teeth from two South African trophic chains. Geochim.
Cosmochim. Acta 130, 12-20. https://doi.org/10.1016/j.gca.2013.12.029.

Martin, J.E., Vance, D., Balter, V., 2015. Magnesium stable isotope ecology using
mammal tooth enamel. Proc. Natl. Acad. Sci. 112, 430-435. https://doi.org/
10.1073/pnas.1417792112.

Martin, J.E., Tacail, T., Balter, V., 2017. Non-traditional isotope perspectives in
vertebrate palaeobiology. Palaeontology 60, 485-502. https://doi.org/10.1111/
pala.12300.

Martin, J.E., Tacail, T., Braga, J., Cerling, T.E., Balter, V., 2020. Calcium isotopic ecology
of Turkana Basin hominins. Nat. Commun. 111 (11), 1-7. https://doi.org/10.1038/
541467-020-17427-7.

Martin, L.F., Winkler, D., Tiitken, T., Codron, D., De Cuyper, A., Hatt, J.M., Clauss, M.,
2019. The way wear goes: phytolith-based wear on the dentine-enamel system in
Guinea pigs (Cavia porcellus). Proc. R. Soc. B Biol. Sci. 286.

Martinez Del Rio, C., Wolf, N., Carleton, S.A., Gannes, L.Z., 2009. Isotopic ecology ten
years after a call for more laboratory experiments. Biol. Rev. 84, 91-111.

Martinez-Garcia, A., Sigman, D.M., Ren, H., Anderson, R.F., Straub, M., Hodell, D.A.,
Jaccard, S.L., Eglinton, T.I., Haug, G.H., 2014. Iron fertilization of the Subantarctic
Ocean during the last ice age. Science 343, 1347-1350.

McCutchan, J.H., Lewis, W.M., Kendall, C., McGrath, C.C., 2003. Variation in trophic
shift for stable isotope ratios of carbon, nitrogen, and sulfur. Oikos 102, 378-390.

Mecllvin, M.R., Casciotti, K.L., 2011. Technical updates to the bacterial method for nitrate
isotopic analyses. Anal. Chem. 83, 1850-1856.

McPherron, S.P., Alemseged, Z., Marean, C.W., Wynn, J.G., Reed, D., Geraads, D.,
Bobe, R., Béarat, H.A., 2010. Evidence for stone-tool-assisted consumption of animal
tissues before 3.39 million years ago at Dikika, Ethiopia. Nature 466, 857-860.

Mebhra, O.P., Jackson, M.L., 1958. Iron oxide removal from soils and clays by a
dithionite-citrate system buffered with sodium bicarbonate. Clay Clay Miner. 7,
317-327. https://doi.org/10.1346/ccmn.1958.0070122.

Mekota, A.M., Grupe, G., Ufer, S., Cuntz, U., 2006. Serial analysis of stable nitrogen and
carbon isotopes in hair: Monitoring starvation and recovery phases of patients
suffering from anorexia nervosa. Rapid Commun. Mass Spectrom. 20, 1604-1610.
https://pubmed.ncbi.nlm.nih.gov/16628564.

Minagawa, M., Wada, E., 1984. Stepwise enrichment of BN along food chains: further
evidence and the relation between 8'°N and animal age. Geochim. Cosmochim. Acta
48, 1135-1140.

Miiller, J., Clauss, M., Codron, D., Schulz, E., Hummel, J., Kircher, P., Hatt, J.M., 2015.
Tooth length and incisal wear and growth in guinea pigs (Cavia porcellus) fed diets of
different abrasiveness. J. Anim. Physiol. Anim. Nutr. (Berl). 99, 591-604. https://
doi.org/10.1111/jpn.12226.

Ostrom, P.H., Macko, S.A., Engel, M.H., Russell, D.A., 1993. Assessment of trophic
structure of Cretaceous communities based on stable nitrogen isotope analyses.
Geology 21, 491-494.

Ostrom, M.H., Macko, S.A., Engel, M.H., Silfer, J.A., Russel, D., 1990. Geochemical
characterization of high molecular weight organic material isolated from Late
Cretaceous fossils. Org. Geochem. 16, 1139-1144. https://doi.org/10.1016/0146-
6380(90)90149-T.

