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Introduction

Red deer (Cervus elaphus L.) is one of the last large
wild mammals living in Central Europe. The popula-
tions are subjected to intensive management and, in
addition, they are increasingly becoming isolated by
traffic routes, settlements, industrial plants as well as by
hunting legislation. Thus there is a strong need to
assess the genetic implications of 'the recent anthropo-
genic influences on the red deer populations. One
purpose of the present study is to evaluate the genetic
structures of a number of European populations for
the transferrin (Tf) gene locus. In addition, the present
results for the Tf gene locus are combined with those
for 14 previously studied protein systems (Herzog,
1988a,b, 1990), thus allowing the genetic variation and
differentiation to be evaluated on a gene pooi basis,
represented by a total of 15 protein systems.

Transferrin has been shown to be one of the most
variable protein systems in mammals and birds.
Among the genus Cervus, the transferrin variability
shows a wide range between the species. Whereas in
European red deer it is quite variable (McDougall &
Lowe, 1968; Kravchenko & Kravchenko, 1971;

Bergmann, 1976; Gyllensten et al., 1980, 1983), the
only studied American wapiti population (Cameron &
Vyse, 1978) as well as most fallow deer populations are
monomorphic and fixed for one putative allele
(McDougall & Lowe, 1968; Pemberton & Smith, 1985;
Hartl et al., 1986), whereas others have maintained
transferrin variations (Herzog, 1989). In sika deer
(Cervus nippon Temminck), only one park population
has been studied by McDougall & Lowe (1968) and
was also found to be monomorphic.

Genetic analysis of incomplete (Bergmann, 1976;
red deer) and complete families (Herzog, 1989; fallow
deer) provided evidence for the hypothesis of genetic
control by one gene locus. The present study includes
the genetic analysis of complete red deer ><sika deer
hybrid families.

Materials and methods

A total of 467 animals from seven natural red deer
populations (Luneburger Heide, Harz, Solling,
Reinhardswald, Spessart, Soonwald, Achenkirch) in
Central Europe as well as from five enclosed popula-
tions (Wicklow, Olderdissen, Reinhardswaldgatter,
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Opel, Lehmkaule) of different origin have been studied
(see Table 1). Of the latter, Wicklow is an Irish hybrid
population of red deer and sika deer (Cervus nippon)
such as are very common in the Co. Wicklow region as
wild living populations. Olderdissen is a park popula-

tion of unknown and presumably mixed origin.
Reinhardswaldgatter is an enclosed population that
was established in the 18th century by sampling
animals only from the natural Reinhardswald popula-
tion. The smallest known population size was about

Table 1 Origin of the animals, sample size, genotypic and allelic structures for the
Tfgene locus, corresponding Hardy—Weinberg structures (HWS) and G-tests for
Hardy—Weinberg equilibrium

Origin and Genotype Number Frequency G
sample size resp. allele observed HWS observed HWS (d.f. 1)

Lüneburger Tf 8 7.584 0.333 0.316
Heide Tfab 11 11.784 0.458 0.491
(LUN) Tfbb 5 4.584 0.208 0.191 0.143 n.s.
24 Tf

Tf'
27
21

—
—

0.562
0.437

—
—

—
—

Harz Tf 5 5.063 0.313 0.316
(HAR) Tf 8 7.872 0.500 0.492
16 Tf

Tf
Tfb

3
18
14

3.063
—
—

0.188
0.563
0.438

0.191
—
—

0.004n.s.

—

Soiling Tf 36 34.540 0.818 0.785
(SOL) Tf 6 8.888 0.136 0.202
44 Tf

Tf
Tfb

2
78
10

0.572
—
—

0.046
0.886
0.114

0.013
—

1.800n.s.

Reinhardswald Tf 81 78.960 0.771 0.752
(REI) Tf' 20 24.255 0.191 0.231
105 Tf

Tf
Tfb

4
182
28

1.890
—
—

0.038
0.876
0.133

0.018
—

2.414n.s.

Spessart Tf 17 17.199 0.810 0.819
(SPE) Tfab 4 3.612 0.190 0.172
21 Tf'

Tf
Tfb

0
38
4

0.189
—
—

0.000
0.905
0.095

0.009
—
—

n.t.

