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Abstract 

The stable isotope composition of zinc ( δ66 Zn), which is an essential trace metal for many biological processes in vertebrates, is increas- 
ingly used in ecological, archeological, and paleontological studies to assess diet and trophic level discrimination among vertebrates. 
However, the limited understanding of dietary controls and isotopic fractionation processes on Zn isotope variability in animal tissues 
and biofluids limits precise dietary reconstructions. The current study systematically investigates the dietary effects on Zn isotope 
composition in consumers using a combined controlled feeding experiment and box-modeling approach. For this purpose, 21 rats 
were fed one of seven distinct animal- and plant-based diets and a total of 148 samples including soft and hard tissue, biofluid, and 
excreta samples of these individuals were measured for δ66 Zn. Relatively constant Zn isotope fractionation is observed across the 
different dietary groups for each tissue type, implying that diet is the main factor controlling consumer tissue δ66 Zn values, inde- 
pendent of diet composition. Furthermore, a systematic δ66 Zn diet-enamel fractionation is reported for the first time, enabling diet 
reconstruction based on δ66 Zn values from tooth enamel. In addition, we investigated the dynamics of Zn isotope variability in the 
body using a box-modeling approach, providing a model of Zn isotope homeostasis and inferring residence times, while also further 
supporting the hypothesis that δ66 Zn values of vertebrate tissues are primarily determined by that of the diet. Altogether this provides 
a solid foundation for refined (paleo)dietary reconstruction using Zn isotopes of vertebrate tissues. 

Keywords: Zinc, stable isotopes, box-model, diet, enamel 

Graphical abstract 

The δ66 Zn values of vertebrate tissues are primarily determined by the diet and the cycling of zinc. 

 

 

 

 

 

 

 

 

and most of the regulatory proteins, as well as many biochemical 
functions.1 , 2 

In order to ensure all Zn-dependent functions and compensate 
for endogenous Zn losses, Zn has to be continuously supplied by 
dietary intake.5 , 10 –12 Up to a saturation plateau, the amount of ab- 
sorbed Zn depends on its content in the diet, but also on intesti- 
nal bioavailability.13 Generally, Zn content in animal products is 
high compared to most plants.14 , 15 Moreover, some compounds, 
such as phytate, which is naturally found in many plants, have 
been shown to severely inhibit intestinal Zn bioavailability.16 , 17 
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Introduction 

Zinc (Zn) is a trace element with a reactive stability in the cellular
environment governed by oxidation–reduction processes through
its single oxidation state (2+ ). As the second most abundant mi-
cronutrient in the human body, Zn is necessary for living organ-
isms and essential for many biological processes.1 –5 It is estimated
to bind as many as 3000 different proteins in the human body with
a wide variety of functions.6 –9 It binds to a large number of ligands,
and it is involved in the activity of over 300 enzymes of all classes
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onversely, dietary proteins appear to be associated with higher
n uptake, particularly for animal proteins,18 –20 and even appears
o negate the impairing effects of phytate and considerably im-
rove Zn bioavailability.21 , 22 

Some controlled feeding experiments and homeostasis mod-
ling studies have already expanded our knowledge of element
ycling and fractionation. These studies have provided valuable
nsights into physiological mechanisms driving variability in the
n isotope system.23 –27 In particular, ab initio calculations and ex-
erimental work showed that differences in Zn coordination en-
ironments account for δ66 Zn variability between tissues.26 , 28 –30 

n proteins, Zn is mostly bound to the amino acids histidine, cys-
eine, glutamate, and aspartate. In theory, tissues with cysteine-
ich proteins (found in liver and kidney) should have lower Zn iso-
ope composition (commonly 66 Zn/64 Zn ratio expressed as δ66 Zn
alue) than tissues with histidine-rich proteins (found in red blood
ells and plasma). This is because heavier Zn isotopes tend to con-
entrate in the higher energy bonds found in histidine, although
ontrasting results emerged for some tissues across studies.24 –27 

hese tissue-specific fractionations are considered to be responsi-
le for trophic level discrimination in Zn stable isotopes, as mus-
le and many soft tissues (the primary tissues of preys consumed
y carnivores) are usually depleted in heavy Zn isotopes relative
o the diet.23 –26 Indeed, Zn isotope ratios have been successfully
easured in fossil and modern ecosystems to investigate dietary
nd trophic behaviors of animals from both terrestrial and ma-
ine food webs.24 , 26 , 31 –43 Given that plant material typically has
igher δ66 Zn values relative to animal-matter, these studies show
hat a stepwise depletion in heavy Zn isotopes can be observed
long food chains, whereby animals of increasingly higher trophic
evels will have progressively lower δ66 Zn value. Thus, δ66 Zn has
ained popularity as a proxy for reconstructing diet and trophic
cology in the archeological and fossil record. For instance, re-
ent studies have applied this method to medieval human pop-
lations, a Late Pleistocene hunter-gatherer from Southeast Asia,
 Neanderthal individual from Gabasa, and even Neogene mega-
odon sharks.38 , 40 , 42 , 44 

While studies using Zn as a trophic level tracer have been suc-
essful, understanding the behavior of the Zn isotopes within the
ody is necessary to better interpret variability seen within food
ebs. Notably, the effect of different diets (e.g. plant- or animal-
ased) and their associated diet-tissue fractionations have yet
o be investigated in a single experimental setting. For example,
hile the increased Zn uptake and bioavailability associated with
nimal proteins should presumably favor δ66 Zn values indicative
f carnivory for a mixed plant- and meat-based diet, the δ66 Zn val-
es for omnivorous species remain isotopically and statistically
istinct from those of carnivores and herbivores.20 , 21 , 39 , 40 Thus,
he Zn isotope composition of consumers appears primarily de-
endent on the combined dietary δ66 Zn values (i.e. resulting from
 mixing based on δ66 Zn values and Zn content of the ingested
esources in the diet). 
A deeper understanding of Zn homeostasis, dietary transfer

unction (i.e. the way dietary isotope compositions are trans-
erred to tissues), and its relevance to the mechanisms of Zn
sotope fractionation relative to diet in consumers, is neces-
ary to firmly ground Zn isotopes as a (paleo)dietary proxy.
ultiple kinetic models using Zn isotope labelling experiments
ere previously presented in nutritional studies to establish the
uxes of Zn between compartments (used thereafter to desig-
ate tissues, biofluids, and excreta).45 –47 However, the distribu-
ions of the Zn natural stable isotopes were not studied in these
odels. The present work builds upon previous kinetic models,
sing δ66 Zn data collected from rats fed a custom-made and
ontrolled diet, thereby enabling the development of dynamic
umerical models of Zn isotope variability in each bodily
ompartment. 
Here a Zn isotope dataset is presented from three controlled

eeding experiments performed on rats ( Rattus norvegicus forma
omestica). In a first experiment (Experiment-1: Basic Diet), ani-
als received different meat-, insect-, or plant-based pelleted di-
ts ( Table S3), in a second experiment (Experiment-2: Bone Addi-
ion; Table S3), they received meat-based pelleted diet (the same
s in Experiment-1) with a bone-meal supplement used to sim-
late bone consumption as seen, for instance, in hyenas, while
n the third experiment (Experiment-3: Natural diet), animals re-
eived (non-pelleted) natural diets (vegetable mix and day-old-
hicks).36 , 40 , 44 This study aims to (1) determine the dependence of
ammalian tissues’ δ66 Zn values on the isotopic composition and

ype of food ingested (e.g. plant-based, animal-based, etc.), and (2)
iscuss the relationship through box (compartment) models of Zn
sotope homeostasis between the isotopic ratios of food products
nd those of body tissues, biofluids, and excreta. Specifically, the
ox models can help evaluate and describe turnover times and Zn
ass in each tissue and biofluid. Additionally, empirically deter-
ined enamel-diet spacings are reported for the first time, repre-
enting a crucial step for paleodietary studies. 

