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Abstract C and N stable isotope ratios of red deer
(Cervus elaphus) bone collagen (154 individuals) from
five modern populations occupying geographically
different habitats are reported. No significant difference
was observed between deer occupying forested and non-
forested environments subject to similar climatic condi-
tions suggesting a simple “canopy effect” is not observed.
Mean population 8'3C is negatively correlated with tem-
perature whereas mean population 8'°N is positively cor-
related with temperature. A weak but significant positive
correlation was observed between deer age and collagen
313C values from the Isle of Rum population (Scotland).
The amount of intra-population isotope variability is not
consistent among populations; thus significant numbers
of individuals from each species are required for modern
food web studies, for palacodietary baseline data, and
for palaeoecological studies.
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Introduction

Stable isotope analysis of archaeological human and fau-
nal remains has frequently been used to gain a better
understanding of diet for both individuals and popula-
tions (Richard and Hedges 1999; Privat et al. 2002; Har-
rison and Katzenberg 2003). However, the extent of C
and N isotopic fractionation between food sources and
the consumer is not solely dependent on the species
involved, but can be strongly influenced by particular
features of the local environment. Such natural variabil-
ity in the stable isotope composition is neither well docu-
mented nor understood. At present, there are insufficient
data on relevant animals living free in similar environ-
ments to provide a clear indication of how much vari-
ability may be expected, and therefore what would
constitute an adequate sample size which would define
isotopic compositions for a given species in a particular
habitat. Most palacodietary reconstructions have been
made on the basis of a sample size that is arguably
insufficient to provide the statistical power needed to val-
idate the conclusions, although the taphonomy of palae-
odeposits may give little choice in the assemblage used,
in terms of numbers, contemporaneity, and homogeneity
of habitat. Without such a definition of the relevant
“baseline”, palacodietary reconstructions are hard to jus-
tify, and liable to lead to circular arguments.
Palacoenvironmental reconstructions from faunal
isotope results have also been made on limited number
of samples. Some of the principles on which these recon-
structions have been based have not been fully investi-
gated in modern ecosystems. For example, plants within
closed (forested) environments are typically depleted in
313C by 2-5%o in comparison to plants and trees in open
environments, a phenomenon known as the “canopy
effect” (Van der Merwe and Medina 1989; Tieszen 1991;
see Vogel 1978; Medina and Michin 1980; Broad-
meadow et al. 1992 for explanation of mechanism). Sev-
eral archaeological/palacoenvironmental studies have
assumed that these divergent isotope signatures are



passed on to fauna and have used low faunal archaeolog-
ical 3'3C values to infer the presence of a forested habitat
(e.g. Bocherens et al. 1995; Fizet et al. 1995; Cerling and
Harris 1999; Krigbaum 2003). However, comparisons of
faunal 8'°C signatures from closed and open habitats
have principally been made across species, with studies
comparing the same species currently only available
from tropical environments where forests are extremely
dense. Thus palaeoenvironmental reconstructions of for-
est environments in temperate regions based on a limited
number of archaeological samples are unlikely to be
reliable.

This study aims to: (1) quantify the amount of inter-
and intrapopulation variability in 8'3C and &N
observed for a single species, red deer (Cervus elaphus),
(2) determine if a canopy effect signal can be recognised
in red deer isotope signatures, and (3) to investigate how
the results of this modern study affects our understand-
ing of reconstructing past diet and environments
through isotope investigations of ancient populations.

Red deer was chosen as it is one of the few wild large
herbivore species that is numerous in both open and for-
ested habitats in north-west Europe both today and
through prehistory. A wild species was selected, as humans,
through their choice of animal feed, can control a domestic
animal’s isotope values. Low red deer 8'°C signatures have
been used in a number of palaeoenvironmental studies to
infer forested habitats, therefore the results of this study
can be used to validate these reconstructions. By choosing
bone collagen for analysis, our results can easily be com-
pared to archaeological isotope values. To investigate the
canopy effect we would ideally analyse forest and open
environment deer from a single population. However, we
were unable to obtain significant numbers of deer bones of

known provenance from a single population. Thus we have
selected five populations that were subject to relatively sim-
ilar climatic conditions and altitudes. As red deer, at least in
these populations (Table 1), primarily eat grass, isotopic
variation due to dietary choice is limited, and we can inves-
tigate the typical isotopic variation within and between
populations occupying similar environments, with the pres-
ence or absence of forest being the major variant.