Ostrom, P.H., Zonneveld, J.P., Robbins, L.L., 1994. Organic geochemistry of hard parts:
assessment of isotopic variability and indigeneity. Palaeogeogr. Palaeoclimatol.
Palaeoecol. 107, 201-212.

Park, M.K., Min, S.-Y., Song, J.S., Lee, J.-H., Jung, H.-S., Kim, S.-O., 2017. Estimated time
of biomineralization in developing rat incisors. J. Korean Acad. Pediatric Dent. 44,
138-146.

Pearson, S.F., Levey, D.J., Greenberg, C.H., Martinez Del Rio, C., 2003. Effects of
elemental composition on the incorporation of dietary nitrogen and carbon isotopic
signatures in an omnivorous songbird. Oecologia 135, 516-523.

Phillips, D.L., Eldridge, P.M., 2006. Estimating the timing of diet shifts using stable
isotopes. Oecologia 147, 195-203.

Pinnegar, J.K., Polunin, N.V.C., 1999. Differential fractionation of 5'3C and 6'°N among
fish tissues: implications for the study of trophic interactions. Funct. Ecol. 13,
225-231.

Post, D.M., Layman, C.A., Arrington, D.A., Takimoto, G., Quattrochi, J., Montana, C.G.,
2007. Getting to the fat of the matter: models, methods and assumptions for dealing
with lipids in stable isotope analyses. Oecologia 152, 179-189. https://doi.org/
10.1007/500442-006-0630-x.

Poupin, N., Bos, C., Mariotti, F., Huneau, J.-F., Tomé, D., Fouillet, H., 2011. The nature of
the dietary protein impacts the tissue-to-diet 15N discrimination factors in
laboratory rats ed. S. Blanc. PLoS ONE 6, €28046. https://doi.org/10.1371/journal.
pone.0028046.

15

Chemical Geology 563 (2021) 120047

Poupin, N., Mariotti, F., Huneau, J.F., Hermier, D., Fouillet, H., 2014. Natural isotopic
signatures of variations in body nitrogen fluxes: a compartmental model analysis.
PLoS Comput. Biol. 10. http://pmc/articles/PMC4183419.

Reitsema, L.J., 2013. Beyond diet reconstruction: stable isotope applications to human
physiology, health, and nutrition. Am. J. Hum. Biol. 25, 445-456. https://pubmed.
ncbi.nlm.nih.gov/23784719.

Ren, H., Sigman, D.M., Meckler, A.N., Plessen, B., Robinson, R.S., Rosenthal, Y., Haug, G.
H., 2009. Foraminiferal isotope evidence of reduced nitrogen fixation in the ice age
Atlantic Ocean. Science 323, 244-248.

Ren, H., Sigman, D.M., Thunell, R.C., Prokopenko, M.G., 2012. Nitrogen isotopic
composition of planktonic foraminifera from the modern ocean and recent
sediments. Limnol. Oceanogr. 57, 1011-1024. https://doi.org/10.4319/
10.2012.57.4.1011.

Robbins, C.T., Felicetti, L.A., Sponheimer, M., 2005. The effect of dietary protein quality
on nitrogen isotope discrimination in mammals and birds. Oecologia 144, 534-540.

Robinson, C., 2014. Enamel maturation: A brief background with implications for some
enamel dysplasias. Front. Physiol. 5, 388. https://doi.org/10.3389/
fphys.2014.00388.

Robinson, C., Lowe, N.R., Weatherell, J.A., 1977. Changes in amino-acid composition of
developing rat incisor enamel. Calcif. Tissue Res. 23, 19-31. https://doi.org/
10.1007/BF02012762.

Robinson, C., Kirkham, J., Brookes, S.J., Bonass, W.A., Shore, R.C., 1995. The chemistry
of enamel development. Int. J. Dev. Biol. 39, 145-152.

Robinson, C., Brookes, S.J., Shore, R.C., Kirkham, J., 1998. The developing enamel
matrix: nature and function. Eur. J. Oral Sci. 106, 282-291.

