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A total of 193 brown hares, collected from 7 sampling sites in Poland during 1986  
- 1990 were examined for genetic variability and differentiation at 39 presumptive 
isozyme loci by means of horizontal starch gel electrophoresis. Values of polymorphism 
(mean P = 0.180, SD 0.039) and average heterozygosity (mean H = 0.047, SD 0.006)  
were similar to those detected in previous studies on the population genetics of the 
brown hare. Relative (CST = 0.041) and absolute (mean D/Nei, 1978/ = 0.0012, SD 
0.0013) genetic differentiation among populations were very low, which fits well to 
the high number of migrant individuals per generation (Nm = 12.7), estimated using 
the private allele method of Slatkin (1985). Average heterozygosity was examined for 
associations with geographical distribution, the year of culling, population density, 
age, sex, body weight and health status, whereby a better survival of heterozygous 
femals could be detected. According to our results, the present decline of the brown 
hare is not due to genetic depletion. However, once population sizes drop below a 
critical threshold, a pronounced inbreeding depression can be expected. 

Forschungsinstitut für Wildtierkunde und Ökologie der Veterinärmedizinischen Uni- 
versität Wien, Savoyenstraße 1, A-1160, Vienna, Austria (GBH, RW), Department of 
Ecology and Vertebrate Zoology, University of Łódź, Banacha str. 12/16, 90-237 Łódź,  
Poland (JM, TJ), Department of Microbiology, Teachers Training College, Żołnierska  
str. 14, 10-561 Olsztyn, Poland (AS) 

Key words: Lepus europaeus, isozymes, haptoglobin, genetic diversity, gene flow, health 
status, Poland 

Introduction 

The brown hare (Lepus europaeus Pallas, 1778) is one of the most important 
game species inhabiting the cultivated landscape of Poland. According to Pielowski 
(1976, 1979) population density in the sixties ranged from several up to 50 animals 
per lOOha. The hunting bag was 700 000 at the beginning of the seventies and 
decreased to 505 000 at the end of that decade. A particular decrease was noticed 

[15] 



16 G. B. Hartl et al. 

Fig. 1. Geographic location of hunting areas, marked by circles: Wopławki (WOP), Czempiń (CZE), 
Rogów (ROG), Siedlce (SIE), Głogów (GLO), Łowicz (LOW), Płock (PLO). 

Table 1. Characteristics of hunt ing units. Ex - experimental hunt ing unit, LH - rented by local unit 
of Polish Hunting Association, LF - predominately large state farming, SM - predominately small 
farmng, * = after Jezierski, Kryński, Pielowski and Wasilewski (pers. comm.). 

Hunting unit/ 
geographical location 

Total area, 
ha 

Land exploitation, %  
arable forest others 

Density* N/100 ha 

Wopławki/Mazurian Lakes 4,903 85.0 2.0 13.0 Ex, LF 9 
Czempiń/Leszno Lakes 15,000 90.0 7.0 3.0 Ex, LF 20 
Rogów/South-Mazovian 13,000 74.0 23.0 3.0 Ex, SM 2 1 - 3 1 
Siedlce/South-Podlasie 23,240 86.0 11.0 3.0 LH, SM 1 5 - 2 0 
Głogów/Dałków Upland 2,048 85.0 13.5 1.5 LH, SM 20 
Płock/Mazovian 2,043 91.3 8.7 1.0 LH, SM 25 
Lowicz/Mazovian 7,099 93.0 1.8 5.2 LH, SM 40 