313C and 8'°N values in bone collagen

Isotopic dietary reconstructions for both ecological
and palaeodietary studies are based on the principle
that food sources contain different isotopic signatures,
which are passed along the food chain to their consum-
ers. Bone collagen 8'°C and 8'°N values primarily refl

ect the isotopic composition of dietary protein (DeNiro
and Epstein 1978, 1981; Ambrose and Norr 1993; Tie-
zen and Fagre 1993). The turnover rate for bone colla-
gen is relatively slow, thus 8'3C and 5'°N values of bone
collagen reflect the average isotopic values of the die-
tary protein over the last few years of the animal’s life
(Stenhouse and Baxter 1979; Schwarcz and Schoenin-
ger 1991). Large-scale variations in 8'°C and 8'°N are
generally thought to relate to diet. Inputs of marine ver-
sus terrestrial protein (e.g. Schoeninger and DeNiro
1984) or C3 versus C4 plants (e.g. Vogel et al. 1977)
have been studied in archaeological populations
through analysis of 8'°C. 8!°N values become more
enriched with each trophic level, which has allowed
consumption of meat (Bocherens et al. 1999), marine
fish (Richards and Hedges 1999) and freshwater fish
(Katzenberg and Weber 1999) to be identified in
archaeological and modern (O’Connell and Hedges

Table 1 Food sources available to each deer population and primary food consumed based on observations and rumen gut contents

analysis
Site Environment and possible foods Predominant food Typical Annual Altitude
temperatures precipitation  (m)
(°C) (mm)

Exmoor Woodland and moorland. Wide range Grass in both summer Mean=9.8 1,018 0-350
(southern of plant species both broad-leafed and and winter Maximum=20.7
England) coniferous browse and grass (Langbein 1997) Minimum=1.8

Sutherland ~ Upland vegetation, grass, heather Grass in summer but also Mean=7.1 993 100-350
(northern heather in winter and Maximum=17.9
Scotland) spring (Fraser and Gordon 1997) Minimum=—1.3

Duror Conifer plantation forest. Grass, sedges, Grass in both summer and Mean=6.1 1,660 50-410
(west coast, rushes, and heaths (especially heather) winter (Latham et al. 1999) Maximum=17.7
Scotland) Min=2.1

Isle of Rum  Grasslands, heathland, bogs and fens, Grass (Alison Donald, Mean=38.7 2,705 0-300
(west coast, heathers personal communication) Maximum = 14.0
Scotland) Minimum=3.6

Slowinski Relatively open, composed of both Grasses and forbs in both Mean=7.5 665 0-115
National deciduous and coniferous vegetation. summer and winter Maximum=16.5
Park Three categories of deer habitat (Dzieciolowski et al. 1995) Minimum=-—1.2
(Poland) include: (1) forests (predominantly

coniferous), (2) reeds and lake shore
shrubs, (3) forest bogs, overgrown
meadows and dunes




1999) studies. The amount of 8'°N enrichment at each
trophic level is under much debate but is generally
quoted as a 3-5%o enrichment over dietary protein at
each trophic level (DeNiro and Epstein 1981; Schoenin-
ger and DeNiro 1984; Bocherens and Drucker 2003;
Van der klift and Ponsard 2003). The deer in this study
all predominantly eat grass (Table 1), consequently lim-
iting isotope variability due to different diets. Although
diet is often the primary control determining collagen
isotope values, small-scale isotopic variability may be
created by climatic and environmental conditions such
as temperature, precipitation or altitude (Vogel 1978;
Van der Merwe and Medina 1989; Van Klinken et al.
1994; Schwarcz et al. 1999; Stevens and Hedges 2004;
Hedges et al. 2005). These variables tend to influence
plant isotope values, with the resulting variation being
passed up the food chain to fauna. The influence of
these parameters on plant and faunal isotope values are
discussed below.