Robinson, R.S., Brunelle, B.G., Sigman, D.M., 2004. Revisiting nutrient utilization in the
glacial Antarctic: Evidence from a new method for diatom-bound N isotopic analysis.
Paleoceanography 19. https://doi.org/10.1029/2003PA000996 n/a-n/a.

Roth, J.D., Hobson, K.A., 2000. Stable carbon and nitrogen isotopic fractionation
between diet and tissue of captive red fox: implications for dietary reconstruction.
Can. J. Zool. 78, 848-852. https://doi.org/10.1139/z00-008.

Sakaguchi, E., Heller, R., Becker, G., Engelhardt, W.v., 1986. Retention of digesta in the
gastrointestinal tract of the guinea pig. J. Anim. Physiol. Anim. Nutr. (Berl). 55,
44-50. https://doi.org/10.1111/§.1439-0396.1986.tb00699.x.

Sakaguchi, E., Itoh, H., Uchida, S., Horigome, T., 1987. Comparison of fibre digestion
and digesta retention time between rabbits, guinea-pigs, rats and hamsters. Br. J.
Nutr. 58, 149-158. https://doi.org/10.1079/BJN19870078.

Savory, A., Brudevold, F., 1959. The distribution of nitrogen in human enamel. J. Dent.
Res. 38, 436-442. https://doi.org/10.1177/00220345590380030301.

Schimmelmann, A., 2011. Carbon, nitrogen and oxygen stable isotope ratios in Chitin. In:
Gupta, N. (Ed.), Chitin. Topics in Geobiology, 34. Springer, Dordrecht.

Schoeninger, M.J., 1985. Trophic level effects on 15N/14N and 13C/12C ratios in bone
collagen and strontium levels in bone mineral. J. Hum. Evol. 14, 515-525. https://
doi.org/10.1016/50047-2484(85)80030-0.

Schoeninger, M.J., DeNiro, M.J., 1984. Nitrogen and carbon isotopic composition of
bone collagen from marine and terrestrial animals. Geochim. Cosmochim. Acta 48,
625-639.

Sealy, J.C., van der Merwe, N.J., Lee Thorp, J.A., Lanham, J.L., 1987. Nitrogen isotopic
ecology in southern Africa: implications for environmental and dietary tracing.
Geochim. Cosmochim. Acta 51, 2707-2717.

Sigman, D.M., Casciotti, K.L., Andreani, M., Barford, C., Galanter, M., Bohlke, J.K., 2001.
A bacterial method for the nitrogen isotopic analysis of nitrate in seawater and
freshwater. Anal. Chem. 73, 4145-4153.

Silfer, J.A., Engel, M.H., Macko, S.A., 1992. Kinetic fractionation of stable carbon and
nitrogen isotopes during peptide bond hydrolysis: Experimental evidence and
geochemical implications. Chem. Geol. 101, 211-221.

Sillen, A., Balter, V., 2018. Strontium isotopic aspects of Paranthropus robustus teeth;
implications for habitat, residence, and growth. J. Hum. Evol. 114, 118-130.
https://www.sciencedirect.com/science/article/pii/S0047248416301798.

Smart, S.M., Ren, H., Fawcett, S.E., Schiebel, R., Conte, M., Rafter, P.A., Ellis, K.K.,
Weigand, M.A., Oleynik, S., Haug, G.H., Sigman, D.M., 2018. Ground-truthing the
planktic foraminifer-bound nitrogen isotope paleo-proxy in the Sargasso Sea.
Geochim. Cosmochim. Acta 235, 463-482.

Smart, S.M., Fawcett, S.E., Ren, H., Schiebel, R., Tompkins, E.M., Martinez-Garcia, A.,
Stirnimann, L., Roychoudhury, A., Haug, G.H., Sigman, D.M., 2020. The nitrogen
isotopic composition of tissue and shell-bound organic matter of planktic
foraminifera in southern ocean surface waters. Geochem. Geophys. Geosyst. 21
https://doi.org/10.1029/2019GC008440.

Sotiropoulos, M.A., Tonn, W.M., Wassenaar, L.I., 2004. Effects of lipid extraction on
stable carbon and nitrogen isotope analyses of fish tissues: Potential consequences
for food web studies. Ecol. Freshw. Fish 13, 155-160.