—

Soonwald Tf 28 27.370 0.824 0.805
(SOO) Tfa 5 6.290 0.147 0.185
34

Achenkirch

Tf
Tf
Tfb
Tf

1
61

6
42

0.347
—
—

38.700

0.029
0.897
0.103
0.840

0.011
—
—

0.774

0.946 n.s.

—

(ACH) Tfab 4 7.900 0.080 0.158
50 Tfu

TfC
Tf'
Tf
Tf
Tf"
Tf C

2
0
1
1

88
9
3

0.400
2.650
0.250
0.050

—
—

0.040
0.000
0.020
0.020
0.880
0.090
0.030

0.008
0.053
0.005
0.001
—
—
—

n.t.

—

Wicklow Tf 4 3.248 0.072 0.058
(WI) Tfab 19 20.496 0.339 0.366
56 Tf'

Tf
Tf'

33
27
85

32.256
—
—

0.589
0.241
0.759

0.576
—
—

0.3 11 n.s.

—
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Origin and
sample size

Genotype
resp. allele

Number
observed HWS

Frequency
observed HWS

G
(d.f. = 1)

Reinhardswaldgatter Tf 11 11.700 0.611 0.650
(RE) Tfb 7 5.634 0.389 0.313
18 Tfbb

Tf
Tfh

0
29

7

0.684
—
—

0.000
0.806
0.194

0.038

—

n.t.

—

Olderdissen Tf 5 3.375 0.556 0.375
(OL) Tfab 1 1.836 0.111 0.204
9 Tf

TfC
Tfb
TfCC

Tf
Tfb
Tf C

1
0
0
2

11
3
4

0.252
2.448
0.660
0.44 1

—
—
—

0.111
0.000
0.000
0.222
0.612
0.167
0.222

0.028
0,272
0.074
0.049
—

—

n.t.

—

Opel Tf 45 45.784 0.763 0.776
(OP) Tfab 14 12.331 0.237 0,209
59

Lehmkaule

Tf'
Tf
Tfb
Tf

0
104

14
8

0.826
—
—

9.300

0.000
0.881
0.119
0.25 8

0.014
—
—

0,300

n.t.

—

(LE) Tfab 18 15.345 0.581 0.495
31 Tfbb

Tf
Tfb

5
34
28

6.324
—
—

0.161
0.548
0.452

0.204
—

0.987 n.s.

n.s. =Notsignificant, n.t. = not tested; WI,RE,OL,OP,LE are enclosed populations,
for details see text.

Table 2 Segregation results of transterrin in complete families. All offspring of mating types with the same phenotype have been

pooled

Mating type

Number
of pairs

Offspring (expected numbers in brackets)
Exact level of
significance aTotal Tf Tf Tf

Tf'x Tfab 1 1 0(0.5) 1(0.5) 0(0) 1.0

Tfabx Tf 6 11 2(2.75) 6(5.5) 3(2.75) 1.0

TfabxTf 2 2 0(0) 0(1) 2(1) 0.5

Tfb)xTf 2 2 0(0) 0(0) 2(2) 1.0

200 animals. The Opel enclosure was established with
one male and three females from Hungary and one
female of unknown origin, and the Lehmkaule
enclosure was established with one male and one
female from Hungary and three females from
Yugoslavia.

Blood samples of 10 ml were taken from the Vena
jugularis immediately post mortem or after immobiliza-
tion into heparinized tubes and kept under refrigera-
tion during transport. The processing of the samples,
separation by horizontal isoelectric focusing in poly-

acrylamide gels and by electrophoresis in starch gels, as
well as the staining procedure followed Mushövel
(1986) and Herzog (1988a). Transferrin bands have
been identified by 59Fe autoradiography. The mode of
inheritance was tested by analysis of the mating types
shown in Table 2. Due to the relatively small number of
offspring, a general problem in the genetic analysis of
large mammals, all offspring of mating types with the
same phenotype were pooled and the exact level of
significance was calculated by the exact test (see Tate &
Clelland, 1957). Comparison of the observed genetic
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structures with the corresponding Hardy—Weinberg
structure was based on the G-test due to the relatively
low frequencies of the rarer allele (see Weber, 1978).

Interpretation of the results is mainly based on the
concepts of genetic variation within and differentiation
between demes as described in detail by Gregorius &
Roberds(1986) and Gregorius(1987, 1988).