Materials and methods
Samples

Deer bone samples were obtained between 1986 and 2002
from five deer populations living in geographically differ-
ent habitats (Isle of Rum, Sutherland and Duror Forest,
Scotland; Exmoor, southern England; and Slowinski
National Park, Poland) (Fig. 1). Details of sex were avail-
able only for the Rum deer population. Age was available
for the Rum population through field observations and
tagging. Age information was not available for the Duror
and Slowinski populations; however, all animals sampled
were adults. Prior to this study age was determined for
the Exmoor and Sutherland deer through molar tooth
eruption patterns and wear according to Lowe (1967)
(Sarah Collinge, personal communication). However,
estimates of age based on molar eruption and tooth wear
can be inaccurate. Hewison et al. (1999) tested the ability
of ten observers to accurately estimate the age using
molar tooth eruption patterns and wear of known-age
roe deer (Capreolus capreolus). Observers generally over-
estimated the age of young animals and underestimated
the age of older animals, with an average error of
+1.03 years and maximum errors of —5 to +6 years. Thus
absence or presence of correlations between isotopes and
age estimated must be critically considered.

A description of the different habitats occupied by the
deer populations and the predominant food source
(established through either rumen contents of culled deer
or from field survey) are described in Table 1. Climate
data were obtained from the weather stations nearest
each population site (data from Meteorological office
web page http://www.met-office.gov.uk//index.html) and
(http://www.hum.amu.edu.pl/~zbzw/ph/pnp/slow.htm).

Samples were prepared and analysed at the Research
Laboratory for Archaeology and the History of Art,
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Fig. 1 Map of geographical location of deer populations

Oxford by R. Stevens as part of a NERC studentship
(NER/S/A/2000/03522). Approximately 500-mg slices
of bone were taken from 154 individual deer. Mandi-
bles were sampled in 100 deer (25 from each site, with
the exception of Rum) whereas vertebrae were sampled
for 54 deer (Isle of Rum population). Collagen was
extracted from each bone sample in the manner
described by O’Connell et al. (2001). Samples were iso-
topically analysed using an automated Carlo Erba
carbon and nitrogen elemental analyser coupled to a
continuous flow isotope ratio-monitoring (PDZ
Europa Geo 20/20) mass spectrometer. 8'°C and §'°N
results are reported in per mil (%o) relative to VPDB
and AIR standards, respectively (Mariotti 1983; Gonfian-
tini et al. 1990). Each sample was run in duplicate, with
analytical errors of £0.2%o for both §'3C and 8!°N for
each analysis.

Results

The results of the red deer isotope analyses are shown in
Fig. 2. The atomic C/N ratios calculated for all of the
samples in this study were between 3.1 and 3.3 which is
within the range expected for fresh pure collagen.

Overall variability

For all the red deer samples analysed the 5'°C ranged
from —24.8 to —21.2%o (range=3.6%o, mean=—23.0%o
+0.7), and the &N ranged from 14 to 7.9%o
(range =6.4%0, mean=4.1%0 +1.3) Table2 shows the
mean, range and SD of the isotope values measured for
each of the five deer populations.

Inter-population variability
For both 8'*C and 8!°N there is overlap in the ranges

for all the different populations analysed. Table 3
describes the significance of the differences observed
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was only available for the Isle of Rum deer population,
for which no significant difference between male (mean
3C=-22.6%0 +0.6, 5°'N=4.0%0 +0.8) and female
(mean 8"°C=—22.5%0 40.7, §'°N = 3.6%0 £0.8) deer §'°C
and 8"°N values was observed. A weak, but significant,

positive correlation (R*>=0.2318, P <0.001) with age was

found for the &'3C of the Rum population (all
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Fig. 2 Plot of 8!*C and 8!°N bone collagen values of 154 red deer
(Cervus elaphus) from five different populations

between the means of each population (two-tailed Stu-
dent’s independent ¢-test). The difference in mean §!°C
and 8'°N among all populations is significant with the
exception of Duror and Sutherland §'3C values and
Slowinski and Sutherland 8'°N values. A negative cor-
relation is observed between annual maximum temper-
ature and deer 8'°C (R?=0.5882) (Fig. 4), whereas a
weak negative correlation is observed between mean
annual temperature and deer 8'°C (R?>=0.3466)
(Fig. 5). A positive correlation (R>=0.6563) (Fig. 6) is
observed between mean annual temperature of the
habitat occupied by each population and mean popu-
lation 8'°N.

