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Experimental determination of dietary carbon
turnover in bovine hair and hoof

A. Zazzo, S.M. Harrison, B. Bahar, A.P. Moloney, F.J. Monahan, C.M. Scrimgeour,
and O. Schmidt

Abstract: Stable isotopes measured in keratinized tissues like hair or hoof have proven to be a useful tool for reconstruct-
ing the dietary history of animals with a weekly to daily resolution. Quantitative reconstruction of dietary preferences re-
quires a precise estimate of tissue turnover by means of controlled feeding experiments. We determined the turnover rates
of carbon in hoof and tail hair of growing steers (Bos taurus L., 1758) fed a C3-based diet, followed by a C4-based diet,
for 168 d. As with horses, turnover in steer hair was successfully described by a three-pool modelling approach, with appa-
rent half-lives of 1.7, 7.7, and 69.1 d for each of the pools, each contributing 53%, 20%, and 28% of the total signal, re-
spectively. Two pools only were identified in bovine hoof, which recorded the diet switch more slowly than hair with a
reduction in the amplitude of short-term isotope changes. We interpreted this result as a sampling artefact and found that
the hooves reflected the same pools as the hair if growth geometry is taken into account. The model parameters defined in
this study allowed us to quantitatively reconstruct previous diets of steers of different breeds and individual history with a
precision of ±1%.

Résumé : La mesure de la composition en isotopes stables des phane`res comme le poil ou le sabot est un outil ave´ré pour
reconstruire l’histoire alimentaire des animaux avec une re´solution temporelle de l’ordre de la semaine a` la journée. La re-
construction quantitative des pre´férences alimentaires ne´cessite d’estimer pre´cisément le taux de renouvellement du tissu
au moyen d’expe´riences en conditions d’alimentation controˆlée. Nous avons de´terminéle taux de renouvellement du car-
bone dans le sabot et le poil de la queue de taurillons (Bos taurus L., 1758) nourris avec une alimentation C3 puis C4

pendant 168 j. Comme chez le cheval, le taux de renouvellement du poil est bien de´crit par un mode`le à trois réservoirs,
avec des demi-vies apparentes de 1,7, 7,7 et 69,1 j pour chaque re´servoir contribuant chacun pour 53 %, 20 % et 28 %, du
signal total. Deux re´servoirs seulement ont pu eˆtre identifiés dans le sabot, qui enregistre le changement d’alimentation
plus lentement que le poil avec une re´duction dans l’amplitude des changements isotopiques a` court terme. Ce re´sultat est
interprété comme un artefact d’e´chantillonnage qui disparaıˆt si la géométrie de croissance du sabot est prise en compte. La
détermination des parame`tres du mode`le nous a permis de reconstruire quantitativement les valeurs ded13C de l’alimen-
tation de taurillons de race et d’histoire individuelle diffe´rentes avec une pre´cision de ±1%.

Introduction

The stable isotope composition of keratinized tissues, in-
cluding hair, hoof, claw, feather, nail, and horn, has poten-
tial as a high-resolution recorder of the individual history of
animals and humans. This tool has been applied to a wide
array of research areas, ranging from wildlife ecology
(Bearhop et al. 2003; Cerling and Viehl 2004; Cerling et al.
2004) to vegetation and climate change (Witt et al. 1998;

Schnyder et al. 2006) and archaeology (Macko et al. 1999;
Schwarcz and White 2004; Iacumin et al. 2005). The use of
keratinized tissues offers several advantages. They are com-
posed of 90% keratin, a protein which contains all the major
light elements (H, C, N, O, and S). Hair, for example, can
be sampled noninvasively, which is an advantage for wild-
life ecology, especially when working on endangered spe-
cies. Like tooth enamel, keratinized tissues such as hair,
nail, or hoof are metabolically inert once formed, can grow
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continuously, and thus are able to record time series up to
several years (Cerling et al. 2004; Iacumin et al. 2005).
Under favourable climatic conditions (cold and (or) dry),
keratin can be preserved physically and chemically for sev-
eral thousand years, making keratinized tissues useful for
palaeoenvironmental and palaeoecological reconstructions
(Macko et al. 1999; Iacumin et al. 2005).

A significant fraction of dietary carbon is rapidly incor-
porated into keratin (Ayliffe et al. 2004; West et al. 2004).
The rate of incorporation of the dietary signal into body tis-
sues can be determined by exposing an animal consecu-
tively to two different diets (or drinking water) of distinct
isotopic composition. Accurate estimation of turnover rate
requires that the studied tissue is initially in isotopic equili-
brium with the first diet, and then approaches equilibrium
with the second diet at the end of the experiment. This ap-
proach has been used to determine turnover rates in a num-
ber of animals (mammals, fish, birds) and for a variety of
tissues (muscle, liver, blood, hair) (Dalerum and Angerbjo¨rn
2005). Most studies have used a single exponential best fit
to describe isotope turnover in soft tissues (Fry and Arnold
1982). This approach assumes implicitly that exchange reac-
tions are described by first-order rate kinetics and that one
single metabolic pool is present. It usually describes quite
accurately turnover in muscle tissues and allows the rate
constant to be decomposed into two components if the ani-
mal is gaining mass during the time of the experiment: a
‘‘growth’’ component and a ‘‘pure’’ turnover component
(Hesslein et al. 1993).