in the mid-eighties (Sikorski 1987). As stated by Pielowski (pers. comm.) the 
present Polish brown hare population is three to four times smaller than in the 
fifties. In order to find out the reasons for this rapid decline of the brown hare a 
special project was conducted in Poland from 1986 to 1990 (Jezierski 1988), 
whereby, among various other aspects, also genetic factors were considered. 
According to previous studies on brown hares from various parts of Europe a 
reduction of overall genetic variation (as indicated by electrophoretic markers) is 
not likely to affect the survival of this species (Bonhomme et al. 1986, Hartl et al. 
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1989, 1990). It is, however, still a matter of debate, whether protein heterozygosity 
is actually a suitable indicator for overall genetic variation (see e. g. Frankel and 
Soule 1981, Schnell and Selander 1981, Palmer and Strobeck 1986, Lande and 
Barrowclough 1987). Furthermore, although protein heterozygosity was found to 
be associated with several aspects of ecological adaptation and fitness in various 
mammalian species (see e. g. Johns et al. 1977, Nevo 1983, 1988, Nevo et al. 1984, 
Wildt et al. 1987, Pemberton et al. 1988, Scribner and Smith 1990, Smith et al. 
1990), its significance in the brown hare remains to be clarified. 

A relation between heterozygosity at the haptoglobin locus and both the health 
status and the age structure of brown hare populations in Poland was reported 
by Markowski et al. (1990). In the present study, average heterozygosity as 
estimated by allozyme electrophoresis is examined in the brown hare from Poland 
in relation to geographical distribution, year of culling, population density, age, 
sex, body weight, and health status. 

Study area 

Seven hunt ing areas representing different physiographic regions of Poland were investigated 
(Fig.l). General characteristics of the study areas and population densities are given in Table 1. 

Material and methods 

A total of 193 specimens, obtained during the hunt ing seasons from 1986 to 1990, were 
investigated. The hares were weighed, sexed and aged (using both the "Stroh-sign" - Stroh 1931, and 
the dry eye lens weight - Broekhuizen and Maaskamp 1979). Data on health status and haptoglobin 
polymorphism were taken from Markowski et al. (1990). Tissue (liver, kidney, heart , skeletal muscle) 
samples were frozen in liquid nitrogen immediately after death of the animals. Preparation of tissue 
extracts, electrophoretic and staining procedures, and the interpretation of band-pat terns were 
performed as described and referenced in Hartl and Hoger (1986) and Hartl et al. (1988). The 
following isozyme systems were screened (abbreviation and E.C. are given in parentheses): 

a-glycerophosphate dehydrogenase (GDC, E.C. 1.1.1.8), sorbitol dehydrogenase (SDH, E.C. 
1.1.1.14), lactate dehydrogenase (LDH, E.C. 1.1.1.27), malate dehydrogenase (MOR, E.C. 1.1.1.37), 
isocitrate dehydrogenase (IDH, E.C. 1.1.1.42), 6-phosphogluconate dehydrogenase (PGD, E.C. 
1.1.1.44), glucose dehydrogenase (GDH, E.C. 1.1.1.47), glucose-6-phosphate dehydrogenase (GPD, E.C. 
1.1.1.49), xanth ine dehydrogenase (XDH, E.C. 1.2.3.2), glutamate dehydrogenase (GLUD, E.C. 
1.4.1.3), catalase (E.C. 1.11.1.6), superoxide dismutase (SOD (E.C. 1.15.1.1), glutamate oxaloacetate 
t ransaminase (GOT, E.C. 2.6.1.1), hexokinase (HK, E.C. 2.7.1.1), creatine kinase (CK, E.C. 2.7.3.2), 
adenylate kinase (AK, E.C. 2.7.4.3), phosphoglucomutase (PGM, E.C. 2.7.5.1), esterases (ES, E.C. 
3.1.1.1), acid phosphatases (ACP, E.C. 3.1.3.2), peptidases (PEP, 3.4.11), aminoacylase-1 (ACY-1, E.C. 
3.5.1.14), adenosine deaminase (ADA, E.C. 3.5.4.4), f u m a r a t e h y d ra t a s e (FH, E.C. 4.2.1.2), 
mannosephosphate isomerase (MPI, E.C. 5.3.1.8), and glucosephosphate isomerase (GPI, E.C. 5.3.1.9). 