Intra-population variability

The within-poli)ulation range in 8'°C varies from 0.8 to
2.6%o, and in 8"°N from 1.8 to 6.4%o. Information on sex

>6 months old) (Fig.3). No correlation is observed
between age and 8'°N for the Rum population. There is
no significant difference in the mean §'°C and §'°N of
weaned and non-weaned deer for the Rum population.
The Exmoor and the Sutherland deer populations’ §'°C
and 8'°N (all >1 year old and weaned) do not correlate
with age.

Discussion
Inter-population variability
Canopy effect

Although the 5"C and 8'>N for all populations overlap,
the mean isotope values are different. For 8'°C, the differ-
ence between the means is statistically significant except
between the Duror and Sutherland populations. We
expected to observe lower 8'°C values for the population
that occupied a forest environment (Duror) compared to
those living in open habitat due to the canopy effect. As
previously mentioned, ground level undergrowth in
dense forests is typically depleted in 3'3C by 2-5%o in
comparison to plants and trees in open environments
(Tieszen 1991). As herbivores incorporate the isotopic
signatures of the plants they eat into their body tissues,

Table 2 Mean, range and SD of

: Population =~ Number Mean Range of SD Mean Rangeof  SD
liihvee:lsggr)%%;illﬁfoil: ured for of individuals ~ 8"C % §"C %o 8°C%  8"N%  8"N%o  §”N%

Duror 25 -228 1.3 0.3 29 23 0.7

Sutherland 25 -228 0.8 0.2 4.2 1.8 0.5

Exmoor 25 -239 22 0.5 5.7 64 1.5

Slowinski 25 -233 14 04 4.6 3.8 1.0

Rum 54 -225 2.6 0.6 3.8 3.8 0.8

Table 3 Results of two-tailed
Student’s z-test between deer
populations

Population 1

Population 2

Significance of
difference in

Significance of
difference in

mean 5"3C mean 5'°N
Exmoor (n=25) Duror (n=25) P<0.001 P=<0.001
Exmoor (n=25) Slowinski (n=25) P=<0.001 P=0.004
Exmoor (n=25) Sutherland (n=25) P<0.001 P=<0.001
Exmoor (n=25) Rum (n=54) P<0.001 P=<0.001
Duror (n=25) Slowinski (n=25) P<0.001 P=<0.001
Duror (n=25) Sutherland (n=25) Not significant P=<0.001
Duror (n=25) Rum (n=>54) P=0.032 P=<0.001
Slowinski (n=25) Sutherland (n=25) P=<0.001 Not significant
Slowinski (n=25) Rum (n=54) P<0.001 P=0.001
Sutherland (n=25) Rum (n=54) P=0.012 P=0.016
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Fig. 5 Mean population bone collagen 8'*C (error bars=SD)
versus mean annual temperature for each deer population habitat

low 8'3C values can be passed along the food chain. Sev-
eral modern and archaeological studies have inferred the
occupancy of a forested habitat based on low faunal
313C values and a selection of these have focused on deer.
Rodiere et al. (1996) measured bone collagen 5'*C of roe
deer from the Dourdan Forest in France and suggested
that the values were depleted due to the canopy effect.
Comparison of 3'C was made with herbivores in general
rather than specifically roe deer occupying other envi-
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Fig. 6 Mean population bone collagen 3N (error bars=SD)
versus mean annual temperature for each deer population habitat