Results
In the investigated animals, phenotypic varition of
transferrin was found. Five phenotypes have been
observed, three of which are common. The other two
are rare and have been observed in only two popula-
tions. The association of the protein bands leads us to
the hypothesis of genetic control by one gene locus
with three (two common, Tf and Tf', and one rare,
Tf C) alleles. Figure 1 shows the corresponding homo-
zygote phenotypes. The analysis of the mating types
shown in Table 2 provides evidence for this hypothesis.

Comparison of the present phenotypes with
standard serum samples, from the study of Bergmann
(1976) on the same gel, shows that the alleles Tf a, Tfb
and Tf C of the present study are identical to the Tf A,
Tf B and Tf in Bergmann's notation and therefore may
also correspond to the alleles designated as Tf100, Tf83
and Tf65 by Gyllensten et a!. (1980). The alleles desig-
nated Tfab and Tfb by McDougall & Lowe (1968) may
also be identical to Tf and Tf' of the present study,
whereas Tf C seems not to be responsible for the
occurrence of the 'uncommon phenotypes' shown by
McDougal & Lowe (1968).

The study of allelic and genotypic frequencies in the
different populations (Table 1) shows that all red deer
populations as well as the red deer x sika deer hybrid
population are polymorphic of the Tf gene locus. In the
latter, the allele Tfb is the most frequent one, whereas

in pure red deer populations quite the contrary is the
case. The rare allele Tf C has been observed only in the
Austrian Achenkirch population and in one park
population of unknown origin. Comparison of the
observed genetic structures of the populations with the
corresponding Hardy—Weinberg expectations reveals
no significant deviation in most cases. However, in the
samples from some populations no homozygotes for
the rarer allele have been found.

The (actual) heterozygosity was calculated on the
basis of 15 protein systems including 12 monomorphic
systems studied by Herzog(1988a, b; see Table 3). The
highest value was found for the Wicklow hybrid popu-
lation (HA= 0.051). The average heterozygosity for the
four German populations Luneburger Heide, Harz,
Solling and Reinhardswald is 0.033, ranging from
0.023 (Solling) to 0.046 (Harz).

Based on the allele frequencies, pairwise genetic
(genic) distances d0 (Gregorius, 1974) as well as Nei's
(1972) D, values were calculated for all 12 populations.
Table 4 shows the results for the transferrin system. In
addition, for four German sites (Luneburger Heide,
Harze, Solling, Reinhardswald) as well as for the Irish
hybrid population, the multilocus gene pool distances
have been calculated on the basis of a total of 15
protein systems that have previously studied in these
populations (Herzog, 1 988a, b). The results are shown
in Table 5.

Table 6 shows the genetic differentiation D1 as well
as a (Gregorius & Roberds, 1986) between popula-
tions on the basis of gene frequencies. Therefore, this
measure is directly comparable to the measure FST
(Wright, 1978). First, it was evaluated for all popula-
tions studied. In addition, separate calculations were
made for all Continental (i.e. pure) red deer popula-
tions and for all natural populations.

Fig. 1 Photographic and schematic
representation of transferrin
phenotypes observed in this study.
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Discussion

Genotype and allele frequencies

For the transferrin gene locus, the genotypic stuctures
show no evidence of departure from Hardy—Weinberg
proportions within the red deer populations. The cases
where homozygotes for the rarer allele are lacking may
be due to a sampling error, the expected number of
these genotypes being less than 1 in all cases in
question. A lack of heterozygotes as described by
Gyllensten et a!. (1980) was not observed. The differ-
ences in the genotype and allele frequencies between
the populations are striking. In the Wicklow popula-
tion, the Tfb allele is the most common. This observa-
tion is in accordance with the results of McDougall &
Lowe (1968), who in a small sample of 10 animals
from a British sika deer park population only found
one allele that may be identical to Tfb, which has also
been found to be the most common allele in fallow
deer (Herzog, 1989). It is assumed that the frequencies
mainly result from hybridization between red and sika
deer.

