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Abstract

We report here a signal in the temporal variation of stable isotopes in protein from surviving animal bone in
Northwest Europe over the past glacial cycle. There is a change in the average N

13C values of fauna in the Holocene,
and there is also a significant reduction in N

15N values of herbivore bone collagen towards the end of the last
glaciation, with a subsequent recovery soon after the start of the Holocene. This change is observed for several species
and is restricted to those regions most affected by the glacial advance. Comparison with ice core data shows that there
is a strong correlation between the average N

13C values of three herbivore species and ice core CO2 concentration. The
data presented here show how readily available faunal bone collagen N

13C and N
15N measurements provide a record of

past climate and environmental change on a regional to continental scale.
, 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction

Human and faunal bone collagen N
13C and

N
15N values are increasingly used as palaeodietary

indicators (e.g. Bocherens et al., 2001; Richards et
al., 2001; Richards et al., 2000; Iacumin et al.,
1996). Additionally, mammal N13C and N

15N val-
ues can also indirectly indicate past climatic
changes, as the N

13C and N
15N values in the envi-

ronment, particularly in plants, £uctuate depend-
ing on local environmental conditions such as
temperature and aridity (Leavitt and Danzer,
1992; Marino and McElroy, 1991; Stuiver and
Braziunas, 1987). However, there have been only
small scale studies of the e¡ects of climate varia-
tion through time on the N

13C and N
15N values of

well-dated sequences of mammal bone collagen
(e.g. Iacumin et al., 1997; Iacumin et al., 2000).
In the course of radiocarbon dating of large num-
bers of faunal bone collagen samples from ar-
chaeological sites in Europe, following standard
methods outlined elsewhere (Bronk Ramsey et
al., 1999), we have built up a database of associ-
ated N

13C and N
15N measurements. We have ob-

served that both N
13C and N

15N values vary with
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time, especially during the period of the last gla-
ciation. We report here the main features of this
observed variation.

2. The dataset

The complete database of faunal bone collagen
N

13C and N
15N values contains measurements on

approximately 1800 samples. However, these
comprise a wide range of species, including
many unidenti¢ed bones (usually from large
mammals) and cover a geographical spread from
Ireland to the Ukraine, and from Northern Ger-
many to Southern Spain. Here we have selected a
sub-set of this database focusing on a smaller re-
gion and only a few species to explore variations
in collagen N

13C and N
15N values that may be

attributable to changes in climate. This sub-set
consists of data for horse, cattle and deer from
the more northerly and westerly regions of Eu-
rope. All isotope measurements presented here
were made on well-preserved collagen, as deter-
mined by collagen yield and C:N ratios (DeNiro,
1985).

Faunal bone collagen N
13C values from our da-

tabase are plotted in Fig. 1 (individual data) and
Fig. 2 (1000-yr average values) for horses, bison/
bos (bison before the Late Glacial Maximum
(LGM), and bos after the LGM) and red deer,
as only these animals provide data throughout
the whole time range with adequate geographical
spread and su⁄cient sampling density. The data
are from the UK, Northern France, Belgium and
Germany. Some regional di¡erences between the
same species in di¡erent areas may be expected ^
an overall trend in the N

13C values across Europe,
correlated with the annual July temperature, aver-
aged over the Holocene has previously been re-
ported (Van Klinken et al., 1994) ^ but these plots
show that the di¡erences are small and do not
obscure the main trends in time. They also show
that di¡erent time periods are not equally well
represented in the di¡erent regions, but that there
is no strong indication that the regional data of
Northwest Europe cannot be combined.

Faunal bone collagen N
15N values from the

same samples presented in Figs. 1 and 2 are plot-

ted in Fig. 3 (individual data points) and Fig. 4
(1000-yr average values). Unavoidably, some
time periods are unevenly represented, primarily
due to climatic changes through this period (e.g.
glacial cover of much the United Kingdom at the
LGM).

3. Summary of the results

All three selected species show a constant col-
lagen N

13C signal of between 319.5 and 320.5x
from ca. 40 to 18 ka BP, and there is a slight
trend to isotopically lighter values by about
0.6x over this period. Inadequate data prevent
continuity through the LGM, but after 14 ka BP
there is indication of depletion in 13C, which be-
comes very apparent by 10 ka BP, with a levelling
out at about 1.6x lighter in 13C by 8.5^9 ka BP.