ronments, so it is unclear whether the values were
depleted relative to roe deer from open environments.
Yet, using this limited modern data set, Drucker et al.
(2003) determined a 8'*C value of —23.4%0 (—22.5%o in
archaeological populations accounting for fossil fuel
effect) below which red deer could be considered to have
only eaten plants from within a closed canopy. The result
of this calculation was considered acceptable as it was
comparable to the average collagen 8'3C of —23.1%o
(—22.2%0 when accounting for fossil fuel effect) observed
for red deer (n=unknown) from the Bialowieza Forest
(Poland). However, the results from our study show that
red deer 8'°C from forested environments (e.g. Duror)
are not necessarily '*C depleted and that red deer from
open environments can have 3'3C values that are lower
than deer occupying other open and closed habitats.
Contrary to Drucker et al.’s conclusion, the Bialowieza
Forest red deer 8'3C values are not unusually low com-
pare to those of red deer from other environments as
their mean 8'3C isotope value of —23.1%o (n=unknown)
is almost identical to the mean 8'*C value of —23.0%o for
our mean for all five populations of deer (n=154). Fur-
thermore, the absence of a canopy effect signal being
passed on to red deer from the plants is not totally unex-
pected, as although deer live both in open and closed
environments, counts of faecal pellet groups have shown
that red deer have a strong preference for open thicket
habitats within forests and avoid closed dense canopy
areas (Latham et al.1999; Latham 2000). Thus, the plants
they consume are less likely to be subject to a strong can-
opy effect. Where the presence or absence of a canopy
effect has been inferred in an archaeological context
based on faunal 5'3C values it has often been made using
limited data (e.g. Bocherens et al. 1995; Fizet et al. 1995;
Tacumin et al. 1997; Bocherens et al. 1999; Stewart and
Lister 2001) and in the absence of a good understanding
of modern species’ specific isotopic variability. There is
no doubt that the canopy effect can potentially result in
depleted faunal 8'3C in certain contexts, particularly in
very dense tropical rainforest (e.g. Froment and
Ambrose 1995). However, there is a difference between
living in a forest and feeding in a forest, thus occupancy



within a forest habitat does not necessarily result in low
faunal 8'*C. Similarly, low faunal §"°C (both modern
and archaeological) does not necessarily imply inhabi-
tancy of a forested environment. With the canopy effect
discounted other parameters that could result in inter-
population isotopic variability were considered.

Marine inputs

Although grass is the primary food for all of the popula-
tions in nutritionally poor environments, such as the Isle
of Rum, deer may consume some seaweed in order to
gain essential minerals (Furness 1988; Conradt 2000).
Marine plant and faunal isotope signatures are generally
higher in §'°C, due to the 8°C composition of the
oceans. As a primary producer seaweed has relatively
low 85N values. Seaweed is rich in protein, so consum-
ing even small quantities could potentially affect the deer
31°C signatures. The Rum deer generally have higher
313C values relative to the other populations whereas
their 8'°N values are similar to the other populations,
thus indicating the unusual 8'3C values of the Rum pop-
ulation may be due to consumption of seaweed.

Precipitation

Studies of plant 5'*C values consistently report negative
correlations with water availability (Heaton 1999), and
negative correlations have also been described between
quantity of precipitation and modern faunal 3"°N values
in South Africa, Namibia, Kenya and Australia (Heaton
et al. 1986, Sealy et al. 1987, Ambrose 1991, Grocke et al.
1997). Nevertheless, the relationship between faunal
35N and precipitation only seems to hold up in areas
with <400 mm rainfall per year (Sealy et al. 1987). The
annual precipitation at each of the sites in this study
exceeds 400 mm per year (Table 1). Observed variations
in deer bone 5'*C and 3'°N do not correlate with rainfall.
Slowinski 8'*C values overlap with the range in 8'3C val-
ues of all the other deer populations yet Slowinski has a
low average annual rainfall in comparison to the other
areas. The Rum and Sutherland populations have rela-
tively similar mean 8'°N of 3.8%o and 4.2%o, respectively,
but the average annual rainfall at the two locations is
different.