Values of polymorphism and heterozygosity were calculated according to Ayala (1982). The 
number of migrating individuals per generation (Nm) was estimated using Slatkin's (1985) private 
allele method. Gene diversity between populations in relation to gene diversity within populations 
was calculated using Nei's (1975) C-statistics. Absolute genetic distances between populations was 
calculated using various genetic distance measures (Nei 1972, Nei 1978, Rogers 1986). Dendrograms 



18 G. B. Hartl et al. 

Table 2. Allelic frequencies at the polymorphic loci in Polish brown hare populations (99% criterion). 
The data are pooled from all sampling seasons. X = not studied. 

Locus 
Seasons: 2 , 3 

Allele GLO 
n: 30 

1, 2, 3 
CZE 
30 

1, 2, 3 
ROG 

35 

2 
LOW 

10 

2 
PLO 

15 

1, 2, 3 
SIE 
38 

1, 2, 3 
WOP 

35 
Mean SD 

Sdh 100 1.0 0.983 0.986 1.0 1.0 0.987 0.957 0.988 0.015 
300 0.0 0.017 0.014 0.0 0.0 0.013 0.043 0.012 

Mor-2 100 0.850 0.917 0.871 0.950 1.0 0.961 0.957 0.929 0.053 
79 0.150 0.083 0.129 0.050 0.0 0.039 0.043 0.071 

Pgd 100 0.817 0.950 0.986 1.0 0.967 0.908 0.972 0.943 0.063 
170 0.150 0.050 0.014 0.0 0.033 0.079 0.014 0.049 0.052 
129 0.0 0.0 0.0 0.0 0.0 0.013 0.014 0.004 0.007 

70 0.033 0.0 0.0 0.0 0.0 0.0 0.0 0.004 0.012 

Es-I -100 0.411 0.617 0.614 0.300 0.533 0.527 0.429 0.490 0.116 
•108 0.0 0.0 0.0 0.050 0.0 0.0 0.014 0.009 0.019 

•75 0.554 0.367 0.386 0.500 0.400 0.447 0.557 0.459 0.079 
-42 0.035 0.016 0.0 0.150 0.067 0.026 0.0 0.042 0.053 

Es-d 100 0.933 0.917 0.843 0.800 1.0 0.934 0.829 0.894 0.071 
141 0.067 0.083 0.157 0.200 0.0 0.066 0.171 0.106 

Pep-2 100 0.833 0.750 0.771 0.700 0.667 0.645 0.757 0.732 0.065 
110 0.0 0.0 0.0 0.0 0.0 0.013 0.0 0.002 0.005 
104 0.167 0.250 0.229 0.300 0.333 0.342 0.243 0.266 0.062 

Acy-1 100 0.017 0.200 0.071 0.200 0.267 0.237 0.243 0.176 0.095 
81 0.950 0.633 0.743 0.650 0.733 0.539 0.614 0.695 0.133 
66 0.033 0.167 0.186 0.150 0.0 0.224 0.143 0.129 0.082 

Mpi 100 0.983 0.983 0.986 0.950 1.0 0.987 0.957 0.978 0.018 
126 0.017 0.017 0.014 0.050 0.0 0.013 0.043 0.022 

Hpt 1 0.530 0.551 0.511 X X 0.500 0.528 0.023 
2 0.470 0.449 0.489 0.450 0.500 0.472 

were constructed according to different algorithms using the PHYLIP-programme package of 
Felsenstein (see Felsenstein 1985). The influence of sample size and the composition of polymorphic 
loci on the stability of clusters was tested by means of the bootstrap and the jackknife method as 
described in detail by Hartl et al. (1990). 