Sperber, 1., Bjornhag, G., Ridderstréle, Y., 1983. Function of proximal colon in lemming
and rat. Swed. J. Agric. Res. 13, 243-256.

Sponheimer, M., Alemseged, Z., Cerling, T.E., Grine, F.E., Kimbel, W.H., Leakey, M.G.,
Lee-Thorp, J.A., Manthi, F.K., Reed, K.E., Wood, B.A., Wynn, J.G., 2013. Isotopic
evidence of early hominin diets. Proc. Natl. Acad. Sci. U. S. A. 110, 10513-10518.

Sponheimer, M., Robinson, T., Ayliffe, L., Roeder, B., Hammer, J., Passey, B., West, A.,
Cerling, T., Dearing, D., Ehleringer, J., 2003a. Nitrogen isotopes in mammalian
herbivores: Hair 3'°N values from a controlled feeding study. Int. J. Osteoarchaeol.
13, 80-87.

Sponheimer, M., Robinson, T.F., Roeder, B.L., Passey, B.H., Ayliffe, L.K., Cerling, T.E.,
Dearing, M.D., Ehleringer, J.R., 2003b. An experimental study of nitrogen flux in
llamas: Is 14N preferentially excreted? J. Archaeol. Sci. 30, 1649-1655. https://doi.
0rg/10.1016/50305-4403(03)00066-9.