Altitude

Altitudinal gradients in 8'°C of 1.3-1.5%o increase per
1,000 m elevation observed in bird feather keratin are
thought to be due to consumption of plants with eleva-
tion-dependent 8'3C as a result of physiological adapta-
tion to changes in growing conditions and partial
pressure of atmospheric CO, (Sparks and Ehleringer
1997; Hultine and Marshall 2000; Graves et al. 2002;
Hobson et al. 2003). Limited evidence suggests 8'°N may
also correlate weakly with elevation, but converse trends
are observed in soil 3'°N values (negative trend) (Mario-
tti et al. 1980) and in feather 3'°N values (positive trend)

(Hobson et al. 2003). The range in elevations occupied by
each deer population in this study are relatively similar
(Table 1), thus diverse population mean 8'3C and §'°N
values are unlikely to be due to an altitudinal difference.

Salinity

Positive correlations have been observed between salin-
ity and plant 3'3C (C3 plants) (Guy et al. 1986a, 1986b).
Thus plants subject to elevated salinity in areas proximal
to coastlines have more positive 8'3C values than plants
from inland areas. The Rum population mainly graze in
coastal area, and can consume seaweed. This may
explain why the Rum population has the most positive
31°C values. The influence of salinity on plant §'°N val-
ues has not been established as both positive (Heaton
1987; Van Groenigen and Van Kessel 2002) and negative
(Handley and Scrimgeour 1997; Robinson et al. 2000)
correlations have been reported. Thus the effect of salin-
ity on faunal 8'°N values is unclear.

Although other parameters that could result in inter-
population isotopic variability were considered (such as
soil acidity, nutritional stress, etc.), the primary variable
influencing deer population isotope values appears to be
temperature.

Temperature

Temperature seems to be the main parameter influencing
population mean 8'*C and 8'°N. A negative correlation
is observed between annual maximum temperature and
deer 8'°C (R*=0.5882) (Fig. 4), whereas a weak negative
correlation is observed between mean annual tempera-
ture and deer 8'3C (R?=0.3466) (Fig. 5), with lower bone
collagen 8'3C values in areas with higher temperatures.
This is contrary to the findings of Van Klinken et al.
(1994) who observed a positive correlation between tem-
perature and faunal bone 5'*C over a range of Holocene
species as a whole. The majority of studies of plant 8'3C
values report positive correlations with temperature;
however, there is no clear theoretical mechanism for this
relationship (Heaton 1999), and growth chamber experi-
ments in controlled conditions have shown a negative
correlation between temperature and plant 8'°C
(O’Leary 1995). Thus the global relationship between
faunal bone collagen 8'*C and temperature is uncertain.
A positive correlation (R?>=0.6563) (Fig.6) is
observed between mean annual temperature of the habi-
tat occupied by each population and mean population
3'5N. Soil and plant 3'°N systematically decrease with
decreasing mean annual temperature and increasing
mean annual precipitation (Amundson etal. 2003).
Based on global mean annual temperature and precipita-
tion data, Amundson et al. (2003) mapped the estimated
geographical distribution of soil 8'°N values. Soils in
Scotland typically have estimated 8'°N values between
2.1 and 4.8%., whereas soils in southern England and
northern Poland typically have estimated 8'°N of 4.8—
6.2%o. Plant 8'°N is influenced by soil 5'°N but globally is



more negative due to the way they take up N. The
observed higher 3'°N values in the Exmoor and Slowin-
ski deer populations compared to the lower 8'°N values
in the three Scottish populations suggest that isotopic
variability between the deer populations may reflect tem-
perature-dependent differences in soil 8'°N.

Plotting the mean 8'°C and 8'°N values for each pop-
ulation results in graphs that contain just five points.
Although this is not a large enough sample set to conclu-
sively confirm the correlations, it gives a clear indication
that variations in mean population bone collagen §'3C
and 8'°N values relate to temperature (R>=0.66).

Intra-population variability

The results show that '°C and §"°N of red deer collagen
vary considerably within a population. The Sutherland
population has the least variable 3'°C and §'°N. The
most variable 8'3C values are seen in the Rum popula-
tion, whereas for N this is seen in the Exmoor population
(Table 2). Several factors that could potentially cause
this intra-population isotopic variability are discussed
below.