However, for incremental tissues such as hair, Ayliffe et
al. (2004) and Cerling et al. (2007) demonstrated that turn-
over curves were better described with a three-pool model.
This approach, called the reaction progress approach, was
developed based on earlier work using radionucleides
(Thompson 1952a, 1952b; Thompson and Ballou 1956).
Although the exact meaning of each of the metabolic pools
identified by the model is still debated, this method has sev-
eral advantages over the single-pool modelling approach
from a descriptive point of view. These advantages include
a better restitution of initial and final stable isotope values
for both the studied tissue and the reconstructed diet, and
the possibility to consider results from different experiments
together even if the initial and final isotope compositions are
different (Cerling et al. 2007).

Limited data are available on dietary carbon turnover in
hair and none on hoof. To date, dietary carbon turnover in
hair have only been estimated for Mongolian jirds (Meriones
unguiculatus (Milne-Edwards, 1867)) using a single-pool
model (Tieszen et al. 1983) and for horses using a three-
pool model (Ayliffe et al. 2004; West et al. 2004). The
present study represents an additional effort at documenting
how the dietary signal is recorded in animal incremental
tissues. In this paper we calculate turnover rates of carbon
in the hair and hoof keratin of steer (Bos taurus L., 1758)
raised under controlled conditions. Our aims were twofold:
first, to examine if hair and hooves provide a similar re-
cord of the kinetics of carbon turnover following a diet
switch; second, to determine which model better describes
turnover of dietary carbon in bovine hair and hoof and to
test the accuracy of the model to reconstruct bovine dietary
history.

Materials and methods

Experimental
Seventy continental crossbred steers born in Ireland in

2002 were brought to Teagasc Research Centre in Grange,
County Meath, Ireland, in mid-December 2003. Between
the day of arrival and mid-February 2004, each animal
was raised on a C3-based pre-experimental diet consisting
of grass silage fed ad libitum and 1 kg barley (Hordeum
vulgare L.) / d. From mid-February to mid-March, the ani-
mals were gradually adapted to a barley-based diet over 14 d
with ad libitum access to wheat straw (genusTriticum L.).
The steers were then blocked for breed and initial mass.
Ten steers were slaughtered as a pre-experimental control.
All the remaining animals were offered a control diet
(81% by mass of barley-based concentrate and 19% by
mass of wheat straw). Ten animals, which served as exper-
imental controls, received this diet for the duration of the
whole experiment (168 d). The remaining 50 animals were
gradually (in 2 d) switched from the control diet to an ex-
perimental C4 diet (81% by mass of maize (Zea mays L.)
based concentrate and 19% by mass of wheat straw) in
groups of 10 either 168, 112, 56, 28, or 14 d prior to
slaughter. To facilitate handling of the cattle at slaughter,
animals within treatment groups were switched to the new
diet at weekly intervals over a 3-week period. This experi-
ment was carried out with the approval of Teagasc, the
Irish Agriculture and Food Development Authority. All
procedures employed in this study were in accordance
with national regulations concerning animal care and use.

The daily feed allowance was adjusted monthly to achieve
a target mass gain of 0.9 kg/d. The control and experimental
diets were produced in a pilot-scale blending plant at the
Teagasc Moorepark Food Research Centre, County Cork, in
three, unequal batches of 10–15 t each. Monthly feed samples
were taken and analysed at the end of the experiment. Iso-
topic analysis of the control ration showed a slight increase
in d13C value, from –28.4% ± 0.3% (n = 5) to –27.8% ±
0.3% (n = 5) between February and September 2004. This
slight change was taken into account when calculating ap-
parent fractionation factors between hair or hoof and diet.
Isotopic analysis of the experimental ration showed no trend
in stable isotope values (d13C = –12.8% ± 0.3%, n = 9) with
the exception of one outlier in August (–16.4%, see the
Results).

Taking into account the relative proportion and digestibil-
ity of the concentrate and straw components of the diets, the
control and experimental diets were estimated to haved13C
values of –28.7% ± 0.3% and –14.7% ± 0.3%, respec-
tively, creating an isotope spacing of 14.0% between the
two diets.