aterials and methods 

ontrolled feeding experiments design 

ontrolled feeding experiments described in the present study
ere performed with ethical approval of the Swiss Cantonal An-

mal Care and Use Committee in Zurich, Switzerland (animal
xperiment license no. ZH135/16) at the University of Zurich
etween July 2017 and March 2018. Experimental setups are de-
cribed in detail in previous studies.48 –51 In brief, adult female rats
ISTAR (RjHan: WI; 11–14 weeks old at the beginning of the ex-
eriment; n = 138) were housed in groups of six individuals in
eparate indoor enclosures. 
A total of 21 individuals and 3 different experimental setups
ere used in the framework of the current study ( n = 148; Fig. 1
nd Table 1 ): (1) Basic Diets (three diets); (2) Bone Addition (one
iet), and (3) Natural Diets (two diets). Diets from the Basic Diets
xperiment include pelleted animal meal (lamb) diet ( n = 1), pel-
eted insect meal diet ( n = 1), and pelleted lucerne meal ( n = 6).
iet from the Bone Addition Experiment consists of a pelleted ani-
al meal diet with a bone-meal supplement amounting to 14% of

he feed’s weight ( n = 1). Finally, the Natural Diet Experiment in-
ludes a vegetable mix diet ( n = 1) and a day-old-chick diet ( n = 1).
hree rats that received only their respective standard breeder’s
iet (herein referred to as supplier’s diet), were also sampled and
sed as a group in full isotopic equilibrium. Indeed, the last di-
tary switch (i.e. weaning from breastmilk) occurred ca. 60 days
efore the start of this experiment when the rats’ body weights
ere more than 4 times lower (ca. 50 g at 20 days against 200 g at
0 days). Owing to the fast replacement of the Zn pools during this
rowth period, we assume that the rats reached diet-body isotope
quilibrium by the start of the experiment. 
Prior to the experiments (i.e. from birth until arrival in Zurich),

ll individuals were weaned from mother’s milk at ca. 21 days af-
er birth and then received their supplier’s diet (Envigo propriety
ormula 2018S Teklad Global 18% Protein Rodent Diet, for which
he main ingredient and primary source of Zn is wheat) until
7–84 days of age, up to 98 days for individuals from the Natu-
al Diet experiment. One group fed only their supplier’s diet was

https://academic.oup.com/metallomics/article-lookup/doi/10.1093/mtomcs/mfae026#supplementary-data
https://academic.oup.com/metallomics/article-lookup/doi/10.1093/mtomcs/mfae026#supplementary-data
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+14%
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Experiment 2:
Bone Addition
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Experiment 3:
Natural Diets
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Bone FecesHair RBC Plasma Kidney LiveriMuscleM lFeed Enamel* Cem./Den.*

n = 3 n = 1 n = 1

Insect Meal Animal Meal

Experiment 1:
Basic Diets

Lucerne

n = 6 n = 1 n = 1

Day−old−chicks

n = 1

Fig. 1 Overview of the experimental setups included in the current study, along with the number of individuals per diet group and samples analyzed 
(i.e. tissues, biofluids, excreta, and feed). *Denotes that enamel and cementum/dentine (Cem./Den.) samples were only sampled and analyzed for the 
Basic Diets (Experiment 1) and the supplier’s diet (Baseline). 

Table 1 List and numbers of tissues, biofluids, and excreta samples analyzed in the current study for each experimental setup (Basic 
Diets, Bone Addition, and Natural Diets) and their respective diet (feed, below), as well as a control supplier’s pelleted diet 

Baseline 
Experiment-1 
Basic diets 

Experiment-2 
Bone addition 

Experiment-3 
Natural diets 

Supplier Lucerne Animal meal* Insect meal* 14% Bone Vegetable mix* Day-old-chicks* Total 

Bone 3 6 1 1 1 1 2 15 
Enamel 2 4 5 3 0 0 0 14 
Cem./Den. 2 5 5 3 0 0 0 15 
Feces 3 6 1 1 1 1 1 14 
Hair 1 6 1 1 1 2 1 13 
Kidney 3 6 1 1 1 1 2 15 
Liver 3 6 1 1 1 1 2 15 
Muscle 2 6 1 1 1 1 1 13 
Plasma 1 1 1 1 1 1 1 7 
RBC 3 1 2 2 1 3 1 13 
Total 23 47 19 15 8 11 11 134 
Feed 5 3 1 1 1 1 1 13 

Cem./Den. designate the cementum/dentine samples, and RBC the red blood cell ones. In addition to the 147 samples listed above, the bone-meal supplement from 

the Bone Addition experiment was also analyzed. 
*Designates diets for which tissues were fully analyzed for only one individual per diet, but having a few tissues and biofluids from other individuals. 
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kept as baseline, while all others were then fed the supplier diet
alongside one of the experimental diets for 5 days to allow ac-
climatization to the diet. Animals from each group were subse-
quently fed with one of the experimental foods (54 days for the
Basic Diets and Bone Addition experiments, and 32 days for the
Natural Diet experiment) and housed under the same conditions.
Each enclosure was equipped with two open food dishes contain-
ing their assigned experimental diet and two nipple drinkers con-
taining local tap water. Each feeding group received local Zurich
tap water. Given the very low Zn concentration in the drinking
tap water (ca. 0.005 μg/ml) compared with that of the different
feeds (from 24 and 32 μg/g in the vegetable mix and day-old-
chicks diets, up to 88 μg/g in the 14% Bone diet), its contribution
to daily dietary Zn budget is considered negligible. As the animals
received a 15 g daily allowance of food and typically drank 25 ml
of water daily, the Zn contribution of drinking tap water is at most
0.3% of daily dietary Zn intake. As such, the Zn isotope composi-
tion of drinking water was not measured in this study. Individuals
from each group from the Basic Diets and Bone Addition exper-
iments were also kept in isolation in metabolic cages for 4 days
after at least 20 days on the experimental diet to measure differ-
ences in food intake for each diet and individual fecal collection
( ≥20 g/individual). 
Animals were euthanized using CO2 and dissected to sam- 
ple soft and hard tissues (enzymatically macerated in warm wa- 
ter at 55°C to obtain hard tissues) for isotope analysis. A variety
of tissues and biofluids were sampled and analyzed for Zn iso- 
tope compositions, including bone, hair, kidney, muscle, liver, red 
blood cells, plasma, enamel, and cementum/dentine, feces, and 
the experimental feed of each group. Lower mandibular incisors 
(enamel and cementum/dentine) and distal tibias were chosen as 
bioapatite tissues for this study. Except for the supplier’s diet indi-
viduals, all teeth selected in this study are the same as those used
for enamel-bound δ15 N analysis.51 Lastly, the cementum/dentine 
samples taken are predominantly composed of the incisors’ outer 
hardened layer, composed of cementum, as the inside was mostly 
hollow.52 , 53 

For each diet, all tissues, biofluids, and excreta were analyzed 
for a single individual with the exception of the pelleted lucerne 
diet ( n = 6) and the supplier-feed diet ( n = 3). In some cases,
additional individuals were analyzed per diet for certain tissues 
and biofluids, especially for dentine, enamel, and red blood cells 
(Table 1 ). The diet groups are not necessarily equivalent and serve
different purposes: Supplier’s diet group serves as Zn isotope 
equilibrium baseline, lucerne and supplier’s diets characterize 
intra-group δ66 Zn variability, and all other groups primarily 
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ssess potential large Zn isotope differences across groups based
n the diet’s nature. It should also be noted the different diets
re artificially designed and do not necessarily reproduce a
atural diet composition, trophic spacing or, a ‘closed’ experi-
ental context (i.e. natural ecosystem or experimental context
here diets’ ingredients and animals are all grown and raised
ogether), and thus might not follow typical Zn trophic level
uccessions expected from a natural food web (i.e. δ66 Zncarnivore <
66 Znbone-eating carnivore and δ66 Znomnivore < δ66 Znherbivore ). Moreover,
ll pelleted diets contain a substantial proportion of plant-matter
73% for pelleted animal meal, 71% for pelleted insect meal,
nd 65% for bone-meal diet). As such, no primarily animal-
atter-based diets are represented in Experiment-1. All diets
nd experiments are compared with each other and henceforth
onsidered together in a single dataset for the present study
ith 148 samples that include 21 individuals and 7 different
eeds (including the supplier’s diet), as well as the bone-meal
upplement for the Bone Addition Experiment. 