Physiological parameters
Weaning

Enriched 8'3C and §'°N in human and other mammalian
infants have been attributed to trophic level enrichment
due to the consumption of their mother’s milk (Fogel
et al. 1989; Jenkins et al. 2001; Polischuk et al. 2001).
Only five pre-weaned deer (Rum population) were analy-
sed in this study and no significant difference between
pre-weaned and weaned deer was observed. Red deer are
weaned off their mother’s milk by 8 months (Mammal
Society red deer fact sheet http://www.mammal.org.uk/
reddeer.htm). The pre-weaned deer in this study are 6 or
7 months old, and thus we would expect their isotope
values to be close to the adult values due to lesser intake
of milk and a greater intake of solid foods. Therefore the
isotopic variability observed within the deer populations
is not due to weaning.

Age

A weak, but significant, positive correlation (R*=0.2318,
P<0.001) is observed between age and 5'°C of the Rum
population (Fig. 3). This correlation may just be due to
the sample selection as no other study has observed a
correlation with age (for weaned animals) even when the
study set out specifically to search for it (e.g. Lovell et al.
1986). No correlation between 5'°C and age is observed
for the Exmoor and Sutherland deer populations. This
may be due to the inaccurate estimates of age based on
molar eruption and tooth wear (see Methods). All popu-
lations potentially may show an age correlation, but only
the age data from Rum are accurate enough for the cor-
relations to be detected.

Sex

Although sexual segregation of grazing areas is observed
at many sites on the Isle of Rum, neither §'C nor §'°N
correlate with sex. This agrees with the observations of
Conradt et al. (2001) that male and female deer on Rum
consume forage of equal quality.

Nutritional stress

Feeding experiments have shown that nutritional stress
can result in approximately 1%o enrichment in body tissue
35N in birds (Hobson etal. 1993). The Rum deer are
thought to be nutritionally stressed as they live on the
margins of the natural habitat range for this species. How-
ever, their 8'°N values are less variable than those of the
Slowinski and Exmoor populations and are comparable
to those of the Duror population (Table 2), suggesting
that differential nutritional stress is not the primary vari-
able causing the intra-population 5'°N variability.

Environmental parameters
Soil development

The variation in Slowinski deer 8'N may reflect differen-
tial soil development in the micro-habitats occupied by
the individual deer within the Slowinski National Park
as differential N cycling in the soils has been shown to
affect plant 3"°N (Handley et al. 1999). Soil development
is less variable at the other locations.

Altitude

If using the calculation of 1.5%o increase in 5'°C per
1,000 m as observed for feather keratin of humming birds
(Hobson et al. 2003), the range in elevation at each of the
sites is not great enough for the observed 3'3C variability
to be primarily due to altitude of grazing area (Table 1).

Salinity

As previously mentioned, salinity can influence plant
313C and 8"°N values. Intra-population variability of
deer 8'°C and 8'°N at Rum, Exmoor and Slowinski may
be due to consumption of plants from different areas,
with plants subject to elevated salinity in areas proximal
to coastlines having different isotope values to plants
from inland areas. Further information on the grazing
patterns of individual deer would be required in order to
test the influence of salinity in these habitats.

Marine isotope signatures

As previously mentioned marine faunal isotope signatures
are generally more enriched in 8'°C and 8'°N. Terrestrial
plants collected near seabird colonies have elevated §'°N
values (11%o higher than plants outside the colonies) due
to the uptake of ornithogenic N (Wainright et al. 1998). In
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gull colonies on the Isle of Rum local enrichment of soil
and plant N content due to gull droppings has been
observed (Iason et al. 1986). Intermittent grazing in the
gull colony areas by some of the Rum deer could result in
a small change of a few %o in the deer isotope values,
which would be consistent with observed results, but
extensive grazing in the gull colonies is unlikely as the
magnitude of deer 8'°N variation is not as great as that
observed in the aforementioned study (although plant and
collagen isotope values are not directly comparable).