https://doi.org/10.1139/z05-038
http://refhub.elsevier.com/S0009-2541(20)30586-6/rf0330
http://refhub.elsevier.com/S0009-2541(20)30586-6/rf0330
http://refhub.elsevier.com/S0009-2541(20)30586-6/rf0335
http://refhub.elsevier.com/S0009-2541(20)30586-6/rf0335
http://refhub.elsevier.com/S0009-2541(20)30586-6/rf0335
https://doi.org/10.1096/fasebj.13.3.559
https://doi.org/10.1111/j.1466-8238.2007.00322.x
https://doi.org/10.1016/j.gca.2013.12.029
https://doi.org/10.1073/pnas.1417792112
https://doi.org/10.1073/pnas.1417792112
https://doi.org/10.1111/pala.12300
https://doi.org/10.1111/pala.12300
https://doi.org/10.1038/s41467-020-17427-7
https://doi.org/10.1038/s41467-020-17427-7
http://refhub.elsevier.com/S0009-2541(20)30586-6/rf0370
http://refhub.elsevier.com/S0009-2541(20)30586-6/rf0370
http://refhub.elsevier.com/S0009-2541(20)30586-6/rf0370
http://refhub.elsevier.com/S0009-2541(20)30586-6/rf0375
http://refhub.elsevier.com/S0009-2541(20)30586-6/rf0375
http://refhub.elsevier.com/S0009-2541(20)30586-6/rf0380
http://refhub.elsevier.com/S0009-2541(20)30586-6/rf0380
http://refhub.elsevier.com/S0009-2541(20)30586-6/rf0380
http://refhub.elsevier.com/S0009-2541(20)30586-6/rf0385
http://refhub.elsevier.com/S0009-2541(20)30586-6/rf0385
http://refhub.elsevier.com/S0009-2541(20)30586-6/rf0390
http://refhub.elsevier.com/S0009-2541(20)30586-6/rf0390
http://refhub.elsevier.com/S0009-2541(20)30586-6/rf0395
http://refhub.elsevier.com/S0009-2541(20)30586-6/rf0395
http://refhub.elsevier.com/S0009-2541(20)30586-6/rf0395
https://doi.org/10.1346/ccmn.1958.0070122
https://pubmed.ncbi.nlm.nih.gov/16628564
http://refhub.elsevier.com/S0009-2541(20)30586-6/rf0415
http://refhub.elsevier.com/S0009-2541(20)30586-6/rf0415
http://refhub.elsevier.com/S0009-2541(20)30586-6/rf0415
https://doi.org/10.1111/jpn.12226
https://doi.org/10.1111/jpn.12226
http://refhub.elsevier.com/S0009-2541(20)30586-6/rf0430
http://refhub.elsevier.com/S0009-2541(20)30586-6/rf0430
http://refhub.elsevier.com/S0009-2541(20)30586-6/rf0430
https://doi.org/10.1016/0146-6380(90)90149-T
https://doi.org/10.1016/0146-6380(90)90149-T
http://refhub.elsevier.com/S0009-2541(20)30586-6/rf0435
http://refhub.elsevier.com/S0009-2541(20)30586-6/rf0435
http://refhub.elsevier.com/S0009-2541(20)30586-6/rf0435
http://refhub.elsevier.com/S0009-2541(20)30586-6/rf0440
http://refhub.elsevier.com/S0009-2541(20)30586-6/rf0440
http://refhub.elsevier.com/S0009-2541(20)30586-6/rf0440
http://refhub.elsevier.com/S0009-2541(20)30586-6/rf0445
http://refhub.elsevier.com/S0009-2541(20)30586-6/rf0445
http://refhub.elsevier.com/S0009-2541(20)30586-6/rf0445
http://refhub.elsevier.com/S0009-2541(20)30586-6/rf0450
http://refhub.elsevier.com/S0009-2541(20)30586-6/rf0450
http://refhub.elsevier.com/S0009-2541(20)30586-6/rf0455
http://refhub.elsevier.com/S0009-2541(20)30586-6/rf0455
http://refhub.elsevier.com/S0009-2541(20)30586-6/rf0455
https://doi.org/10.1007/s00442-006-0630-x
https://doi.org/10.1007/s00442-006-0630-x
https://doi.org/10.1371/journal.pone.0028046
https://doi.org/10.1371/journal.pone.0028046
http://pmc/articles/PMC4183419
https://pubmed.ncbi.nlm.nih.gov/23784719
https://pubmed.ncbi.nlm.nih.gov/23784719
http://refhub.elsevier.com/S0009-2541(20)30586-6/rf0480
http://refhub.elsevier.com/S0009-2541(20)30586-6/rf0480
http://refhub.elsevier.com/S0009-2541(20)30586-6/rf0480
https://doi.org/10.4319/lo.2012.57.4.1011
https://doi.org/10.4319/lo.2012.57.4.1011
http://refhub.elsevier.com/S0009-2541(20)30586-6/rf0490
http://refhub.elsevier.com/S0009-2541(20)30586-6/rf0490
https://doi.org/10.3389/fphys.2014.00388
https://doi.org/10.3389/fphys.2014.00388
https://doi.org/10.1007/BF02012762
https://doi.org/10.1007/BF02012762
http://refhub.elsevier.com/S0009-2541(20)30586-6/rf0510
http://refhub.elsevier.com/S0009-2541(20)30586-6/rf0510
http://refhub.elsevier.com/S0009-2541(20)30586-6/rf0515
http://refhub.elsevier.com/S0009-2541(20)30586-6/rf0515
https://doi.org/10.1029/2003PA000996
https://doi.org/10.1139/z00-008
https://doi.org/10.1111/j.1439-0396.1986.tb00699.x
https://doi.org/10.1079/BJN19870078
https://doi.org/10.1177/00220345590380030301
http://refhub.elsevier.com/S0009-2541(20)30586-6/rf0545
http://refhub.elsevier.com/S0009-2541(20)30586-6/rf0545
https://doi.org/10.1016/S0047-2484(85)80030-0
https://doi.org/10.1016/S0047-2484(85)80030-0
http://refhub.elsevier.com/S0009-2541(20)30586-6/rf0550
http://refhub.elsevier.com/S0009-2541(20)30586-6/rf0550
http://refhub.elsevier.com/S0009-2541(20)30586-6/rf0550
http://refhub.elsevier.com/S0009-2541(20)30586-6/rf0560
http://refhub.elsevier.com/S0009-2541(20)30586-6/rf0560
http://refhub.elsevier.com/S0009-2541(20)30586-6/rf0560
http://refhub.elsevier.com/S0009-2541(20)30586-6/rf0565
http://refhub.elsevier.com/S0009-2541(20)30586-6/rf0565
http://refhub.elsevier.com/S0009-2541(20)30586-6/rf0565
http://refhub.elsevier.com/S0009-2541(20)30586-6/rf0570
http://refhub.elsevier.com/S0009-2541(20)30586-6/rf0570
http://refhub.elsevier.com/S0009-2541(20)30586-6/rf0570
https://www.sciencedirect.com/science/article/pii/S0047248416301798
http://refhub.elsevier.com/S0009-2541(20)30586-6/rf0585
http://refhub.elsevier.com/S0009-2541(20)30586-6/rf0585
http://refhub.elsevier.com/S0009-2541(20)30586-6/rf0585
http://refhub.elsevier.com/S0009-2541(20)30586-6/rf0585
https://doi.org/10.1029/2019GC008440
http://refhub.elsevier.com/S0009-2541(20)30586-6/rf0595
http://refhub.elsevier.com/S0009-2541(20)30586-6/rf0595
http://refhub.elsevier.com/S0009-2541(20)30586-6/rf0595
http://refhub.elsevier.com/S0009-2541(20)30586-6/rf0600
http://refhub.elsevier.com/S0009-2541(20)30586-6/rf0600
http://refhub.elsevier.com/S0009-2541(20)30586-6/rf0610
http://refhub.elsevier.com/S0009-2541(20)30586-6/rf0610
http://refhub.elsevier.com/S0009-2541(20)30586-6/rf0610
http://refhub.elsevier.com/S0009-2541(20)30586-6/rf0605
http://refhub.elsevier.com/S0009-2541(20)30586-6/rf0605
http://refhub.elsevier.com/S0009-2541(20)30586-6/rf0605
http://refhub.elsevier.com/S0009-2541(20)30586-6/rf0605
https://doi.org/10.1016/S0305-4403(03)00066-9
https://doi.org/10.1016/S0305-4403(03)00066-9