Results 

Twenty five isozyme systems representing a total of 39 presumptive structural 
loci (identical with those examined by Hartl et al. 1990) were screened. Genetic 
polymorphism was detected at the following 8 loci: Sdh, Mor-2, Pgd, Es-I, Es-d, 
Pep-2, Acy-1, and Mpi. All of these loci were previously found to be polymorphic 
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Table 3. Genetic variabil i ty in Polish brown hare populations, h (ho) = excepted (observed) 
heterozygosity, H (Ho) = excepted (observed) average heterozygosity, P = proportion of polymorphic 
loci (calculated oyer 39 loci, Hpt excluded), X = not studied. 

Locus GLO CZE ROG LOW PLO SIE WOP Mean SD 

Sdh h 0.0 0.033 0.028 0.0 0.0 0.026 0.082 0.024 0.029 
ho 0.0 0.033 0.029 0.0 0.0 0.026 0.086 0.025 0.031 

Mor-2 h 0.255 0.152 0.225 0.095 0.0 0.075 0.082 0.126 0.090 
ho 0.233 0.167 0.200 0.100 0.0 0.079 0.086 0.124 0.081 

Pgd h 0.309 0.095 0.028 0.0 0.064 0.169 0.055 0.089 0.102 
ho 0.333 0.100 0.029 0.0 0.067 0.184 0.057 0.110 0.115 

Es-I h 0.523 0.484 0.474 0.635 0.551 0.522 0.506 0.528 0.054 
ho 0.429 0.367 0.486 0.500 0.333 0.579 0.429 0.446 0.084 

Es-d h 0.125 0.152 0.265 0.320 0.0 0.123 0.284 0.181 0.113 
ho 0.133 0.167 0.257 0.400 0.0 0.132 0.286 0.196 0.130 

Pep-2 h 0.278 0.375 0.353 0.420 0.444 0.467 0.368 0.386 0.064 
ho 0.267 0.367 0.343 0.400 0.533 0.500 0.429 0.406 0.092 

Acy-1 h 0.096 0.531 0.408 0.515 0.391 0.603 0.542 0.441 0.170 
ho 0.100 0.567 0.429 0.700 0.400 0.605 0.600 0.486 0.200 

Mpi h 0.033 0.033 0.028 0.095 0.0 0.026 0.082 0.042 0.034 
ho 0.033 0.033 0.029 0.100 0.0 0.026 0.086 0.044 0.036 

Hpt h 0.498 0.495 0.500 X X 0.495 0.500 0.498 0.003 
ho 0.733 0.632 0.640 0.757 0.591 0.671 0.071 

H 
Ho 
P 

0.042 
0.039 
0.180 

0.048 
0.046 
0.205 

0.046 
0.046 
0.205 

0.053 
0.056 
0.154 

0.037 
0.034 
0.103 

0.052 
0.055 
0.205 

0.051 
0.053 
0.205 

0.047 
0.047 
0.180 

0.006 
0.008 
0.039 

in the brown hare (Hartl et al. 1989, 1990) and for several of them the Mendelian 
inheritance of the respective allozymes was proved by family studies (Hartl 1987, 
1 9 9 1 ) . Except for Pep-2110, also all of the alleles were described previously in at 
least in one of four countries (Poland, Hungary, Austria, Czechoslovakia) examined 
and the nomenclature is consistent with that used by Hartl et al. ( 1 9 9 0 ) . The 
allele frequencies are listed in Table 2. The proportion of polymorphic loci (P), 
single locus heterozygosities (h) and average heterozygosity (H) for each of the 
populations studied is given in Table 3. The number of migrating individuals per 
generation (Nm) is 1 2 . 7 (p(l) = 0 . 0 2 3 ) , relative genetic differentiation among 
populations is 4 % (GST = 0 . 0 4 1 , Hs = 0 . 0 4 7 , HT = 0 . 0 4 9 , DST = 0 . 0 0 2 ) . Pairwise 
genetic distances between populations, corrected for sample sizes (Nei 1 9 7 8 ) , are 
given in Table 4 (mean D = 0 . 0 0 1 2 , S D 0 . 0 0 1 3 ) . 
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Table 4. Genetic identities - above the diagonal and genetic distances - below the diagonal - between 
Polish brown hare populations, calculated according to Nei (1978) over 39 loci (Hpt excluded). 