inc isotope measurement 
ll perfluoroalkoxy (PFA) vials, polypropylene pipette tips and
olypropylene microcentrifuge tubes used were cleaned to mini-
ize Zn contamination. Disposable consumables (polypropylene
ipette tips and microcentrifuge tubes) were soaked in 6 M supra-
ure HCl for 48 h and then in ultrapure Milli-Q water for 24 h.
FA vials were rinsed 3 times in ultrapure Milli-Q water and then
oaked for 24 h in ultrapure Milli-Q water again. Vials were then
oaked in 3 M suprapure HNO3 for 12 h at 80°C, in ultrapure Milli-
 water for 12 h at 80°C and finally in 6 M suprapure HCl for 12 h
t 80°C. 
Zn purification was performed in Picotrace® metal-free clean

ab at the Max Planck Institute for Evolutionary Anthropology
n Leipzig, Germany. Throughout the entire study, all solutions
ere prepared with ultrapure Milli-Q water (18.2 M �-cm). Sam-
les were digested using two methods. Bioapatite (bone, tooth
namel, and cementum/dentine) were digested for 1 h at 120°C
sing 1 ml of suprapure HNO3 65% in PFA screw-cap Savillex
eakers. All other samples were instead digested with 10 ml of
uprapure HNO3 (10 minutes ramp to 100°C, 10 minutes plateau
t 100°C, 10 minutes ramp to 180°C, and 10 minutes plateau at
80°C) using a microwave reaction system for sample prepara-
ion (Anton Paar Multiwave Pro) at the Institute of Geosciences,
niversity of Mainz, or the German Federal Institute for Materi-
ls Research and Testing ( Bundesanstalt für Materialforschung und
prüfung (BAM)), in Berlin. 
After digestion, samples were evaporated and then dissolved in

ltrapure HBr 1.5 N. Zn is separated for quantitative recovery in
wo steps using an ion exchange column chromatography method
rst described in Jaouen et al ., 2016 (modified from Moynier
t al ., 2006).36 , 54 Zn was purified in 10 ml hydrophobic interaction
olumns (Macro-Prep® Methyl HIC) on pre-conditioned 1 ml AG-
 × 8 resin (200–400 dry mesh size, 106–180 μm wet bead size).
he resin was then cleaned twice using 5 ml 3% suprapure HNO3 

ollowed by 5 ml ultrapure Milli-Q water, and subsequently condi-
ioned with 3 ml 1.5 M HBr. After sample loading, 2 ml ultrapure
Br were added for matrix residue elution, followed by Zn elution
ith 5 ml suprapure HNO3 . Following the second column chro-
atography step, samples were evaporated for 13 h at 100°C and
issolved in 1 ml 3% suprapure HNO3 . Every preparation batch for
olumn chromatography included at least one National Institute
f Standards and Technology Standard Reference Materials (NIST
RM 1400, bone ash) and one chemistry blank in order to assess
he quality of the column chromatography purification. The val-
es of the NIST SRM consist of in-house long-term measurements
nd were determined using the same Zn purification procedure
pplied to the samples. 
Except for enamel and cementum/dentine samples, Zn isotope

atio measurements were made using a Thermo Neptune Multi-
ollector ICP-MS at the Max Planck Institute for Evolutionary An-
hropology (Leipzig, Germany), following the Cu doping proto-
ol to correct for instrumental mass fractionation.55 Enamel and
ementum/dentine samples were measured at the Géosciences
nvironnement Toulouse, Observatoire Midi-Pyrénées, using the
ame protocol on a Thermo Neptune Plus Multi-collector ICP-
S. Zinc isotope ratios are expressed relative to the interna-

ional standard JMC-Lyon, and isotopic abundances are presented
n δ (delta) notation expressed as deviation per mil ( ‰ ), as fol-
ows: δ66 Zn = (66 Zn/64 Zn sample/66 Zn/64 Zn standard – 1) × 1000.
he in-house standard Zn AA-MPI (using Alfa Aesar® ICP-MS Zn
tandard solution) was used for standard bracketing, with mass-
ependent offset to JMC-Lyon standard material of + 0.27 ‰ for
66 Zn.36 , 56 , 57 Analyzed sample solution Zn concentrations were
lose to 300 ng/g, as was the Zn concentration used for the
tandard mixture solution. Following a protocol adapted from
opeland for Sr and first used for Zn by Jaouen et al . (2016), re-
ression equations based on the 64 Zn signal intensity (V) of three
olutions with known concentrations (150, 300, and 600 ng/g)
ere used to estimate the Zn concentrations of samples.36 , 58 A
eference material NIST SRM 1400 was prepared and analyzed
longside the samples for each column chromatography batch,
nd had δ66 Zn values ( + 0.96 ± 0.03 ‰ (1 σ ), n = 13) as reported
lsewhere.40 , 42 The δ66 Zn measurement uncertainties were esti-
ated from standard and sample replicate analyses and ranged
etween ± 0.01 ‰ and ± 0.02 ‰ (1 σ ). The reference materials and
amples exhibit a Zn mass-dependent isotope fractionation and
he absence of isobaric interferences, whereby δ66 Zn vs. δ68 Zn val-
es fall onto lines with slopes close to the respective theoretical
ass fractionation values of 2. 

n isotope dynamic homeostasis box models 
ublished Zn kinetic models for rats have mostly focused on eval-
ating and describing turnover rates and Zn mass in each tis-
ue and biofluid independently, specifically regarding exchanges
ith the plasma.45 , 46 Here, we first built a reference whole-body
odel constrained by the isotopic observations in the rats fed

he supplier’s pelleted diet and assumed to be in isotopic equilib-
ium with their dietary Zn intake. The time required for organisms
o fully equilibrate their tissues’ isotopic compositions with their
iet is also a critical consideration that will be assessed, especially
onsidering that the Basic Diets and Bone Addition experiments
Experiments 1 and 2) lasted 54 days, while the Natural Diet exper-
ment (Experiment 3) lasted 32 days. We then proceeded to evalu-
te the systems through time to a change of diet isotopic composi-
ion ( Supplementary Material 3). Box models in the current study
se mathematical formalism and equations developed elsewhere
nd ‘isobxr’, an R package designed to investigate stable isotope
ox modeling of any open or closed system in steady state or in
esponse to a perturbation and first used in.23 , 59 , 60 

We included the 11 following compartments (Table 2 ): diet (D),
ntestine (Int), plasma (Pla), erythrocytes (i.e. red blood cells; RBC),
iver (Liv), muscles (Msc), bones (Bne), kidneys (Kdn), hair (con-
idered here as integument; Integ), urine (Ur), and feces (Fec).
he fluxes (i.e. exchanges) among compartments (in μg/d) were
reated as first-order kinetic coefficients or, equivalently, as exit

https://academic.oup.com/metallomics/article-lookup/doi/10.1093/mtomcs/mfae026#supplementary-data
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Table 2 List of Zn masses ( μg) in each compartment used in the 
current study for a rat of 370 g. All masses are taken from House 
& Wastney (1997) and all δ66 Zn ( ‰ JMC-Lyon) using the rats fed 
supplier’s feed from the current study46 

Compartment 
Zn content in 

compartment ( μg) δ66 Zn ( ‰ ) Obs.CI 

Diet Infinite 0 .42 0.08 
Intestine 1000 – –
Plasma 32 0 .36 0.20 
Liver 378 −0 .48 0.12 
Red Blood Cells 320 0 .47 0.03 
Muscle 1960 −0 .21 0.21 
Bone 3212 0 .37 0.12 
Kidney 63 −0 .12 0.12 
Integument 2787 0 .08 0.20 
Feces 813 0 .44 0.14 
Urine 7 – –
Waste Infinite – –

The observed confidence intervals (Obs.CI) were defined as 2SE and, in the case 
of boxes with a single observation (PLA and INTEG), the Obs.CI were conser- 
vatively set to 0.2 ‰ , corresponding to 4*maximized external reproducibility 
(roughly 0.05 ‰ on repeated measurement of standards) and also to the maxi- 
mum of estimated 2SE on other boxes with n ≥ 2 individuals. 
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probabilities per unit of time. Excretion (i.e. feces, urine, and
desquamation) was also treated as a probability of irreversible
loss (i.e. intestine to feces, integument to desquamation, and kid-
ney to urine). While kidneys were prepared and measured for
δ66 Zn values in the current study, their fit was excluded for mod-
eling purposes as they are rather used as an interface, and overall
too complex to be modeled in this article. Similarly, enamel was
excluded altogether as it requires the consideration of additional
processes (e.g. enamel secretion and maturation, tooth geometry
or sampling resolution, etc.), which are far too complex to be ac-
commodated by the current modeling approach.61 

Zinc fluxes are taken from House and Wastney (1997), and most
Zn isotope fractionation coefficients ( αi –j ) were calculated from
δ66 Zn values of compartments of rat individuals fed only the sup-
plier’s diet taken as a reference of an organism at diet-body iso-
tope equilibrium.46 In our modeling approach, we also assume a
first-order physiological steady state of the organism (i.e. constant
and balanced fluxes as well as constant box sizes and fractiona-
tion factors). We therefore do not model growth nor ageing of the
adult organism. 