J.N. Leichliter et al.

Straub, M., Sigman, D.M., Ren, H., Martinez-Garcia, A., Meckler, A.N., Hain, M.P.,
Haug, G.H., 2013. Changes in North Atlantic nitrogen fixation controlled by ocean
circulation. Nature 501, 200-203.

Studer, A.S., Sigman, D.M., Martinez-Garcia, A., Benz, V., Winckler, G., Kuhn, G.,
Esper, O., Lamy, F., Jaccard, S.L., Wacker, L., Oleynik, S., Gersonde, R., Haug, G.H.,
2015. Antarctic Zone nutrient conditions during the last two glacial cycles.
Paleoceanography 30, 845-862. https://doi.org/10.1002/2014PA002745.

Studer, A.S., Sigman, D.M., Martinez-Garcia, A., Thole, L.M., Michel, E., Jaccard, S.L.,
Lippold, J.A., Mazaud, A., Wang, X.T., Robinson, L.F., Adkins, J.F., Haug, G.H.,
2018. Increased nutrient supply to the Southern Ocean during the Holocene and its
implications for the pre-industrial atmospheric CO rise. Nat. Geosci. 11, 756-760.
https://www.nature.com/articles/s41561-018-0191-8.

Takahashi, T., Sakaguchi, E., 2006. Transport of bacteria across and along the large
intestinal lumen of guinea pigs. J. Comp. Physiol. B. 176, 173-178.

Thompson, J.C., McPherron, S.P., Bobe, R., Reed, D., Barr, W.A., Wynn, J.G., Marean, C.
W., Geraads, D., Alemseged, Z., 2015. Taphonomy of fossils from the hominin-
bearing deposits at Dikika, Ethiopia. J. Hum. Evol. 86, 112-135.

Ungar, P.S., 2015. Mammalian dental function and wear: a review. Biosurf. Biotribol. 1,
25-41.

Ungar, P.S., Sponheimer, M., Simpson, S.W., Asfaw, B., Lovejoy, C.O., White, T.D., 2011.
The diets of early hominins. Science 334, 190-193. http://www.ncbi.nlm.nih.gov/p
ubmed/19810195.

Van Klinken, G.J., Richards, M.P., Hedges, B.E.M., 2002. An Overview of Causes for
Stable Isotopic Variations in Past European Human Populations: Environmental,
Ecophysiological, and Cultural Effects. In: Ambrose, S.H., Katzenberg, M.A. (Eds.),
Biogeochemical Approaches to Paleodietary Analysis. Springer US, Boston, MA,
pp. 39-63. https://doi.org/10.1007/0-306-47194-9_3.