Hair samples
One tail hair from seven different individuals was selected

for isotope analysis. Sampled animals comprise one animal
from the experimental control group and six animals who re-
ceived the experimental diet for 168 d, respectively. One
heavy (>15 mg) and long (>250 mm) tail hair was chosen
per animal, cleaned using soapy water, and then defatted
following published protocols for other keratin-based tissues
(O’Connell et al. 2001). Each hair was sonicated twice for
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30 min in a solution of methanol and chloroform (2:1,v/v),
rinsed with distilled water, and oven-dried overnight at
60 8C. Individual hairs were serially sectioned into 2–5 mm
subsamples and weighed into ultralight tin capsules for sta-
ble isotope analysis. The size of individual sections was a
compromise to maximize the resolution around the time of
diet-switching while keeping in mind current analytical lim-
its of mass spectrometers used (50mg carbon). Hair sample
masses ranged between 100 and 200mg. Up to 50 subsam-
ples were taken from each hair and over 300 samples were
analysed in total.

Hoof samples
The hooves from five individuals that received the exper-

imental diet for 168 d and one control animal were selected
for stable isotope analysis. Of these, three (animals 2, 6, and
one control) correspond to individuals whose hair was also
selected for stable isotope analysis. Details of the sampling
procedure are provided in Harrison et al. (2007a). Briefly,
the left front hoof was separated from the rest of the leg of
the animal. Then, a 15 mm thick slice of hoof was cut paral-
lel to the growth axis using a band saw and the hoof wall
was detached from adhering tissues. The hoof wall was so-
nicated twice for 30 min in a solution of methanol and
chloroform (2:1, v/v), rinsed in distilled water, and oven-
dried at 608C overnight. Up to 41 samples/hoof were col-
lected from the surface of the hoof wall using a drill
equipped with a diamond bit. Samples were taken from the
top to 1 cm from the bottom of the hoof, following the hoof
growth axis, and weighed into tin cups. Samples had mean
(SD) dimensions of 3.0 ± 0.6, 1.2 ± 0.1, and 0.8 ± 0.2 mm
(length, width, and depth, respectively;n = 188). Mean (SD)
sample mass was 0.84 ± 0.06 mg (n = 188). The distance
between two consecutive samples was <1 mm.

Stable isotope analysis
Natural abundance stable isotope ratios of carbon (13C/12C)

were measured in hair and hoof samples using an Europa
Scientific ANCA-NT 20-20 stable isotope analyser with
the ANCA-NT solid–liquid preparation module (Europa
Scientific Ltd., Crewe, UK) for the larger samples and an
Europa Scientific Roboprep-CN sample preparation module
coupled with an Europa Scientific 20-20 IRMS for smaller
samples. Isotope ratios are expressed in thed notation as
per mil (%) according to the equationd13C (%) = [(13C/
12Csample – 13C/12Creference)/13C/12Creference] � 1000, where
the reference is Vienna Pee Dee Belemnite (VPDB). Work-
ing standards of IA-R042 (iso-analytical powdered bovine
liver), IA-R005 (iso-analytical beet sugar), and IAEA-CH-6
(cane sugar) were measured as quality control check sam-
ples during analysis and calibrated against IAEA standards
N1 and N2. The analytical precision achieved for the
standards was 0.1%.

Isotope enrichment factors (%) between tissue and diet
were calculated using the following equation (Craig 1954):
"TD = [(d13CT + 1000)/(d13CD + 1000) – 1]� 1000, where
d13CT andd13CD are the isotope values of the tissue (hair or
hoof) and diet, respectively, measured at isotopic equilibrium.

Growth rate calculation
Different hairs may grow at different rates within and be-

tween individual steers. To compare the hair chronologies
established for different individuals, it was first necessary to
convert hair length measurements to time. Growth rates
(mm/d) were calculated for each hair by dividing the dis-
tance between the position where the change from control
to experimental diet was first recorded in the hair and hair
base with the time elapsed between diet switch and slaugh-
ter. The centre point of the tail-hair segment that first
showed a significant change ind13C from baseline values
was assumed to mark the commencement of the C4 exper-
imental diet. This point was assigned the value of 0 d plus
a lag factor of 12 h to account for the time taken for in-
gested food to be digested and laid down as keratin in the
hair follicle (Ryder 1958; Ayliffe et al. 2004). A similar
approach was followed for calculating growth rates in
hooves (Harrison et al. 2007a). In doing so, we assumed
that growth rate was linear during the time of the experi-
ment (168 d).

Modelling
To model turnover of dietary carbon as recorded in steer

hair and hooves, we followed the approach outlined in Ay-
liffe et al. (2004) for extracting up to three first-order rate
constants from the data. This approach is described in more
detail in Cerling et al. (2007). Briefly, for a system com-
posed of several pools (in this case three), with all pools ini-
tially at isotopic equilibrium with the dietary input, the
progression to the new isotopic equilibrium state after a
change in diet is given by the following equation (eq. 17 in
Cerling et al. 2007):