While most parameters can be retrieved from the literature
or directly assessed from our observations, the nominal values
of some Zn fluxes and Zn isotope fractionations in rats remain
unknown or poorly constrained. We therefore simulated Zn iso-
tope cycles in rats considering varying values of such fluxes and
fractionation factors by sweeping the space of parameters using
the sweep.final_nD function of the isobxr R package.60 We were
then able to estimate the best sets of parameter values allow-
ing to reproduce the observed steady-state Zn isotope composi-
tions (within confidence intervals) reported for the key compart-
ments of the supplier rats organism ( Supplementary Material 2)
using the fit.final_space function of the isobxr R package. Vary-
ing flux configurations were thus swept to encompass the vari-
ous Zn cycles in mammals, as reported in humans and rats, and
fractionation coefficients (using a split fractionation amplitude
respectively attributed to efflux and influx) to explain the con-
stant fractionation factors set on Zn influx and efflux, mostly to
dead-end soft tissue reservoirs but also for bone. For a set of key
compartments, this method permits determination of all com-
binations of parameter values, which, in turn, allows for explo- 
ration and production of steady-state isotope compositions falling 
within the observed confidence intervals for all compartments of 
interest (values obtained from rat individuals in equilibrium with 
their diets). Parameters explored with this method are the fol- 
lowing: fractionation upon intestinal absorption ( αINT-PLA ) and en- 
dogenous losses ( αPLA-INT ), fractionation upon integument trans- 
port ( αPLA-INTEG ), fractionation upon urinary losses ( αKDN-UR ), and 
fluxes between plasma and integument as well as plasma and 
bone (i.e. varying residence times). 

The resulting Zn cycle, masses, isotope fractionation coeffi- 
cients, and fluxes between all compartments listed above are 
presented in Tables 2 and 3 . 

Results 

Blanks, reproducibility, and precision 

The average sample solution Zn content from the chemistry 
blanks ranged from 0.4 to 6.8 ng (average = 2.3 ± 2.1 ng (1 σ ),
n = 14). As the average Zn content for samples (average sample
Zn content = 2454 ± 2548 ng, n = 139) is about 1000 times higher,
the isotopic composition measured for each sample and reference 
material is highly unlikely to have been influenced by the blanks,
as the potential Zn contribution is too low (i.e. contributing only 
about 0.09% of the sample solution Zn content). Repeated anal- 
yses of some specimens ( n = 65) and reference material ( n = 13)
were performed to determine the homogeneity of samples, and 
the overall average analytical repeatability for samples and refer- 
ence material was ± 0.01 ‰ (1 σ ). 

Variation of δ66 Zn values between tissues and 

diets 
All results are given in Table S1. The δ66 Zn values recorded in all
individuals differed between diets and followed a similar pattern 
to the Zn isotope compositions of their respective feeds (Fig. 2 ),
with the exception of bone, which has a slow remodeling rate, and
hair, which grows in cycles rather than gradually remodeling (see 
Supplementary Material 2).62 , 63 

Inter-individual variation of δ66 Zn values within diet groups 
was explored in rats for the pelleted lucerne diet and pelleted 
supplier’s diet, whereby typical variation observed for each tissue 
from each diet (respectively 0.05 ± 0.02 ‰ (1 σ ) and 0.09 ± 0.05 ‰
(1 σ )) is similar to that of the feeds themselves ( ± 0.04 ‰ (1 σ ), n = 3;
and 0.09 ‰ (1 σ ), n = 5). For both diets, the δ66 Zn inter-individual
variation was higher in muscle tissue than in others ( ± 0.09 ‰
(1 σ ), n = 6; and 0.15 ‰ (1 σ ), n = 2; for the pelleted lucerne diet
and pelleted supplier’s diet, respectively). 

The red blood cells and feces’ δ66 Zn values are close to that
of the diet (respectively: �66 ZnRBC-diet = −0.05 ± 0.07 ‰ (1 σ ),
n = 13; and �66 Znfeces-diet = −0.03 ± 0.15 ‰ (1 σ ), n = 14), whereas
plasma exhibits a slight depletion in 66 Zn relative to the diet 
( �66 Znplasma-diet = −0.12 ± 0.07 ‰ (1 σ ), n = 7). Kidney, muscle,
and liver show depletion in 66 Zn relative to the diet (respectively: 
�66 Znkidney-diet = −0.66 ± 0.13 ‰ (1 σ ), n = 15; �66 Znmuscle-diet = 

−0.70 ± 0.13 ‰ (1 σ ), n = 13; and �66 Znliver-diet = −0.99 ± 0.09
‰ (1 σ ), n = 15). Because of the long residence time in bones
and hair, only the diet-to-tissue fractionation of animals that did 
not experience an experimental diet switch (i.e. supplier rats),
is considered since those from other diets are not in isotopic
equilibrium and still exhibit similar δ66 Zn values to those of 
individuals only fed the supplier’s diet (i.e. they mostly retain a 
pre-experimental diet value). Both tissues show a depletion in 
66 Zn relative to the diet, whereby the bones are closer to the diet’s

https://academic.oup.com/metallomics/article-lookup/doi/10.1093/mtomcs/mfae026#supplementary-data
https://academic.oup.com/metallomics/article-lookup/doi/10.1093/mtomcs/mfae026#supplementary-data
https://academic.oup.com/metallomics/article-lookup/doi/10.1093/mtomcs/mfae026#supplementary-data
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Table 3 List of fluxes ( μg/day) and fractionation coefficients between compartments used in the current study for a rat of 370 g 

From (i) To (j) Fluxes ( μg/day) Fractionation coefficient ( αi –j ) Corresponding �i –j ( ‰ ) 

D Int 1000a 1 .00000 0 .00 
Int Fec 989 1 .00000 0 .00 
Int Pla 305 0 .99970–1.00030 −0 .30 to 0.30 
Pla Int 294 0 .99970–1.00030 −0 .30 to 0.30 
Pla Liv 900 0 .99958 −0 .42 
Pla RBC 35 1 .00005 0 .05 
Pla Msc 227 0 .99972 −0 .28 
Pla Bne 1.1–231.1 1 .00001 0 .01 
Pla Integ 4–180 0 .99950– 1.00000 −0 .50 to 0.00 
Pla Kdn 118 1 .00000 0 .00 
Liv Pla 900 1 .00042 0 .42 
RBC Pla 35 0 .99995 −0 .05 
Msc Pla 900 1 .00028 0 .28 
Bne Pla 1.1–231.1 0 .99999 −0 .01 
Knd Pla 111 1 .00000 0 .00 
Kdn Ur 7 1 .0000 and 1.0010 0 .00 to 1.00 
Ur Waste 7 1 .00000 0 .00 
Integ Waste 4 1 .00000 0 .00 
Fec Waste 989 1 .00000 0 .00 

All fluxes are taken, or modified (a ), from House & Wastney (1997).46 Fractionation coefficients are calculated from δ66 Zn values from the current study or deduced 
from the sweep space. 
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66 Zn value ( �66 Znbone-diet = −0.05 ± 0.10 ‰ (1 σ ), n = 3), and the
airs are more depleted ( �66 Znhair-diet = −0.34 ‰ , n = 1). 
Individuals fed the lucerne pelleted diet recorded the lowest

66 Zn values. The animal-based diets (pelleted animal meal, pel-
eted insect meal, pelleted bone addition meal, and day-old-chick
atural diet, respectively following this order of increasing δ66 Zn
alues) followed, with the supplier’s pelleted diet and the natural
egetable mix diet having the highest values. Accordingly, the pel-
eted bone addition meal ( δ66 Zn = 0.00 ‰ ) showed a shift toward
he values of the bone-meal supplement ( δ66 Zn = 0.96 ‰ ) away
rom the pelleted animal meal ( δ66 Zn = −0.09 ‰ ), with which it
as supplemented. 