Vander Zanden, M.J., Clayton, M.K., Moody, E.K., Solomon, C.T., Weidel, B.C., 2015.
Stable isotope turnover and half-life in animal tissues: A literature synthesis. PLoS
One 10. https://doi.org/10.1371/journal.pone.0116182.

Vanderklift, M.A., Ponsard, S., 2003. Sources of variation in consumer-diet 815N
enrichment: A meta-analysis. Oecologia 136, 169-182. https://doi.org/10.1007/
s00442-003-1270-z.

16

Chemical Geology 563 (2021) 120047

Wagner, J.E., Manning, P.J., 1976. The Biology of the Guinea Pig. Academic Press, New
York.

Wang, X.T., Prokopenko, M.G., Sigman, D.M., Adkins, J.F., Robinson, L.F., Ren, H.,
Oleynik, S., Williams, B., Haug, G.H., 2014. Isotopic composition of carbonate-bound
organic nitrogen in deep-sea scleractinian corals: A new window into past
biogeochemical change. Earth Planet. Sci. Lett. 400, 243-250.

Wang, Y., Cerling, T.E., 1994. A model of fossil tooth and bone diagenesis: implications
for paleodiet reconstruction from stable isotopes. Palaeogeogr. Palaeoclimatol.
Palaeoecol. 107, 281-289.

Waterlow, J.C., 2006. In: Waterlow, J.C. (Ed.), Protein Turnover. Wallingford, CABI
Publishing.

Webb, E.C., Stewart, A., Miller, B., Tarlton, J., Evershed, R.P., 2016. Age effects and the
influence of varying proportions of terrestrial and marine dietary protein on the
stable nitrogen-isotope compositions of pig bone collagen and soft tissues from a
controlled feeding experiment. STAR Sci. Technol. Archaeol. Res. 2, 54-66. https://
doi.org/10.1080/20548923.2015.1133121.

Webb, S.C., Hedges, R.E.M., Simpson, S.J., 1998. Diet quality influences the 513C and
5'°N of locusts and their biochemical components. J. Exp. Biol. 201, 2003-2911.

Weigand, M.A., Foriel, J., Barnett, B., Oleynik, S., Sigman, D.M., 2016. Updates to
instrumentation and protocols for isotopic analysis of nitrate by the denitrifier
method. Rapid Commun. Mass Spectrom. 30, 1365-1383.

Welker, F., Ramos-Madrigal, J., Gutenbrunner, P., Mackie, M., Tiwary, S., Rakownikow
Jersie-Christensen, R., Chiva, C., Dickinson, M.R., 2020. The dental proteome of
Homo antecessor. Nature 580. https://doi.org/10.1038/541586-020-2153-8.

Wolf, N., Carleton, S.A., Martinez Del Rio, C., 2009. Ten years of experimental animal
isotopic ecology. Funct. Ecol. 23, 17-26.

Zazzo, A., Lécuyer, C., Sheppard, S.M.F., Grandjean, P., Mariotti, A., 2004. Diagenesis
and the reconstruction of paleoenvironments: A method to restore original 5180
values of carbonate and phosphate from fossil tooth enamel. Geochim. Cosmochim.
Acta 68, 2245-2258. https://doi.org/10.1016/j.gca.2003.11.009.

Zink, K.D., Lieberman, D.E., 2016. Impact of meat and Lower Palaeolithic food
processing techniques on chewing in humans. Nature 531, 500-503.