½1� dtA � deqA
dinitA � deqA

¼ f1e
��1t þ f2e

��2t þ f3e
��3t

whereA is the tissue of interest (e.g., hoof, hair);dinitA , deqA ,
and dtA are thed values at the time of the diet switch, at
equilibrium, and at timet during the reaction progress ex-
periment, respectively; and� and f are the rate constant and
fractional contribution of pools 1, 2, and 3, respectively. We
can solve this equation for all values off and � using a
‘‘curve stripping’’ approach where the longer lived compo-
nents are successively subtracted to get both the fractions
and the rate constants of all components of the mixture.
The slope and intercept of the straight-line fit through the
data in the part of the curve where the isotopes of the first
two pools have reached their equilibrium states yield esti-
mates of�3 and f3. Once these are known, the contribution
of the long-lived pool to the other two pools can be calcu-
lated and subtracted from the total isotope signal, leaving
only the contribution of pools 1 and 2 to the residual isotope
signal. Treating this residual data in the same fashion as be-
fore gives�2 and f2, and ultimately�1 and f1. All the indivi-
duals (n = 5 andn = 6 for the hoof and the hair data sets,
respectively) were pooled as a group to increase the sam-
pling resolution during the first days following the diet
switch, as well as to take interindividual variability into ac-
count when proposing turnover estimates for carbon in hair
and hoof keratin.

Ayliffe et al. (2004) noted that there is an uncertainty in-
herent in this method regarding the exact position of thet =
0 point in each profile. This temporal uncertainty is equiva-
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lent to the number of days represented by the first segment
of hair or hoof that shows a significant change in carbon
isotope value. Following the first estimates of the half lives
and fractional contributions derived from the initial semi-log
plot fits, the exact position of thet = 0 point (and hence, of
the rest of the profile) was slightly modified using the itera-
tive approach described in Ayliffe et al. (2004) and West et
al. (2004) to derive improved estimates for the half-life and
fractional contributions of the three components composing
the tail hair. These final estimates are the values provided
in the Results.

We must point out a caveat here. This model assumes that
the pools do not interact with each other. This is the most
simple assumption, and we are aware that it may not be the
most realistic. If, as hypothesized by Ayliffe et al. (2004),
the short-lived pool corresponds to an exogenous source of
carbon coming directly from the diet, whereas the longer
lived pools correspond to endogenous sources of carbon
coming from the metabolic recycling of the element in the
body tissues, they could well interact via the blood stream.
A model of interacting pools would lead to a different math-
ematical manipulation and, more important, to different half-
lives. At the moment knowledge about this interaction is
missing, but the problem may be solved in the future. To
make it clear that there is still a gap in knowledge and to
avoid contradiction with future studies, we will refer to ‘‘ap-
parent half-lives’’ rather than just ‘‘half-lives’’.

Results

Growth rates
On average, hair grew in length 3.5 times faster than hoof

(Table 1). But because of the small hair diameter, the mini-
mum sample mass required by the mass spectrometer dic-
tated that each hair sample accounted for a 5 d period of
growth or about the same as the hoof sampling resolution in
this experiment. However, because the spacing between the
mid-point of two consecutive hoof samples was 1.6 mm,
overall sampling resolution for hoof was 7.4 ± 1.0 d
(mean ± SD;n = 5) compared with 4.8 ± 0.7 d (mean ±
SD; n = 6) in hair.

Isotope enrichment factors
Isotope enrichment factors were calculated using the hair

and hoof of each animal while on the control diet (Table 2).
Because thed13C value of the control diet slightly increased
over the course of the experiment (+0.7% ± 0.3%; mean ±
SD), two estimates were calculated for the control animal
after 6 and 30 weeks on the control diet, respectively. For
the other animals, we selected the last segment of hair or
hoof preceding the switch to the experimental diet. Mean
(SD) enrichment factors were 3.0% ± 0.1% and 2.8% ±
0.1% for the seven hair and six hooves, respectively. The
enrichment factor measured from the control animal after
30 weeks on the control diet was identical within analytical
error to that measured in the other individuals who only
spent 6–8 weeks on that diet. This result strongly suggests
that all the individuals were at, or very close to, isotopic
equilibrium with the control diet at the time of the diet
switch. Hair had, on average,d13C values that were 0.2%
higher than hoof.

Hair and hoof carbon isotope profiles
Figures 1A and 1B show thed13C profiles for the tail

hairs and the hooves; the carbon isotope profile from the
control animal is also presented for comparison. Thex axis
was transformed from length units to time units using the
growth rate estimates presented above, andt = 0 is the time
of the diet switch from control to experimental diet. The tail
hair exhibited a distinctly nonlinear response to the diet
switch, with a rapid increase ind13C values during the first
days after the diet switch, followed by a much slower in-
crease from approximately day 10 to days 72–90 (Fig. 1A).
Based on the turnover pattern in hair and assuming the same
isotope enrichment factor for the experimental C4 diet and
the control C3 diet, it was calculated that 25%–32% of the
total change in haird13C values occurred within 1 d. Ac-
cordingly, the change ind13C values observed was ~63% ±
4% at day 7 after the diet switch and ~88% ± 3% at days
70–90 after the diet switch. At first glance, the record of
the diet switch in hoof looks very similar to that of the hair,
with first a rapid rise and then followed by a slower increase
in d13C values (Fig. 1B). After days 70–90 on the experi-

Table 1. Growth rates and sampling resolution in steer (Bos taurus) hair and hoof.