iscussion 

volution of δ66 Zn in a rat body 

he sweep CI-fits ( Supplementary Material 2) allowed for ex-
loring and establishing sets of parameters, both fluxes and
ractionation coefficients, that enabled reproducing the values
bserved in rats at Zn isotope equilibrium with their diets.
hile different suites of suitable configurations were identified,

his modeling approach also notably highlighted features re-
arding the steady-state isotope compositions of the organism
tself. 
In vertebrates, the diet’s Zn isotope composition is expected

o be the primary control on those of animal tissues. First, we
hus explore a Zn isotope homeostasis that assumes animal tis-
ues are isotopically equilibrated with their experimental diets,
hereby rat individuals fed only the supplier’s diet are used as a
teady-state reference (i.e. at diet-body isotope equilibrium and at
hysiological steady-state). When describing the relationship be-
ween the isotopic composition of given tissues and dietary intake
r the evolution of a system, a crucial consideration is the time
equired for organisms to fully equilibrate the isotopic composi-
ions of their tissues with that of their diet. This can be accounted
or using a box modeling approach with sufficient knowledge on
he typical cycle of a given element (masses and fluxes in and be-
ween all compartments) and of the organ in question, whereby
he characteristic relaxation times of the exponential solutions
f the system of differential equations describing the evolution
f the system can be assessed.23 , 64 , 65 Typically, the system can
e considered fully equilibrated with the dietary source within
 times the longest relaxation time. 
Among others, the extent of the renal isotope fractionation

ppears to have no significant impact overall on bodily base-
ine δ66 Zn values ( Figure S2). Therefore, we decided to set it to
.44 ‰ ( αKDN-UR = 1.00044), which is comparable to the average
ffset in δ66 Zn between urine and plasma previously reported
n humans.66 The fluxes of Zn from plasma to bone and from
one to plasma were also explored, whereby the residence time
f Zn in bone of a first-order physiological steady-state was made
o vary between 14 days (as suggested by House and Wastney,
997) up to ca. 3000 days as upper-end extreme, as assumed if
n has the same residence time as Ca in humans (e.g. 2000 days
f 1 kg Ca in bone and 500 mg/d exchanged).46 , 67 The resulting
imulations calibrated against a switch from supplier to Lucerne
iet provided a best fit with a t1/2 in bones of 300 days ( Figure S7),
ndicating that bones of individuals fed on the experimental
iets for 60 days or less do not reflect the isotopic composition
f their respective feeds. Our observations and simulations thus
upport that the Zn residence time in rat bone is at least one
rder of magnitude longer than the previously suggested 14 days
 Supplementary Material 2). Additionally, although dependent
n the uncertainty of bone δ66 Zn values, our 300 days estimate
ppears to be one order of magnitude lower than the expected
000–3000 days residence time of Ca in bone in humans. This
rder of magnitude of 300 days is in good agreement with the res-
dence time of Ca in bones of rats, estimated to vary between 250
nd 1600 days.68 Such differences probably relate to distinct bone
emodeling rates between rats and humans, probably owing to the
llometry of bone turnover rates in mammals.69 Similarly, the best
odeled fit (i.e. the one reproducing the δ66 Zn values obtained
upplier-fed rat individuals at isotopic equilibrium with their
iets) for integument flux (hair in the current case) corresponds
o a low integument loss/high endogenous loss ratio ( Figure S5).
his configuration is comparable to what is reported for humans

https://academic.oup.com/metallomics/article-lookup/doi/10.1093/mtomcs/mfae026#supplementary-data
https://academic.oup.com/metallomics/article-lookup/doi/10.1093/mtomcs/mfae026#supplementary-data
https://academic.oup.com/metallomics/article-lookup/doi/10.1093/mtomcs/mfae026#supplementary-data
https://academic.oup.com/metallomics/article-lookup/doi/10.1093/mtomcs/mfae026#supplementary-data
https://academic.oup.com/metallomics/article-lookup/doi/10.1093/mtomcs/mfae026#supplementary-data
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Supplier Lucerne Insect Meal Animal Meal 14% Bone Vegetable Mix Day−old−chicks

−1.0 −0.5 0.0 0.5 −1.0 −0.5 0.0 0.5 −1.0 −0.5 0.0 0.5 −1.0 −0.5 0.0 0.5 −1.0 −0.5 0.0 0.5 −1.0 −0.5 0.0 0.5 −1.0 −0.5 0.0 0.5

Liver

Muscle

Kidney

Cem./Den.

Enamel

Plasma

RBC

Feed

Feces

Hair

Bone

δ66Zn (‰ JMC-Lyon)

+14%
Bone

Fig. 2 The Zn isotope compositions ( ‰ , relative to the JMC-Lyon Zn isotope standard) of the liver, muscle, kidney, plasma, red blood cells (RBC), feces, 
hair, bone, enamel, cementum/dentine (Cem./Den.), and respective feeds of animals highlight the generally low δ66 Zn values in soft tissues and higher 
values in bones compared with the diet. Each facet, and its corresponding point shapes and colors, are associated with a distinct diet: pelleted 
supplier’s diet, pelleted animal meal diet, pelleted insect meal diet, pelleted lucerne meal, pelleted animal meal diet with a 14% bone-meal 
supplement, vegetable mix diet, and a day-old-chick diet. The dashed lines correspond to the mean δ66 Zn values of the diet supplied to the animals. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

values. 

D
ow

nloaded from
 https://academ

ic.oup.com
/m

etallom
ics/article/16/6/m

fae026/7675512 by guest on 25 June 2024
but different than what was reported for rats by House and
Wastney (1997).46 This consequently leads to a much longer
modeled t1/2 of Zn in the integument, of the order of 700 days
rather than 70 days, and thus a slower equilibration rate for hair.
Therefore, hairs of individuals fed on the experimental diets do
not reflect the isotopic composition of their respective feeds on
such small timescales. However, it is worth mentioning that the
modeling for hair is mostly done to account for integumentary Zn
losses and satisfy the rest of the box-model. The current modeling
approach assumes a steady hair growth and thus does not accom-
modate the complexity of rats’ hair growth, which not only follows
cycles of roughly 35 days but also retains hairs from previous
ones.62 , 63 This also explains the discrepancy between the integu-
ment flux observed by House and Wastney (1997) and the best
modeled fit obtained in the current study. Nonetheless, although
longer than a rat’s average lifespan (i.e. 1.5–2 and up-to but rarely
3 years), the calculated t1/2 for bone and hair are not intrinsically
unrealistic. If verified, this would simply mean that an adult indi-
vidual does not fully reach steady-state equilibration between diet
and tissues over its life after having been introduced to a new diet.
We thereafter used these updated fluxes (plasma to bone, bone
to plasma, and plasma to integument) and isotopic fractionation
( αKDN-UR ) for the final configuration used for subsequent modeling
(Fig. 3 ). 

The relaxation times of the whole system were modeled
and demonstrate that almost every tissues and biofluids’ from
individuals of Experiment-1 and 2 would be near isotopic
equilibrium ( ∼90% or more; Table 4 ) with their diet by the
end of the experiment’s duration (ca. 60 days), except for 
hair and bone, both with much longer Zn residence times 
(Fig. 4 ). 

As individuals in the current study were growing, most feed- 
ing groups displayed a significant increase in body mass through- 
out all three experiments ( Table S2), with significant differences 
in the growth performances of animals observed between di- 
ets. Within Experiment-1, rats that received the plant-based diet 
gained 20 ± 6% body mass ( n = 6), while individuals from the
meat and insect groups displayed slightly higher body mass gains,
27 ± 6% and 26 ± 5% ( n = 6 and n = 3), respectively. While dietary
Zn intake constitutes the primary control over isotopic composi- 
tions of the animal tissues, growth performance also appears to 
have an effect to some degree and seems to generally lead to lower
�66 Zn values (Fig. 5 ). 

Indeed, while the time required to fully equilibrate all of 
the main Zn reservoirs of the organism with dietary Zn ex- 
ceeds 1000 days (usually 5 times the maximal relaxation time 
of 697 days), the equilibration is seemingly accelerated by bet- 
ter growth performances, bringing tissues closer to isotopic equi- 
librium with their dietary source more quickly. Although growth 
performances seemingly affect δ66 Zn values in tissues, the cur- 
rent models do not take it into account as it would require a
more in-depth understanding on precise location of fractiona- 
tion, including in dead-end reservoirs. Nonetheless, it is worth 
noting that it can thus perhaps partly explain some differences 
between individuals and diets between predicted and observed 

https://academic.oup.com/metallomics/article-lookup/doi/10.1093/mtomcs/mfae026#supplementary-data


8 | Metallomics

Diet (D)

1000

989

989

Intestine (Int)

Feces (Fec)

294

7

305

Waste

Urine (Ur)
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Fig. 3 Schematic diagram of the Zn isotope cycle in the body of a rat, in μg/day. For the fractionation coefficients, see Table 3 . 