The N
15N values appear to £uctuate more than

the N
13C values in the pre-glacial period, and they

also exhibit a change from approximately 5^7x
between 40 and 27 ka to values lower by about
2x at the LGM. Changes after the LGM are
better documented, and it is clear that for horse
and cattle at and before 12.5 ka BP the N

15N
values are much less enriched than in the recent
Holocene, by about 3x. The red deer data are
especially variable, and such a trend is not recog-
nisable. From 12.5 to 8.5 ka there is a substantial
‘rebound’ to values similar to those of the pre-
glacial period between 27 and 40 ka BP, although
it is not very clear how constant the values remain
during the later phase of the Holocene. There is
not su⁄cient resolution in the data to decide
whether the cattle and horse N

15N changes are in
phase with each other and whether these changes
take place at the same time throughout Northwest
Europe. The data do not rule out a quite rapid
change (6 2 ka), although a slower change seems
more likely. Overall, the N

15N values appear to be
depleted between about 10 and 25 ka BP, while
the N

13C values are depleted only well after the
LGM.

The data we have collected on other species
tend to support this trend, but as few species
were present in these areas over the entire last
25 000 years, these other data are much less nu-
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merous or geographically more dispersed and can-
not be used to re¢ne these observations.

There are few comparable published data. A
recent publication (Iacumin et al., 2000) includes
pre-LGM N

15N values on mammoths in Eurasia,
with indications of a temporal trend in agreement
with our mammoth data which is in broad agree-

ment with the overall trend reported here. Druck-
er et al. (2000) also observed changes in the N

15N
values through time in a small sample of reindeer
and horse from a few sites in Southwestern
France dating to approximately 30 000 to 14 000
BP. The samples were not directly dated so it was
not possible to directly compare the data with

    

  

 

Fig. 1. N13C values of bone collagen of various faunal species from Northwest Europe (Britain, Germany, Northern France, Bel-
gium and The Netherlands) plotted against the uncalibrated radiocarbon age (BP) of the collagen. The N

13C values are measured
relative to the Vienna Pee Dee Belemnite standard, and the errors (1c) on the N

13C measurements are 0.3x.

Equus sp.
Cervus elaphus
Bos sp.    

Fig. 2. Mean collagen N
13C values at 1-ka-BP time intervals to show general trends, using the data plotted in Fig. 1.
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those presented here but there is an observable
trend of slightly lower horse N

15N values at the
LGM. We note that no corresponding change has
been observed in bone collagen N

15N through sim-
ilar time periods and through the LGM in South-
ern Italy (Iacumin et al., 1997; Iacumin et al.,

1999), and it is not observed in our database
for other Mediterranean countries (however,
the region is poorly represented). We conclude
that the observed signals presented here are likely
to be observed in regions most a¡ected by glaci-
ation.

Fig. 3. Plot of bone collagen N
15N values and associated radiocarbon ages of various faunal samples from Northwest Europe.

N
15N values are measured relative to the AIR standard. Errors (1c) on the N

15N measurements are 0.4x.

Fig. 4. Mean collagen N
15N values at 1-ka-BP time intervals to show general trends, using the data plotted in Fig. 3.
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4. Discussion

Several compilations of data from plant mate-
rial (mainly tree wood cellulose) show variations
in N

13C over time (Leavitt and Danzer, 1992;
Krishnamurthy and Epstein, 1990; Beerling,
1996; Prokopenko et al., 1999; Hatte et al.,
2001) with a similar pattern to our observations
on bone collagen N

13C. In particular, there is an
approximately 2x depletion which appears to
track the change in atmospheric CO2 concentra-
tion at the end of the last glaciation (see especially
Krishnamurthy and Epstein, 1990). This is gener-
ally explained as a change in isotopic fractiona-
tion during photosynthesis in response to changed
stomatal conductance, directly due to the altered
atmospheric composition and indirectly through
changes in temperature, humidity and available
soil water (Stuiver and Braziunas, 1987; Feng
and Epstein, 1995; Hatte et al., 2001). We believe
that our faunal collagen N

13C values are showing
the same response. A related argument has been
applied to correlations between climate and both
£oral (charcoal) and faunal (bone collagen) in
which N

13C values for Holocene material from
Europe as a whole is integrated over time (Van
Klinken et al., 1994). In Fig. 5 we have plotted
our combined herbivore bone collagen data from

our study area compared with the published CO2

concentrations from ice-cores for the same ages. It
illustrates that there is simultaneous change in
both datasets.