Growth rate (mm/d)
Time represented by each
sample during diet switch (d)

Time between two consecutive
samples during diet switch (d)

Animal
ID No. Hair Hoof Hair Hoof Hair Hoof
2 0.795 0.219 5.0 5.5 5.0 7.3
3 — 0.256 — 4.7 — 6.3
4 — 0.220 — 5.5 — 7.3
5 — 0.212 — 5.7 — 7.5
6 0.665 0.170 4.5 7.1 4.5 9.4
7 0.787 — 3.8 — 3.8
8 0.785 — 5.1 — 5.1
9 0.698 — 4.3 — 4.3

10 0.840 — 6.0 — 6.0

Mean 0.762 0.215 4.8 5.6 4.8 7.4
SD (1�) 0.060 0.027 0.7 0.8 0.7 1.0
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mental diet, 88% ± 3% of the expected change in hoofd13C
values had taken place, which is identical to hair. But the
rate of initial increase ind13C values was much lower in
hoof, as it took ~20 d for the hoof to record 60% of the ex-
pected change, which is three times longer than found in the
hair.

After days 70–90 on the experimental diet, all the animals
recorded a sharp decrease in theird13C values, ranging from
2.5% to 6.8% in hair and from 1.8% to 2.9% in hoof. This
episode was followed by an increase of similar magnitude a
few weeks later. Dates were calculated for these two un-
planned diet switches assuming a constant growth rate for
both hair and hoof between the time of the switch to the ex-
perimental diet and slaughter (Fig. 2). All animals received
this unknown diet for 20–40 d, starting in late June to early
July 2004, except for animal 3 whose diet was switched
later in July. Isotopic analysis of seven individual C4 pellets
coming from the batch of food that was offered to the ani-
mals during this period showed that this food was incorrectly
formulated. A mean (SD)d13C value of –18.2% ± 1.0%,
(n = 12) was calculated. These pellets were offered with
C3 straw, so the value of the composite diet during this
time should be close to –19.5% ± 1.0%, suggesting that
as much as 30%–40% barley was added to maize during
the preparation of the pellets. However, these two addi-
tional diet switches occurred at a time when the hair and
hooves were close to equilibrium with the C4 diet. There-
fore, it did not prevent us from modelling the hair and
hoof responses to the first diet switch, but it provided us
with the possibility of testing the accuracy of the model
parameter estimates (see Discussion).

Multicomponent model
The modelling approach outlined in Ayliffe et al. (2004)

and Cerling et al. (2007) was applied to the hair and hoof
data sets (Table 3). Only data points prior to the unplanned
July diet switch were included. For hair, the model sug-
gested the existence of three pools with apparent half-lives
of 1.7, 7.7, and 69.1 d, respectively. These pools accounted

for 53% ± 1%, 20% ± 8% and 28% ± 4% of the total diet-
ary change of 14%. By contrast, the isotope record in hoof
could only be decomposed into two pools. The first pool had
a rate constant of 11.7 d and accounted for 52% ± 4% of the
total change, whereas the second pool had a longer apparent
half-life of 34.0 d and accounted for 45% ± 7% of the total
change. Because the shape of the isotope profile in hoof was
sigmoidal rather than exponential and because of interindi-
vidual differences in turnover rates, the model fit was not
as good as for hair. This was reflected by the pools account-
ing only for 97% of the total variation in hoof. It overesti-
mated the hoof response in the first 20 d following the diet
switch and underestimated it for the next 20 d (Fig. 3).

Discussion

The isotope record in steer hoof and hair
Sequential sampling and stable isotope analysis of bovine

tail hair and hoof revealed that the two tissues can provide a
detailed and continuous record of animal dietary history.
Based on their maximum length and average growth rate
calculated over a 168 d period, this record potentially ex-
tends back to ~15 month prior to the sampling date for both
hair and hoof. Temporal resolution, which is mainly deter-
mined by the tissue growth rate and current analytical limits
(a minimum of 50mg C is routinely required ford13C anal-
ysis), is 5 d/sample, on average, for both tissues. Hair thick-
ness decreases from base to end, and temporal resolution is
maximal close to the hair base where a precision in the
range of 1–2 d can be achieved. Similarly, the temporal res-
olution obtained in hoof, which is partly limited by the
width of each sample band, could be improved by the use
of a computer-controlled micromilling device. This techni-
que, which was developed for fish otoliths and also applied
to mammal teeth, uses the edge of the drill bit instead of its
full thickness to collect a series of contiguous (and thinner)
samples (Wurster et al. 1999; Zazzo et al. 2005).