In the pure red deer populations, Tf' is the most
common and Tfb is the rarer allele whereas Tf C has

Table 3 Average actual heterozygosities (IA) over 15 gene
loci (for details see text)

Origin Actual heterozygosity HA

Luneburger Heide 0.036
Harz 0.046

Soiling 0.023
Reinhardswald 0.027
Wicklow 0.05 1

only been found sporadically. The reasons for this
phenomenon can only be speculated upon. On first
sight, the results of Pemberton eta!.(1988) may give an
explanation. The authors found differences in the
intensity of selection against two homozygotes, and
there is good evidence that the more intensively
selected transferrin homozygote found by Pemberton
et a!. (1988) corresponds to the rarer Tf in the pres-
ent study. However, if we assume selection as the major
reason for the observed allele and genotype frequen-
cies, we should not expect viability selection due to the
Hardy—Weinberg proportions in all populations tested.
Moreover, we should have to assume that selection acts
very specifically depending on the environment and/or
on the species and population. Only the latter may
explain the observations that in fallow deer (Herzog,
1989) as well as in the red deer X sika deer hybrid
population the allele Tf" and the genotype Tf' are
most common and that the frequencies of Tf and Tf'
are nearly 50 per cent each in the large natural Lüne-
burger Heide and Harz populations. Thus a selection
hypothesis entails a number of uncertain assumptions.
It seems to be more plausible that random events such
as bottleneck or founder effects during the history of
the populations would have been responsible for the
recent genetic structures, perhaps slightly re-inforced
by a selective disadvantage of one homozygote. The
absence of the very rare Tf C in most populations may
be due to sampling error and/or random effects.

The first investigation based on transferrin allele
frequencies was that of Bergmann (1976). He studied
eight West German provenances and found a trans-
ferrin polymorphism involving the same alleles as in
the present study. The results show neighbouring
populations to be more similar than provenances
separated by larger distances, as well as clinal variation
of the allele frequencies in the north—south direction.

Table 4 Pairwise genetic (genic) distances d0 (top) and D (bottom) for the Tf gene locus between the different populations

LUN HAR SOL RE! SPE SOO ACH WI OL RE OP LE

LUN — 0.001 0.324 0.305 0.343 0.335 0.348 0.322 0.271 0.244 0.319 0.014

HAR 0.149 — 0.324 0.305 0.343 0.335 0.348 0.322 0.271 0.244 0.319 0.015

SOL 0,149 0.149 — 0.019 0.019 0.011 0.030 0.645 0.275 0.080 0.005 0.338

RE! 0.126 0.136 0.000 — 0.038 0.030 0.043 0.625 0.256 0.061 0.014 0.319

SPE 0.163 0.164 0.000 0.001 — 0.008 0.030 0.664 0.294 0.099 0.024 0.357

SOO 0.157 0.158 0.000 0.001 0.000 — 0.030 0.656 0.271 0.091 0.016 0.349

ACH 0.166 0.166 0.001 0.002 0.001 0.001 — 0.669 0.269 0.104 0.030 0.362

WI 0.194 0,193 0.836 0.813 0.915 0.893 0.922 — 0.593 0.565 0.640 0.307

OL 0.138 0.138 0.067 0.064 0.071 0.069 0.060 0.669 — 0.222 0.270 0.286

RE 0.093 0.093 0.006 0.004 0.009 0.007 0.010 0.659 0.058 — 0.075 0.258

OP 0.150 0.146 0.000 0.000 0.000 0.000 0.001 0.850 0.067 0.005 — 0.333

LE 0.000 0.000 0.206 0.143 0.182 0.176 0.120 0.174 0.150 0.107 0.163 —
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Table 5 Pairwise multilocus gene pooi distances d0 (top) and D (bottom) for a
minimum of 15 gene loci between the different populations

Lüneburger
Heide Harz Soiling Reinhardswald Wicklow

Lüneb.Heide — 0.005 0.030 0.026 0.115
Harz 0.004 — 0.024 0.021 0.110
SoIling 0.008 0.007 — 0.003 0.129
Reinhardswakl 0.007 0.007 0.008 — 0.129
Wickiow 0.059 0.074 0.094 0.094 —

Table 6 Genetic differentiation for the Tf gene locus with respect to allelic
structures (for details see text)

Differentiation D Continental Natural
Origin for all populations populations populations