Table 4 Residence times t1/2 (days) and time to x % equilibration progress for each compartment (tissue, excreta, and biofluid) of rats, as 
well as the whole system relaxation times 

Residence times Time to x % equilibration progress (days) 
Whole system 

relaxation times (days)* 

Compartment t1/2 (days) t50% t95% t99% trelax (sorted) 

Intestine 0 .8 1 23 83 0 .02 
Feces (day loss) 1 .0 2 24 84 0 .5 
Plasma 0 .0 5 73 486 0 .7 
Liver 0 .4 5 73 487 1 .0 
Kidney 0 .5 6 73 487 1 .0 
Urine (day loss) 1 .0 7 74 488 1 .4 
Muscle 8 .6 16 84 495 9 .1 
Red blood cells 9 .1 16 85 496 19 .1 
Bone 300 .2 231 954 1460 314 .4 
Integument 696 .8 510 2124 3246 696 .8 

*Relaxation times are not a direct characteristic of a reservoir but are characteristic of the dynamic behavior of the whole system. 
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The predictions for the diet-switch modeling (Fig. 6 and
upplementary Material 3) are overall in very good agreement
ith observed compositions, even though our model does not take
ngoing growth nor ageing into account. It is also important to
ote that not all diet groups are equivalent, as the number of in-
ividuals is variable from one group to another, most being repre-
ented by a single individual. In contrast, six individuals were ana-
yzed from the lucerne pelleted-feed diet, making it the best suited
o evaluate the effect of a diet shift through time as a function of
he δ66 Zn value of dietary intake. For some diets, some discrep-
ncies between predicted and observed values, notably for liver,
uscle, and RBC, can likely be associated with these differences

n the numbers of individuals analyzed, as well as growth perfor-

ance. n  
atural distribution of Zn isotopes in the rat body
he δ66 Zn values observed for the different compartments are
ostly in line with published data, but some notable excep-

ions can be discerned (Fig. 7 ), including bone, muscle, and blood
plasma and red blood cells).24 –27 , 70 Deviations in δ66 Zn values
rom literature data could have serious implications for (pa-
eo)dietary reconstructions; bone is one of the preferred archives
n paleodietary studies, muscles are the primary tissue consumed
y carnivores, and plasma (and red blood cells, as the primary lo-
ation of Zn in the blood) controls the Zn isotope composition of
ther compartments. 
The present δ66 Zn data from bone diverge somewhat slightly

rom assumptions of Zn isotope fractionation according to the
ature of the metal bonds with ligands, namely regarding Zn

https://academic.oup.com/metallomics/article-lookup/doi/10.1093/mtomcs/mfae026#supplementary-data
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Fig. 4 Progress (%) of body-diet Zn isotope equilibration in rats with time (days), assuming an individual that: (1) is an adult animal, (2) is not growing, 
(3) has no prior dietary switch (such as weaning, for example), and (4) has a typical life expectancy of 730–1095 days. The vertical red dotted lined 
correspond to the duration of the longest experiments (roughly 60 days for both Experiment-1 and 2), and the characteristic relaxation times (see 
Table 4 ) are shown as dotted vertical lines, whereby the maximal one (697 days) is derived from hair Zn residence time. 
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bonding in bioapatite. Because heavier Zn preferentially binds to
ligands with a stronger electronegativity (O > N > S), enrichment
of heavy Zn isotopes is expected in bioapatite due to bonding with
oxygen atoms of one hydroxyl (OH) and three phosphate groups
(PO4 ), while 66 Zn depletion is expected in muscle proteins and
other soft tissues because of Zn binding to N of various amino
acids.25 , 26 , 29 , 30 , 71 , 72 However, while bioapatite tissues in the cur-
rent study exhibit enrichment of heavy Zn relative to soft tissues,
they nonetheless have similar or lower δ66 Zn values than the diet
and plasma. This was also observed in sea breams ( Sparus aurata )
from a pisciculture farm where the reported offsets between bone
and diet δ66 Zn values ( �66 Znbone-diet = −0.04 ± 0.04 ‰ , (1 σ ), n = 7)
are similar to the current study ( �66 Znbone-diet = −0.05 ± 0.10 ‰
(1 σ ), n = 3).70 Variability in the isotopic equilibrium of the tissue
with the diet could be expected to be the main factor in differ-
ences with the other studies, but the data are equally inconsis-
tent in supporting this assumption. Indeed, even when only com-
paring older specimens (i.e. those whose body’s δ66 Zn values are
at or closest to isotopic equilibrium with their diet: 12 week-old
rats (supplier’s diet group, this study), 14 and 16 week-old mice,
22 week-old mice, 52 week-old sheep, and 80 week-old minipigs),
�66 Znbone-diet values are different between these studies and the
current results presented.24 –27 Differences in growth performance,
Zn bioavailability of the diet, and time since the last dietary switch
could all be mentioned as possibilities to explain this discrepancy
between these studies. 

Differences in �66 Znplasma-diet and �66 ZnRBC-diet values across
studies are also somewhat confounding (Fig. 7 ). Blood, and its
plasma and RBC, is a biofluid with a short residence time (i.e. a
fast turnover) and should thus be undoubtedly at isotopic equilib-
rium with the diet, as also predicted by the box-model approach.
While both Balter et al . (2010) and Moynier et al . (2013) measured
serum (plasma without clotting agents), the influence of clot-
ting agents on Zn elemental abundances and isotope composition 
should be negligible and serum should consequently yield compa- 
rable δ66 Zn values with plasma.73 , 74 Differences with these studies 
in �66 Znplasma-diet (and henceforth also including serum) are thus 
unlikely to result from this. Values from our study roughly match 
those from Mahan and colleagues’ study, whereby plasma shows 
similar or slightly lower δ66 Zn values relative to the diet, while RBC
exhibits somewhat higher values.27 Plasma values from Moynier 
et al . (2013) show large heterogeneity, but the mean δ66 Zn value is
also lower relative to the diet.26 At the moment, it is unclear why
values in sheep from Balter et al . (2010) deviate so strongly from
the aforementioned trend, whereby RBC’s values are much lower 
than the diet and plasma is much higher.24 Not only is this the 
reverse trend to that reported by other studies, but the relative 
difference with the diet’s value is also much more pronounced.
Equally, RBC values from Moynier et al . (2013), although showing 
the same trend of higher values relative to the diet, display a much
higher �66 ZnRBC-diet value.26 However, it is encouraging that results 
from our and Mahan’s studies show somewhat similar δ66 Zn val- 
ues for RBC and plasma, especially since Zn is mostly bonded to
albumin in both and should therefore be expected to have a sim-
ilar isotopic composition.73 , 74 

The most similar bone-to-diet fractionation is observed in sea 
breams (see McCormack et al ., 2024) where the reported offsets be-
tween muscle and diet δ66 Zn values ( �66 Znmuscle-diet = −0.45 ± 0.03 
‰ , (1 σ ), n = 5) are also similar to the current study ( �66 Znmuscle-diet 

= −0.57 ± 0.10 ‰ (1 σ ), n = 2).70 While the δ66 Zn values of mus-
cle from the current study show the same trend toward lower 
values relative to the diet as reported for other rodents,25 , 26 the 
�66 Znmuscle-diet value of rat individuals fed only the supplier’s diet 
(i.e. assumed to be at equilibrium with their diets) is −0.57 ‰ ,
while studies from Balter et al . (2013) and Moynier et al . (2013) are
at −0.21 and −0.18 ‰ , respectively.25 , 26 Different developmental 
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y = −0.7−0.0131 x, Radj
2 = 0.73, P = 0.004, n = 8

y = 0.862−0.0236 x, Radj
2 = 0.77, P = 0.003, n = 8

y = 0.908−0.0185 x, Radj
2 = 0.82, P = 0.001, n = 8

y = −0.384−0.0126 x, Radj
2 = 0.35, P = 0.071, n = 8

y = 0.085−0.0117 x, Radj
2 = 0.36, P = 0.010, n = 15

y = −0.191−0.0203 x, Radj
2 = 0.93, P < 0.001, n = 8

y = −0.117−0.00431 x, Radj
2 = 0.10, P = 0.158, n = 13
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tages (and consequently isotopic equilibrium of muscle with the
iet) are not assumed to have played a role in differences between
tudies performed on rodents in δ66 Zn values of muscles. Mice
pecimens from Balter et al . (2013) should be at isotopic equilib-
ium with their diet, so should the ones from Moynier et al . (2013)
erminated in a later stage of the staggered-killing sequence.25 , 26 