The record of diet switch from C3 to C4 was rapid in hair
and hoof, with most carbon (90%) having turned over in

Table 2. Isotope enrichment factors for steer hair and hoof.

d13 (%) " (%)

Animal
ID No.

Equilibration
period (weeks)a Diet Hair Hoof Hair–diet Hoof–diet

Control 6 –28.7 –25.9 –25.7 2.8 3.0
Control 30 –28.0 –25.1 –25.3 3.0 2.8
2 7 –28.7 –25.8 –25.9 2.9 2.9
3 6 — — –25.9 — 2.8
4 6 — — –26.0 — 2.7
5 7 — — –25.8 — 2.9
6 8 –28.7 –25.7 –26.1 3.0 2.6
7 6 –28.7 –26.0 — 2.8 —
8 8 –28.7 –25.7 — 3.0 —
9 8 –28.7 –25.6 — 3.1 —

10 8 –28.7 –25.7 — 3.0 —

Mean 3.0 2.8
SD (1�) 0.1 0.1

aThe 6-, 7-, and 8-week equilibration periods reflect the 3-week interval that facilitated the staggered
assignment of animals to the C4 diet.
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<3 months. This is faster than for other incremental tissues
like teeth. Full mineralization of bovine tooth enamel re-
quires 6–7 months; correspondingly, the time represented in
each dentine sample is about 4 months (Balasse 2002; Zazzo
et al. 2006). Although they appear similar, the dietary record
in hoof was different from that in hair in terms of the time
resolution. Figures 4A and 4B compare the hair and hoof
isotope profiles for individuals 2 and 6 for which both tis-
sues were sampled. Following the first diet switch, the rate
of increase ind13C values was more rapid for hair than for

hoof. The delay between the two records was estimated to
be between 10 and 20 d. Similarly, the record of the second
and third diet switch in July–August was delayed in the hoof
compared with in the hair. Finally, the decrease ind13C
value during this period was less marked in hoof (2/3 of the
total amplitude) than in hair from the same individual.
Mathematically, hoof turnover rate could only be decom-
posed into two pools of equivalent size and relatively slow
apparent half-lives of 11.7 and 34 d, with the rapid pool
found for hair absent from the model. It is noteworthy that
similar observations, namely a slow response to a rapid diet-
ary change, associated with a large degree of attenuation
compared with the input (dietary) signal have been de-
scribed during the formation and maturation of hypsodont
(ever-growing) tooth enamel (Balasse 2002; Passey and
Cerling 2002; Zazzo et al. 2005).

-28

-26

-24

-22

-20

-18

-16

-14

-12

-80 -60 -40 -20 0 20 40 60 80 100 120 140 160

#2

#3

#4

#5

#6

Time after diet switch (d)

δ1
3
C

(V
P

D
B

,‰
)

δ1
3
C

(V
P

D
B

,‰
)

(B)

-28

-26

-24

-22

-20

-18

-16

-14

-12

-80 -60 -40 -20 0 20 40 60 80 100 120 140 160

#2

#6

#7

#8

#9

#10

(A)

control

control

Fig. 1. Stable carbon isotope profiles in six steer (Bos taurus) hairs
(A) and five hooves (B) expressed as time after the switch from
control to experimental diet. Result for one control animal is also
shown for comparison. Scaling from millimetres to days was per-
formed individually by calculating the tissue’s growth rates, based
on the known time and position where the diet switch was first re-
corded in either hoof or hair.

#2

#6

#7

#8

#9

#10

02/06 16/06 30/06 14/07 28/07 11/08 25/08 08/09 22/09

-20

-19

-18

-17

-16

-15

-14

-13

-12
(A)

-20

-19

-18

-17

-16

-15

-14

-13

-12

02/06 16/06 30/06 14/07 28/07 11/08 25/08 08/09 22/09

#2

#3

#4

#5

#6

(B)

Calendar date (dd/mm)

δ1
3
C

(V
P

D
B

,
‰

)
δ1

3
C

(V
P

D
B

,
‰

)

Fig. 2. Carbon isotope profiles in steer hair (A) and hoof (B) de-
tailing the last 16 weeks of the experiment.
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We suggest that the differences observed between hoof
and hair could be related to the timing and geometry of
hoof formation, which directly influences the time repre-
sented in each hoof subsample. The diameter of steer tail
hair is very small (<0.1 mm), and the time represented in
each section of hair is the time needed for this section of
hair to grow in length. In contrast, the hoof wall grows in
length and increases in thickness over the first 2–3 cm
where it reaches its full thickness (Blowey 1993; Maierl
and Mülling 2004). Like in tooth enamel, newly formed ker-
atin cells are produced along an apposition front, which
makes an angle with the surface of the hoof wall in the first
3 cm from the top of the hoof. Because the hoof apposition
front is partly oblique, sampling into the hoof thickness per-
pendicular to the surface of the hoof will crosscut younger
layers of hoof keratin. If the angle between the apposition
front and the hoof surface is large, the time represented by
each subsample will exceed the time necessary to grow in
length.