LüneburgerHeide 0.197 0.248 0.278
Harz 0.197 0.248 0.278
Soiling 0.180 0.133 0.105
Nordhessen 0.158 0.111 0.082
Spessart 0.200 0.153 0.127
Soonwald 0.206 0.160 0.133
Achenkirch 0.182 0.134 0.128
Wicklow 0.547 excluded excluded
Olderdissen 0.091 0.044 excluded
Reinhardswaldgatter 0.219 0.219 excluded
Opel 0.174 0.128 excluded
Lehmkaule 0.212 0.264 excluded
O 0.214 0.168 0.161
FST 0.152

Instead of such a clinal variation, the present study
found a sharp boundary in allele frequencies between
the Lüneburger Heide and the Harz population on the
one hand and the remaining Continental populations
on the other. However, the present study has also
revealed similar allele frequencies for the Soiling as
well as the relativeJy low frequency of the rarer Tf allele
in the Spessart population.

The present results show that there is no clear
correlation of allele frequencies with geographic
distance: in particular, the northernmost German
populations Lüneburger Heide and Harz show allele
frequencies similar to those that Bergmann (1976)
found for the southernmost parts of Germany. Vice
versa, the southernmost sampling site of the present
study, the Austrian Achenkirch population, is more
similar to the populations of the central part of
Germany. These observations become more differen-
tiated by calculating the genetic distances between the
different sites.

Heterozygosity

In the context of maintenance of adaptability, multi-
locus heterozygosity, which requires data on genotypic
in addition to allele frequencies, should also be con-
sidered. Estimates of the average degree of hetero-
zygosity ('iA) depend heavily on sample size and on
the number of ioci analysed (Nei, 1975; Nevo, 1978)
and also on the protein loci examined. Moreover, a
genetic analysis is lacking in most previous studies on
natural deer populations. This means that different
studies estimating heterozygosities for different sets of
'gene loci' are not a priori comparable. However, it has
turned out that in the genus Cervus the differences
between populations studied with the same set of
protein loci are of the same magnitude and often
greater than the differences between studies using dif-
ferent sets of proteins (see Baccus et a!., 1983;
Gyllensten eta!., 1983; Hartle, 1986).

Average heterozygosities have been calculated for
Lüneburger Heide, Harz, Soiling, Reinhardswald and
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Wicklow using the data from the present study as well
as from Herzog (1 988a, b). Table 3 gives the results for
12 monomorphic gene loci and the polymorphic 6-
PGD, SOD, as well as Tf The heterozygosity of the
Wicklow population represents the highest value found
for the genus Cervus to date and is likely to be due to
its hybrid origin. The heterozygosities of the four West
German populations (see Table 3) fit into the frame-
work given by the other European red deer popula-
tions. With the reservation of the above mentioned
problems in comparing different studies on genetic
variation in the genus Cervus, we found no indication
for a reduced level of heterozygosity in the West
German red deer populations.

Genetic distances

The differences in allele frequencies between the
populations lead to striking differences in the genetic
distances d0 (Gregorius, 1974).

The data from Tables 4 and 5 show that d0 and the
commonly used D (Nei, 1972) are only poorly
correlated and not interchangeable. In particular, the
two distances lead to different rankings of the popula-
tions. It is evident that d0 allows a better discrimination
between pairs of populations of low genetic distances.

Thus, the Tf locus enables consistent discrimination
between red deer populations. The relatively large
genetic distances between the Continental red deer
populations and the Irish hybrid population are not
unexpected. However, the genetic distances among the
West German populations are also remarkable, and
allow a clear discrimination, especially between
Lüneburger Heide, Harz and the Lehmenkaule
enclosure, and the other natural and enclosed popula-
tions (see Table 4).

The genetic distances between the natural West
German populations are not just a function of geo-
graphical distances, but are also influenced by natural
and artificial geographical barriers. In Central Europe,
especially, this fragmentation is assumed to have an
increasing influence on the populations of large wild
animals and to promote their reproductive isolation
into small subpopulations. Furthermore, the results
provide evidence for genetic exchange between certain
populations, e.g. between the Lüneburger Heide and
the Harz populations. This is not surprising due to the
well-known migrations of red deer, but it was surpris-
ing to find relatively large genetic distances between
the Harz and the Solling population even though the
geographical distances Lüneburger Heide—Harz and
Solling—Harz (c. 50 kin) as well as potential obstacles
(motorways, unwooded areas) are very similar. Migra-
tion between populations seems to depend heavily on

the presence or absence of traditional haunts. Rivers
seem to be a minor obstacle as, for example the simi-
larities between Solling and Reinhardswald (divided by
the Weser River) and even between Spessart and Soon-
wald (divided by the Rhein River) show.