Size of area occupied and diversity of habitats

The Rum population occupies a 5 square mile area, thus
the deer are subject to similar climatic, environmental,
and habitat conditions. Due to the lack of a large envi-
ronmental or vegetation gradient, and limited human
impact within the study area, the observed intra-popula-
tion isotopic variability might be expected to be small.
The Duror and the Sutherland populations occupy areas
that are larger than that of the Rum population, yet their
313C and 8N are less variable. It appears that the
amount of isotopic variability within a population is not
consistent. Both Slowinski National Park and Exmoor
cover large areas, 70 square miles and 267 square miles,
respectively. Slowinski includes pine forests, reed and
lakeshore shrublands, and bogs, meadow and dunes, and
Exmoor includes areas of open forest, moorland and
heath. Although all the deer primarily eat grass, isotopic
variability within these deer population might be due to
different microclimate or microhabitats, or [as at
Exmoor (Langbein 1997)] might be due to consumption
of grass from improved pasture. It is extremely hard
however, to distinguish the genetic variability from envi-
ronmentally induced variability.

Conclusions

Our attempts to understand variation in modern deer
bone collagen isotope values are limited by the material
available for analyses at the time of study. The study
could be enhanced with complete data for age and sex of
individual deer and with information on grazing patterns
for individual deer. The data presented here suggest that a
313C canopy effect is not observed in modern European
red deer when it might be expected. Mean population
313C and 8N values appear to relate to temperature,
with a negative correlation between 5'°C and annual max-
imum temperature, and a positive correlation between
35N and mean annual temperature. However, further iso-
topic investigation of more populations is required to sta-
tistically validate these correlations in order to allow us to
use them for palaeoenvironmental reconstructions. The
amount of 8'*C and 8'°N variation within a population is
not constant. Deer isotope values can be highly variable in
some populations, in others less so. In modern environ-
ments we can attempt to account for this variability based
on our knowledge of habitat, but in an archaeological
context it is difficult to infer environmental differences

from the isotope values as variation of several parameters
can result in similar isotopic results. If we cannot fully
explain modern isotopic differences, even less can we
explain ancient ones. One question that arises from these
data is whether isotopic variability within a population is
purely due to differential dietary intake and environment,
or due to varying amount of enrichment at each trophic
level. If the amount of trophic level enrichment is variable
[as suggested by Hobson et al. (1993) and Sponheimer
et al. (2003)] it would seriously complicate the mapping of
modern and archaeological food webs. The intra-popula-
tion variability also creates problems when using stable
isotope mixing models. Some mixing models attempt to
determine the amount of different foods (or prey) con-
sumed by an animal based on the isotope value of the con-
sumer and on the mean isotope values of the possible
source foods. With considerable isotopic variability in the
source food, any calculations of quantity of different
foods consumed based on mean isotope values may be
subject to considerable error. Statistical techniques such
as power analysis can be used on pilot data to calculate
the minimum number of samples required to get a good
representation of the typical values for a population.
Where populations’ isotope results are divergent and SDs
small, low numbers of samples are necessary to show that
one population is significantly different from another [e.g.
ten and seven samples per population (respectively) are
required to differentiate the 8'°C of the Exmoor popula-
tion from the Duror population (P=0.001, power=0.95)].
However, where populations’ isotope results are similar
and SDs larger, greater numbers of samples are sufficient
to show one population is significantly different from
another [e.g. 102 and 16 samples per population (respec-
tively) are required to differentiate the §'°C of the Rum
population from the Sutherland population (P=0.001,
power=0.95)]. Thus in both modern and archaeological
cases, a considerable number of individuals from each
species must be analysed so that realistic food web, palae-
odietary, and palacoecological reconstructions can be
made. Published studies which reconstruct palaecodiets
and palacoenvironments based on a limited number of
faunal isotope values should be considered with caution.
Even greater caution should be taken when considering
studies that have reconstructed human palaeodiet from
human isotope values, without sufficient analysis of asso-
ciated fauna.
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