In the case of nitrogen, the N
15N values of ani-

mal bone collagen vary with trophic level, and are
thought to represent dietary N

15N enriched by ap-
proximately 3x (DeNiro and Epstein, 1981;
Schoeninger and DeNiro, 1984). Herbivore bone
collagen nitrogen ultimately derives from atmo-
spheric nitrogen, but more immediately enters
the animal as plant protein, which in turn can
be traced to both mineralised and organic nitro-
gen sources in the soil. Our plots indicate a com-
paratively consistent set of N15N values during the
later Holocene. However, quite large e¡ects at-
tributable to environmental in£uences have been
recognised in some (mainly non-European) situa-
tions, for example, aridity and water stress in fau-
na (Heaton et al., 1986), and of temperature (and
water availability) on vegetation (Handley et al.,
1999).

The observed N
15N depletion signal reported

here could arise from a number of di¡erent,
though interrelated, causes:

(1) Soil organic nitrogen isotopic composi-
tion may change, especially as, during cold peri-
ods, the loss of isotopically light volatile compo-
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Fig. 5. The average N
13C value of all three herbivore faunal species, plotted against combined CO2 concentrations taken from

Vostok (Barnola et al., 1987; Jouzel et al., 1987; Petit et al., 1990) and Antarctic (Indermuhle et al., 1999; Monnin et al., 2001)
ice cores. Bone collagen radiocarbon dates were calibrated using Stuiver et al. (1998), Kitagawa and van der Plicht (2000),
Voelker et al. (2000) and Beck et al. (2001).
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nents (such as ammonia) is liable to be sup-
pressed.

(2) Freshly developed soils, with nitrogen pre-
dominantly derived through atmospheric ¢xation,
are also likely to be relatively depleted in N

15N,
and this will apply especially to soil regeneration
following deglaciation. E¡ects (1) and (2) would
be registered in the local £ora, and, through their
diet, in the herbivores.

(3) Plants adapted to a cold (e.g. tundric) envi-
ronment (see Nadelho¡er et al., 1996; Schulze et
al., 1994, for studies on contemporary plants) often
show very depleted N

15N values, in part due to the
greater competition for available nitrogen.

(4) Even when conditions are not so extreme as
considered in (1), (2) and (3), there appears to be
a general temperature e¡ect on the N

15N compo-
sition of plant foliage, which probably arises from
the fractionation within, and metabolic losses
from, the plant^soil nitrogen system (Handley et
al., 1999).

(5) Herbivores may adapt to glacial or perigla-
cial conditions by changing their diets, presum-
ably necessitating the inclusion of plants which
are more depleted in N

15N ^ thus transmitting
the e¡ects of (3) more e¡ectively.

(6) There may be physiological e¡ects on the
herbivores themselves ^ presumably through liv-
ing in an environment which is both colder and
perhaps less abundant in nitrogen sources, but
this is unlikely.

The depletion signal we observe applies to dif-
ferent species with di¡erent dietary habits,
although capable of a degree of adaptation. This
makes e¡ects (5) and (6), and probably (3), seem
less likely to be predominant.

Although not as well documented, pre-glacial
maximum N

15N values seem to be much closer
to the Holocene values than would be expected
from considerations of temperature alone. There
is not the time resolution to know if there is a
sampling bias to warmer times, but the evidence
does suggest that temperature alone does not ac-
count for the observed N

15N variation values.
One critical issue is how fast the N

15N levels
‘recover’ after the glaciation; our present results
are not clear enough to give a de¢nite answer to
this, although we think that they tend to indicate

a recovery which is much slower than the temper-
ature rise. Therefore, we think explanations (1)
and (2) to be the main factors, although a geo-
graphically wider dataset is needed to con¢rm
this.

5. Conclusions

We conclude that the N
13C changes we observe

are closely following changes in C3 plant N
13C

values, which themselves are linked to continent-
wide global climatic variation, and are explained
by the change in plant physiological isotopic frac-
tionation brought about by rising CO2 levels. In-
deed we observed a strong correlation between ice
core CO2 values and average N

13C values of three
herbivore species. We also conclude, although
tentatively, that the observed decrease in N

15N
values in Northwest European herbivore collagen
during the period 10^20 ka BP is due to climate-
driven edaphic e¡ects, which may still be observed
today.

Our observations demonstrate the possibility of
using faunal collagen N

13C and N
15N values as

sensitive indicators of climate-driven environmen-
tal changes that occurred in the past. They also
show that large changes in N

15N values in partic-
ular can take place comparatively rapidly. This
should be considered when making inferences
from the N

15N values of fauna, especially in the
Late Pleistocene, if their age is only approxi-
mately known.
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