Differentiation

Due to the sample size, gene frequencies instead of
genotype frequencies were chosen for the
measurement of differentiation (óge, Gregorius &
Roberds, 1986; Gregorius, 1988) in the present study.
This, in addition, allows its direct comparison with the
commonly used measure of 'variation between demes',
FST resp. GST (Wright, 1978 resp. Nei, 1973). The
influence of the Tf gene locus on gene pooi differentia-
tion exceeds that of other previously studied poly-
morphic loci (Herzog, 1988a, b). Thus, Tf is the one
relevant gene locus in our set of protein loci and there-
fore the Tf differentiation can be used instead of the
gene pooi differentiation.

Out of all populations covered by this study, the
Irish hybrid population is the most differentiated. This
result was not unexpected with respect to the allele
frequencies. In this case, the Tf differentiation is one
single measure that gives an evaluation of sika deer
introgression into local Irish red deer populations.

Another question of practical interest is whether
wild or enclosed populations originating from only a
few animals can be representative of a number of wild
populations or even a species. Thus, differentiation has
been calculated for all Continental populations, i.e.
all except the Wicklow population. The values 1-D1
(which can easily be calculated from Table 5) serve as
representations of the total variation by the single
populations. As the results show, Olderdissen (1-D1
0.956) is most representative, even more so than the
natural populations (1-D1 ranging between 0.725 and
0.889). On the other hand, the Lehmankaule enclo-
sure, which was founded in nearly the same way as
Olderdissen, is the most differentiated (1-D, 0.736)
and thus the least representative site.

The results provide evidence that even enclosures
established with a very restricted number of individuals
may be representative of a wide geographical range of
natural populations. On the other hand, we know and it
is also shown that mixing animals from different origins
does not necessarily lead to a representation of some
natural populations nor does it necessarily increase the
genetic variability. This means that it is possible to
maintain genetic variation even in populations originat-
ing from a very small number of animals, but it would
require detailed knowledge of the genetic structures of
a number of natural populations as well as of the
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sample used to found a new population.
Looking at only the natural populations (Table 6), it

can be seen that the Lüneburger Heide and the Harz
sites with Tf and Tfb frequencies of nearly 50 per cent
each are the most differentiated ones. Their relatively
balanced allele frequencies make them less susceptible
to accidental loss of genetic variation, i.e. in the present
case fixation for one allele. On the other hand, a more
asymmetric allele distribution would be representative
of most of the Central European populations. More-
over, the rare Tf C is lacking from both the Lüneburger
Heide and the Harz populations. The spatial differen-
tiation being due to the spatial differences in allele
frequencies has, regardless of its primary causes, an
impact on wildlife management strategies. The impor-
tance of genetic conservation, and especially the main-
tenance of genetic variation, is becoming more com-
monly accepted. In this context, the results of the
present study suggest two targets for future wildlife
management efforts. One can be described as the
preservation of adaptedness of local populations.
Although we agree with Chesser et al. (1982) that the
preservation of present electrophoretically detectable
allele frequencies does not necessarily mean the
preservation of unique and maybe locally adapted
forms, we are of the opinion that we cannot neglect the
risk of extinction of locally adapted populations a
priori. The second aim of wildlife management should
be the maintenance of adaptability and thus of genetic
variability per se. This would mean that we have to
minimize the risk of any accidental loss of genetic
variation. A first step in this direction should be the
enlargement of the 'Rotwildgebiete' (hunt compart-
ments) to units including a number of neighbouring
populations. It would help to avoid the above-
mentioned risk of extinction of local adaptedness if
only genetically similar populations (e.g. Lüneburger
Heide and Harz or Solling and Reinhardswald) would
be pooled. Another meaningful arrangement would be
to allow and to support migration and therefore genetic
exchange between neighbouring populations, but this is
actually prohibited by the hunting legislation in some
Central European countries.
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