http://refhub.elsevier.com/S0009-2541(20)30586-6/rf0615
http://refhub.elsevier.com/S0009-2541(20)30586-6/rf0615
http://refhub.elsevier.com/S0009-2541(20)30586-6/rf0615
https://doi.org/10.1002/2014PA002745
https://www.nature.com/articles/s41561-018-0191-8
http://refhub.elsevier.com/S0009-2541(20)30586-6/rf0630
http://refhub.elsevier.com/S0009-2541(20)30586-6/rf0630
http://refhub.elsevier.com/S0009-2541(20)30586-6/rf0635
http://refhub.elsevier.com/S0009-2541(20)30586-6/rf0635
http://refhub.elsevier.com/S0009-2541(20)30586-6/rf0635
http://refhub.elsevier.com/S0009-2541(20)30586-6/rf0640
http://refhub.elsevier.com/S0009-2541(20)30586-6/rf0640
http://www.ncbi.nlm.nih.gov/pubmed/19810195
http://www.ncbi.nlm.nih.gov/pubmed/19810195
https://doi.org/10.1007/0-306-47194-9_3
https://doi.org/10.1371/journal.pone.0116182
https://doi.org/10.1007/s00442-003-1270-z
https://doi.org/10.1007/s00442-003-1270-z
http://refhub.elsevier.com/S0009-2541(20)30586-6/rf0655
http://refhub.elsevier.com/S0009-2541(20)30586-6/rf0655
http://refhub.elsevier.com/S0009-2541(20)30586-6/rf0660
http://refhub.elsevier.com/S0009-2541(20)30586-6/rf0660
http://refhub.elsevier.com/S0009-2541(20)30586-6/rf0660
http://refhub.elsevier.com/S0009-2541(20)30586-6/rf0660
http://refhub.elsevier.com/S0009-2541(20)30586-6/rf0665
http://refhub.elsevier.com/S0009-2541(20)30586-6/rf0665
http://refhub.elsevier.com/S0009-2541(20)30586-6/rf0665
http://refhub.elsevier.com/S0009-2541(20)30586-6/rf0670
http://refhub.elsevier.com/S0009-2541(20)30586-6/rf0670
https://doi.org/10.1080/20548923.2015.1133121
https://doi.org/10.1080/20548923.2015.1133121
http://refhub.elsevier.com/S0009-2541(20)30586-6/rf0680
http://refhub.elsevier.com/S0009-2541(20)30586-6/rf0680
http://refhub.elsevier.com/S0009-2541(20)30586-6/rf0685
http://refhub.elsevier.com/S0009-2541(20)30586-6/rf0685
http://refhub.elsevier.com/S0009-2541(20)30586-6/rf0685
https://doi.org/10.1038/s41586-020-2153-8
http://refhub.elsevier.com/S0009-2541(20)30586-6/rf0695
http://refhub.elsevier.com/S0009-2541(20)30586-6/rf0695
https://doi.org/10.1016/j.gca.2003.11.009
http://refhub.elsevier.com/S0009-2541(20)30586-6/rf0700
http://refhub.elsevier.com/S0009-2541(20)30586-6/rf0700

	Nitrogen isotopes in tooth enamel record diet and trophic level enrichment: Results from a controlled feeding experiment
	1 Introduction
	2 Materials and methods
	2.1 Experimental design
	2.2 Tooth enamel nitrogen isotope measurement
	2.2.1 Standards and consumables
	2.2.2 Oxidation-denitrification method overview
	2.2.3 Preparation of enamel samples
	2.2.4 Removal of exogenous organic matter in tooth enamel
	2.2.5 Conversion of organic nitrogen to nitrate via persulfate oxidation
	2.2.6 Determination of sample nitrate concentration
	2.2.7 Bacterial conversion of nitrate to N2O and measurement

	2.3 Isotopic notation and blank correction
	2.4 Measurement of δ15N values in pelleted feed and soft tissues
	2.5 Statistical analyses

	3 Results
	3.1 Blanks, reproducibility and precision
	3.2 Controlled feeding experiment
	3.2.1 Tooth enamel growth
	3.2.2 Variation of δ15Nenamel values
	3.2.3 Diet-to-tissue fractionation in tooth enamel
	3.2.4 Comparison of mature vs. immature enamel
	3.2.5 Comparison of δ15Nenamel and δ15Nsoft tissues values


	4 Discussion
	4.1 Variation in δ15Nenamel values between diet groups
	4.2 Variation in δ15Nenamel values between species
	4.2.1 Variations in digestive physiology
	4.2.2 Variation in protein type

	4.3 Enamel turnover and effect of maturation stage on δ15Nenamel values
	4.4 Comparison of δ15Nenamel to δ15Nsoft tissue values
	4.5 Future applications of δ15Nenamel analysis

	5 Conclusion
	Author contributions
	Declaration of Competing Interest
	Acknowledgements
	References