onetheless, it is worth mentioning that all controlled feeding ex-
eriments conducted so far were different in design, conditions,
umber of specimens, and with various species. The many differ-
nces between them thus could likely explain the variability ob-
erved. Moreover, and perhaps more importantly, the relationship
etween diet and consumers’ δ66 Zn values was not expressively
he main objective in other studies. Similarly, the current study
as also not designed solely around the isotopic composition of
he diet, nor solely for Zn either, but for other isotopic trophic
evel proxies or diet related dental wear.48 –51 Some caveats and
imitations thus also apply to the current study, as more analyzed
pecimens for each diet group and a longer experiment duration
primarily to avoid confounding effects from growth performance)
ould alleviate some uncertainties and strengthen the results. 
To our knowledge, no δ66 Zn values of mammal teeth’s bioap-

tite tissues have been previously analyzed in controlled feed-
ng settings (Figs. 2 and 8 ), only for sea breams fish.70 However,
s enamel(oid) is the preferred tissue for paleodietary studies,
ts isotopic fractionation relative to diet is highly relevant for
rcheological and paleontological reconstructions of past diets
ecause of this tissue’s high degree of mineralization, large bioa-
atite crystallite size, and low porosity, and hence high resis-
ance to diagenetic alteration.75 , 76 Overall, �66 Znenamel-diet of rats
s −0.18 ‰ ± 0.01 ‰ (1 σ , n = 17) across diets from Experiment-
 (i.e. pelleted diets), both animal- and plant-based ones, which
s similar, albeit slightly lower, to that of sea breams’ enameloid
 �66 Znenameloid-diet = −0.29 ‰ ± 0.03 ‰ (1 σ ), n = 7). As reported
lsewhere, the mandibular incisors used in the current study
re expected to have been completely replaced over the course
f the experiment based on their mean total tooth length and
rowth rate.51 , 77 Thus, their δ66 Zn values should solely reflect a
eriod when the animal ingested the experimental diet (54 days,
fter a 5-day acclimatization period during which the animals
lso received the supplier’s feed in addition to the experimen-
al food). The �66 Znenamel-bone of rat individuals fed only the sup-
lier’s diet (i.e. those whose bones are assumed to be at equi-
ibrium with their diets, as their last dietary switch occurred at
eaning from breastmilk) is −0.15 ‰ ( ± 0.04 ‰ (1 σ ), n = 2), which

s broadly similar, albeit slightly lower, than previously reported
ean �66 Znenamel-bone : −0.2 ‰ in terrestrial mammals from Koobi
ora, −0.18 ‰ in humans, enamel-dentine offset of −0.22 ‰ in
ossil terrestrial mammals, and enameloid-osteodentine offset in
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diverse elasmobranch species of −0.21 ‰ .36 , 39 , 42 , 78 However, the
amplitude of the �66 Znenamel-cementum/dentine from the current
study is lower, −0.10 ‰ (0.08 (1 σ ), n = 14). This is likely the re-
sult of cementum, the incisors’ outer hardened layer, being the
predominant Zn contribution tissue in those samples, and would
suggest similar δ66 Zn values in cementum and enamel.52 Never-
theless, the similar �66 Zn value across studies and sim-
enamel-bone 
ilar �66 Znenamel-diet value across diet groups from this study also 
further support an apparent diet-enamel isotope equilibrium. 

Lastly, no tissues, biofluids, or excreta show significant en- 
richment in the heavy 66 Zn isotope relative to the diet; when 
at or close to equilibrium with the diet, all δ66 Zn values are ei-
ther lower or roughly equal. This differs from other controlled 
feeding experiments and is somewhat surprising as it suggests a 

https://academic.oup.com/metallomics/article-lookup/doi/10.1093/mtomcs/mfae026#supplementary-data
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6 Zn deficit in the specimens’ Zn balance.24 –26 While a substan-
ial variety of different tissues, biofluids, or excreta were ana-
yzed, and most Zn is passively held in bone and muscle, we can-
ot exclude the possibility of other tissues being enriched in 66 Zn
ompared with the diet. While urine was not prepared and ana-
yzed in the current study, all our models, along with the various
weeps of the space of parameters ( Supplementary Material 2),
uggest a potential preferential loss of heavy Zn isotopes in
rine, as reported elsewhere.66 However, the small Zn efflux in
rine (Fig. 3 ) hardly seems enough to explain the lack of heavy
n isotope balance. Nonetheless, all δ66 Zn values from hard
nd soft tissues of the feeding experiment rats are either lower
r roughly equal to the diet, thus aligning well with the ob-
erved generally lower δ66 Zn values higher up in natural food
hains. 

he δ66 Zn values in a rat body and its relation 

o diet 
he pelleted lucerne diet exhibits the lowest δ66 Zn values (i.e. the
ost similar to a ‘carnivore-like’ diet in a natural food web). It

hus differs from the typical Zn trophic level successions from a
ood web (i.e. δ66 Zncarnivore < δ66 Znbone-eating carnivore & δ66 Znomnivore 

 δ66 Znherbivore ), but this is likely due to ingredients of the different
iets not being taken from a single context that would mimic real
rophic interactions. Nonetheless, the data support trophic dis-
rimination observed in food webs, as muscles and other soft tis-
ues (i.e. those that would be predominantly eaten by carnivores)
n rats show low δ66 Zn values relative to their diet, just as carni-
ores exhibit lower δ66 Zn values than sympatric herbivores.36 , 39 , 40 

ased on the data of specimens fed only the supplier’s diet, the
uscle-diet spacing is −0.63 ‰ , which, when assuming relatively
onstant tissue fractionation factors between species and mus-
le as the main digested tissue by carnivorous consumers, would
ffectively suggest such a trophic spacing for larger mammals
etween the same tissues of predators and their prey. This no-
ably corresponds well to observed trophic spacing observed for
atural food webs in Laos ( ∼ −0.60 ‰ ) but is bigger than in oth-
rs food webs (ranging from ∼ −0.45 ‰ to ∼ −0.32 ‰ ).36 , 37 , 39 –41 

s stated already (Fig. 7 ), this spacing differs (up to > 3 times)
rom that of almost all other controlled feeding experiments
 �66 Znmuscle-diet = 0.18 ± 0.14 ‰ (1 σ ), n = 4 (Balter et al., 2010);
66 Znmuscle-diet = −0.14 ± 0.06 ‰ (1 σ ), n = 4 (Balter et al ., 2013); and
66 Znmuscle-diet = −0.10 ± 0.02 ‰ (1 σ ), n = 2 (Moynier et al ., 2013)),
xcept for McCormack et al ., 2024 ( �66 Znmuscle-diet = −0.45 ± 0.03
 , (1 σ ), n = 5), which is also similar to observed trophic spacing
bserved for natural food webs.24 –26 , 70 However, it is worth noting
hat those spacings of other controlled feeding experiments differ
rom every trophic ecology study in natural food webs.36 , 37 , 39 –42 

The absence of significant differences in isotopic fractionation
uring intestinal Zn absorption across diets is seemingly con-
rmed through the box models as they predict similar δ66 Zn val-
es in the various compartments as those empirically obtained
n this study. However, some variability between diets can be ob-
erved for most tissues, but can also likely be accounted for by
rowth performance, as highlighted in Fig. 4 , and by counting
tatistics, as the number of individuals between groups varied
n the current study. Specifically, the pelleted lucerne and pel-
eted supplier’s diets have a higher count of individuals analyzed
n the current study and exhibit similar �66 Zncompartment-diet val-
es ( Table S5). Simple simulations ( Figure S2) using randomly se-
ected pairs of δ66 Zn values of feed ( n = 3) and muscle tissues
 n = 6) from the pelleted lucerne diet show that considerable
66 Znmuscle-diet value differences (from −0.79 to −0.48 ‰ ) can be
btained when using a single specimen. When also accounting for
ariability induced by different growth performances, it becomes
vident that variability across diets can ensue. Moreover, the δ66 Zn
alues of each tissue (except for bone) are also directly dependent
n the composition of their associated diet ( Figure S3) and follow

https://academic.oup.com/metallomics/article-lookup/doi/10.1093/mtomcs/mfae026#supplementary-data
https://academic.oup.com/metallomics/article-lookup/doi/10.1093/mtomcs/mfae026#supplementary-data
https://academic.oup.com/metallomics/article-lookup/doi/10.1093/mtomcs/mfae026#supplementary-data
https://academic.oup.com/metallomics/article-lookup/doi/10.1093/mtomcs/mfae026#supplementary-data
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a roughly 1:1 slope, further supporting similar isotopic fractiona-
tion across diets. 