To express this idea mathematically, we propose a simple
model that takes the growth of hoof keratin into account:

½2� d13Choof;i ¼

Xi

n¼i�t

d13Chair;i

t

whered13Choof,i andd13Chair,i are the carbon isotope compo-
sition of hoof and hair at timei, respectively, andt is the
time represented in each sample of hoof (d). The model as-
sumes that hoof keratin is formed at the same rate as hair
keratin and, like hair, is fully formed once deposited (no
maturation time). Mathematically, this is equivalent to ap-
plying a moving average function to the hair stable isotope
record. Significant attenuation of short-term isotope varia-
tions recorded in tail hair will occur ift is longer than the
time represented in the individual hair subsample (about
5 d in this study). For individual 2, the best correspondence
between the model and the hoof profile was found fort =
20; for individual 6, the best correspondence was found
when t = 30 (Fig. 4).

The model successfully reproduces the time lag in the
hoof profile relative to the hair after the first diet switch
and the amplitude of the decrease ind13C values during the
second diet switch. According to our model, the hoof layer
located 1.0 mm deep was formed 20–30 d earlier than the
hoof located on the surface. Values oft seem to be inversely
correlated with hoof growth rate, as growth rate in animal 6
was much lower than in animal 2 (Table 1). This observa-

tion was confirmed independently by Harrison et al.
(2007b) on a larger number of individuals. A better under-
standing of hoof growth in the three dimensions of space
will indeed be required to test the accuracy of this very sim-
ple model. For this reason, and because the temporal resolu-
tion of the dietary record was higher in hair, we will restrict
most of the following discussion to hair keratin.

Implications for dietary reconstruction
To test the accuracy of the model parameters to recon-

struct bovine dietary history, we compared, for each individ-
ual, the measured value of the diet received by the animal
with the value predicted by the model developed by Cerling
et al. (2004). Cerling et al. (2004) showed that the isotopic
composition of an animal’s diet could be reconstructed at
any time t from a sequence of hair samples when the turn-
over rates and fractions of the three different pools, as well
as the fractionation factor between hair and diet, are known.
Also, the initial condition for the different pools must be de-
fined. As pointed out by Cerling et al. (2004), it takes about

Table 3. Apparent half-lives and fractions for steer hair and hoof
carbon pools.

Pool

1 2 3

Hair
Apparent half-life (d) 1.67±0.03 7.74±0.85 69.1±3.6
Fraction 0.53±0.01 0.20±0.08 0.28±0.04

Hoof
Apparent half-life (d) — 11.74±1.00 34.04±2.5
Fraction — 0.52±0.04 0.45±0.07
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hoof data set
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Fig. 3. Model predictions (solid lines) plotted with measured data
for the steer hair (A) and hoof (B) data sets. Model parameters are
reported in Table 3.
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5 half-lives for a pool to reach isotopic equilibrium (>95%).
This means that there is little memory of the initial condi-
tions chosen for the short pool after 10 d or so, which corre-
sponds to the first two hair samples of the profile. Att = 0,
we assume that the two short pools are in isotopic equili-
brium with the pre-experimental diet and have ad13C value
of –26%. Based on the known long-term dietary history of
the animals, we choose a slightly lowerd13C value of –27%
for the long pool. Diets of the individual steer while on the
experimental diet were calculated, assuming a fractionation
factor of 1.0030 between hair and diet (Table 2). We mod-
elled thed13C value for the incorrectly formulated diet that
was offered to the animals during July–August based on
the lowest value measured in each hair during that time
window. Diet values, predicted for each individual, ranged
between –19.0% and –22.2% except for one individual
that had a lower value of –24.1%. The mean (SD) pre-
dicted value (–21.0% ± 1.1%) is 1.5% lower than the
mean (SD)d13C value (–19.5% ± 1.0%) of the composite
diet during this time. The discrepancy between the model
estimate and the measured value for the composite diet
could either originate from the fact that the pellets sampled
in August were not representative of the average food
value offered during the entire summer, or that the model
parameters are inaccurate for this period of time. For ex-
ample, an increase in the fraction of the rapid pool during
and after the second diet switch could bring the diet values
closer to the measured food value. It is not possible to de-
cipher between the two hypotheses.

The second test case is based on the data of Jones et al.
(1981). In this study, two steers were raised on Pangola
grass (Digitaria eriantha Steud. subsp.pentzii (Stent) Kok),
a C4 plant, then switched to cowpea hay (Vigna sinensis
(L.)), a C3 plant, for 123 d and switched back to their origi-
nal C4 diet for another 115 d. One of the two sampling
methods used was to repeatedly clip patches of hair to skin

level with electric shears, so each sample consisted of all the
hair that had re-grown since the last sampling occasion. The
d13C values, as well as the time represented in each subsam-
ple, were estimated graphically from Fig. 1 in Jones et al.
(1981) and plotted in Fig. 5. The diet was predicted assum-
ing that the long-term pool of the steer hair was in equili-
brium with the first C4 diet (–11%) and a fractionation
factor of 1.0018 between hair and diet as stated in Jones et
al. (1981). The model overestimates the first shift to C3 by
1%, on average, which corresponds to 7% of the amplitude
of the diet switch. However, it successfully estimates within
analytical error the value of the C4 diet after the second
shift. In conclusion, we have shown that the model parame-
ters derived from our controlled feeding study can be suc-
cessfully applied to reconstruct the unknown diet of steers
from our experiment, and from steers of different breed and
feeding regime with an associated error of about 1%.

Comparison with other mammals
Prior to this study, carbon isotope turnover rates had only

been determined for hair from two other mammals: Mongo-
lian jirds (Tieszen et al. 1983) and horses (Ayliffe et al.
2004; West et al. 2004). In the case of Mongolian jirds,
Tieszen et al. (1983) reported a turnover rate of 47.5 d using
an exponential fit model. This estimate should be treated
with caution because the experimental design was not suited
to measuring hair turnover. The Mongolian jirds were sacri-
ficed at different time intervals after the diet switch, and
since the paper does not mention whether newly grown
patches of hair were shaved over the course of the experi-
ment, each hair sample probably integrated a period of time
longer than just the time the animals were on the experimen-
tal diet. High-resolution sampling is required to apply the
multicompartmental approach successfully and this was
only done for horses with individual samples representing
as little as 1 d (Ayliffe et al. 2004; West et al. 2004). Simi-
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lar to the horse study, we were able to decompose the car-
bon isotope record of a C3–C4 diet switch in hair into three
pools of different apparent half-lives. The main difference
between the cattle and the horse results was in the sizes and
half-lives of the pools. The apparent half-lives of the two
short-lived pools in steers (1.7 and 7.7 d) were two to three
times longer than the values for horses (0.5 and 4.4 d).
However, the apparent half-life of the long-term pool in
steers was half (69 d) of that in horses (136 d). The two
short-term pools made up 70% of the total C in steer hair
keratin compared with only 56% in horses. These differen-
ces indicate that carbon turnover in hair is faster in steers
than in horses: 88% of carbon in steer hair was turned over
after 10–13 weeks compared with 77% after 21 weeks in
horses. Trying to find an explanation is difficult because
there are too many differences between the two experiments,
such as digestive physiology (hindgut versus foregut fermen-
tation for horses and cattle, respectively), age (young cattle
versus mature horses), and food quality (percent crude pro-
tein, digestibility), that are likely to play a role in turnover
of dietary carbon and that differ. Also, the exact nature of
the pools remains uncertain. Ayliffe et al. (2004) hypothe-
sized that the pool with the fast turnover rate corresponds to
carbon that comes directly from the food (exogenous car-
bon), whereas the other two pools correspond to an endoge-
nous source derived from the turnover of metabolically
relatively very active (liver) and less active (muscle, colla-

gen, or connective tissues) tissues within the body. The
present experiment did not allow us to test the validity of
these hypotheses. There is obviously still a need for more
controlled studies to separate the effects of metabolism, di-
gestive physiology, food quality, age, nutritional status, and
tissue growth on hair and hoof turnover rates. However, the
similarity in the number of pools identified suggests that the
turnover of dietary carbon is controlled by the same proc-
esses in horse and cattle hair, and may be representative of
other herbivores.

In conclusion, continuously growing keratinized tissues
like hair and hoof provide a long-term record of bovine diet-
ary history with a higher temporal resolution than any other
biological tissue, including teeth. Although our data set only
covers the last 7 months of the animal’s life, there is suffi-
cient material in hair and hoof of steers to obtain dietary in-
formation for up to 15 months. The record of diet switch
from C3 to C4 was rapid in hair and hoof and about 90% of
the carbon had turned over in <3 months. A treatment of the
data through the modelling approach developed by Ayliffe
et al. (2004) showed that the turnover of carbon in the
steers’ hair as in horses could be decomposed into three res-
ervoirs with fast, intermediate, and slow turnover rates. Two
pools could only be identified in hooves, which responded
more slowly to the diet switch. The model parameters de-
fined in this study allowed us to quantitatively reconstruct
previous diets of steers of different breed and individual his-
tory. The fact that the same model can describe hair turn-
over in two different herbivores raised on different diets
and having very different digestive physiology suggests that
the reaction progress variable approach could potentially be
applied to a large range of mammal species of unknown di-
etary history, on condition that hair and hoof growth rates
can be assessed independently of the carbon isotope values.
Because hair can be sampled repeatedly and noninvasively,
we anticipate that this approach will prove more and more
useful for the investigation of short-term wildlife move-
ments and changes in dietary preferences.
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