The differences between the pelleted lucerne diet with the
other pelleted diets could be tentatively associated with previ-
ous assumptions that preferential precipitation of light Zn iso-
topes with phytates in the intestinal tract induces higher δ66 Zn in
plant-matter consumers than in animal-matter ones.36 However,
phytate content, estimated for three pelleted diets of the Basic Ex-
periment, is low (0.06, 0.10, and 0.11%, respectively for the pelleted
lucerne, animal meal, and insect meal diets) and comparable only
to amounts in the very low range found in food items.79 Phytate
content thus can be ruled out as a source of �66 Zncompartment-diet

variability between diets. While differences between diets from
Experiment-1 could be more generally associated with plant- vs.
animal-based diets since animal proteins are seemingly associ-
ated with a higher Zn uptake and improved Zn bioavailability, this
is not supported by �66 Zncompartment-diet values of various tissues
and biofluids from individuals of the Natural Diets experiment
(Experiment 3).18 , 20 , 21 Moreover, the natural diets not only have
more homogeneous proportions of secondary ingredients (i.e. all
ingredients other than the ‘defining’ one such as lucerne, ani-
mal meal, etc.) compared with those of Experiment-1 and 2 but
the day-old-chicks diet is also almost solely composed of animal 
matter (whole frozen day-old chicks and supplement; Table S4) 
as opposed to the pelleted animal meal (25%), insect meal (26%),
and 14% Bone (35.5%, which includes the lamb and bone meal) 
diets, respectively ( Table S3). Consequently, they offer a much 
better comparison of the impact of animal- and plant-matter in 
the diet relative to isotopic fractionation upon intestinal absorp- 
tion. While this experiment was much shorter than Experiment- 
1, the faster-turning tissues (e.g. plasma, RBC, kidney, and liver) 
nonetheless offer the chance to compare �66 Zncompartment-diet val- 
ues at or roughly at equilibrium with the diet (Fig. 8 and Table S5).
The differences here are small, and the highest values are not sys-
tematically associated with the same diet. 

The isotopic composition of the dietary Zn intake as primary 
control over the δ66 Zn values of animal tissues is also illustrated in
the Bone Addition Experiment, for which the value of the pelleted 
animal meal ( δ66 Zn = −0.09 ‰ ) was shifted toward that of the
bone-meal supplement ( δ66 Zn = 0.96 ‰ ); this resulted in higher
δ66 Zn values in the pelleted bone addition meal ( δ66 Zn = 0.00 ‰ )
and, accordingly, also in the tissues and biofluids of its consumer 
( Figure S1). This observed difference supports data reported in 
other studies, where bone-eating carnivores’ δ66 Zn values are 

https://academic.oup.com/metallomics/article-lookup/doi/10.1093/mtomcs/mfae026#supplementary-data
https://academic.oup.com/metallomics/article-lookup/doi/10.1093/mtomcs/mfae026#supplementary-data
https://academic.oup.com/metallomics/article-lookup/doi/10.1093/mtomcs/mfae026#supplementary-data
https://academic.oup.com/metallomics/article-lookup/doi/10.1093/mtomcs/mfae026#supplementary-data
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istinct from sympatric carnivores, and omnivores have interme-
iate δ66 Zn values between carnivores and herbivores.36 , 39 , 40 , 44 , 80 

oth cases suggest that the mixing of all resources eaten (in one
ase, soft and hard animal tissues, and in the other animal and
lant-matter) dictates δ66 Zn values in consumers, without any
trong bias for given food items (e.g. animal or plant-matter). The
one Addition Experiment supports this assumption, whereby a
4% addition of bone-meal supplement contributed to roughly 9%
f the δ66 Zn value of the feed, with both supplement and orig-
nal feed having a similar Zn concentration of 78 and 67 μg/g,
espectively ( Table S1). This was already suspected because of
he isotopically distinct δ66 Zn range of values recorded for om-
ivore species in Late Pleistocene fossil mammal assemblages
f Laos, which suggested that the averaged Zn isotope compo-
ition of the diet was the primary reason for recorded values in
 consumer.39 , 40 While the average isotopic composition of the
ietary Zn intake will undoubtedly still depend on factors such
s Zn concentration and Zn bioavailability of the different in-
ested food items, the absence of any marked differences sug-
ests minimal isotopic fractionation upon Zn bio-assimilation
etween animal- (soft and hard tissues) and plant-matter or of
ignificant bias toward either of those resource types. This is espe-
ially promising for (paleo)dietary reconstructions as it suggests
hat δ66 Zn values recorded in tissues could be used to trace the
veraged Zn isotope composition of the diet or simply add nu-
nce to dietary interpretation, relying less on stark differences
e.g. trophic level differences and type/degree of protein consump-
ion) and more on components in the diet themselves. 
Finally, we show the expected transfer of a sinusoidal (e.g. sea-

onal) variation of diet δ66 Zn to a rapid reservoir (plasma) and a
low reservoir (bone) based on the Zn cycle of an adult rat, as as-
essed in this study (Fig. 9 ). The dynamic response of the organism
o various periodical shifts in diet isotope compositions, ranging
rom 10 days to a year, shows distinct sensitivity of plasma (more
ensitive) and bone (less sensitive) to changes in dietary sources. 
For example, for short periods of 10 days, the Zn isotope vari-

tions in plasma are buffered by ca. 68% and shifted in time by
bout 2 days (Fig. 9 A), against 8% and 12 days for yearly vari-
tions of diet δ66 Zn (Fig. 9 D). When taking into account dura-
ions required to reach specific isotopic equilibration thresholds
Fig. 4 and Table 4 ), these simulations bring new constraints to
he possibility of tracking intra-individual dietary changes, es-
ecially in incrementally growing tissues like enamel, which is
he geochemical archive of choice in paleobiology. Although the
rediction of isotopic variations in enamel requires the model-
ng of additional processes affecting the signal (e.g. enamel se-
retion and maturation, tooth geometry, or sampling resolution,
tc.), such results illustrate the typical responses (i.e. phase shift
nd buffering) of plasma, which is the primary source of Zn during
namel formation.61 Comparatively, the whole bone Zn reservoir
isplays a much lower sensitivity to short-term variations in iso-
opic compositions of dietary sources. These modeled transfers of
inusoidal variations of dietary δ66 Zn to rat plasma and bone thus
fficiently illustrate additional considerations that need to be ac-
ounted for in animals experiencing shifts in diet isotope compo-
itions (for example, either from season-based availability of dif-
erent resources in a natural food web or from dietary switch in a
ontrolled feeding experiment). 

onclusion 

n the current study, substantial and systematic fractionation of
n isotopes was reported across tissues, biofluids, and excreta
f rats fed during controlled feeding experiments with diets
ontaining different types and amounts of plant- and animal-
atter. The evolution of δ66 Zn values in both soft and hard

issues was explored using a box-model approach, notably al-
owing for assessing the time required to fully equilibrate the
ain Zn reservoirs of the organism with dietary Zn. In turn, this
emonstrated that most tissues and biofluids of the rats were al-
ost fully equilibrated ( ∼90%) after about 2 months, except for
one and hair, whose Zn residence time was much longer than
xpected from literature data. The different diets induce sim-
lar �66 Zncompartment-diet values, whereby the δ66 Zn values seem
o primarily reflect the dietary Zn intake, although growth per-
ormances appear to induce some variability. In particular, the
66 Znmuscle-diet value from the current study is lower than in
ther experimental studies but more consistent with the trophic
pacing between predators and their prey observed in natural
ood webs. Contrary to expectation, no marked distinction be-
ween animal- and plant-based diets could be seen, suggesting
 similar Zn isotope fractionation upon intestinal absorption.
his is consequently of great interest for (paleo)dietary recon-
tructions as it suggests a fairly unbiased average in the iso-
opic composition of the dietary Zn intake of a consumer and
ts tissues, likely allowing for more refined dietary interpreta-
ions. Lastly, the similar Zn isotope fractionation between differ-
nt diets and enamel analyzed from controlled feeding experi-
ents is equally of great importance for (paleo)dietary studies, as

t paves the way for actual dietary reconstruction beyond relative
rophic positions between individuals or dietary groups using diet-
elated δ66 Zn values of taphonomically robust enamel from fossil
eeth. 

upplementary material 
upplementary data are available at Metallomics online. 
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