GLO CZE ROG LOW PLO SIE WOP 

GLO 0.9970 0.9979 0.9976 0.9971 0.9956 0.9970 
CZE 0.0030 - 1.0001 0.9995 0.9998 1.0000 0.9995 
ROG 0.0021 - 0 . 0 0 0 1 - 0.9992 0.9985 0.9986 0.9990 
LOW 0.0024 0.0005 0.0008 - 0.9995 0.9998 1.0011 
PLO 0.0029 0.0002 0.0015 0.0005 - 0.9996 0.9989 
SIE 0.0044 - 0.0000 0.0014 0.0002 0.0004 - 0.9995 
WOP 0.0030 0.0030 0.0005 0.0010 - 0 . 0 0 1 1 0.0011 -

GLO 
C Z E 

I ROG 
SIE 
PLC) 
LOW 

"I WQP 

Fig. 2. Dendrogram showing genetic relationships among Polish brown hare populations (Nei's 1972 
D over 39 loci/UPGMA, branching point of GLO = 0.0040). 

PLO 
( HOC 
1 CZE 

SIE 
[ WOP 
'LOW 

GLO 

Fig. 3. Majority rule jackknife consensus tree showing stability of the clusters as to the composition 
of polymorphic loci chosen (based on Nei's 1972 D over 39 loci, the WOP and LOW cluster was found 
in 97 out of 100 trees). 

R WOP 
~1 SIE 

R ROG 
1 CZE 

PLO 
LOW 

CL0 

Fig. 4. Majority rule bootstrap consensus tree showing stability of the clusters as to variation in 
sample sizes (based on Nei's 1972 D over 39 loci, the position of GLO as shown in the Figure was 
stable in 53 out of 100 trees). 
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GLO 
C Z E 

ROG 
I SIE 

n w o p 

Fig. 5. Dendrogram showing genetic relationships among Polish brown hare populations (Nei's 1972 
D over 40 loci/UPGMA). LOW and PLO are excluded because of small sample sizes. The topology 
remains the same when Nei's 1978 genetic distances are used or when Hpt is excluded. 

Genetic similarity among the populations studied is shown in a dendrogram 
constructed by means of Nei's (1972) D and the UPGMA (Fig. 2). A majority rule 
jackknife consensus tree and a majority rule bootstrap consensus tree, giving an 
impression of the stability of clusters, are presented in Figs. 3 and 4, respectively. 
A Nei's (1972) D/UPGMA-tree, where two populations with small sample sizes are 
excluded, is shown in Fig. 5. 

Whereas geographical differences in average heterozygosity were detected 
(especially the sample PLO showed remarkably low levels of H and P), there were 
no significant differences among populations or individuals as to population 
density, the year of culling, body weight and health status. However, a test of 
homogenity revealed a trend for differences in average heterozygosity between 
sexes (Ho higher in females) as well as between juveniles and adults (Ho higher 
in the latter). Furthermore, H and Ho increased with the frequency of females in 
the populations surveyed (r = 0.772, n = 6, p < 0.05, Sperman rank correlation 
coefficient). 

Discussion 

With a mean P of 18% (SD 3.9%) and a mean H of 4.7% (SD 0.6%) values of 
polymorphism and average heterozygosity detected in the present analysis are 
very similar to those reported previously for Polish, Austrian, Hungarian and 
Czechoslovakian populations (Hartl et al. 1989 - mean P = 16%, mean H = 4.7%, 
54 loci, Hartl et al. 1990 - mean P = 16%, mean H = 4.8%, 39 loci). The sample 
from PLO, however, exhibits considerably lower values of P and H, which is not 
necessarily the result of the comparatively low sample size of 15 (similar to many 
sample sizes in Hartl et al. 1989, 1990). It is also hardly to be explained only by 
the comparatively strong isolation of this population by industrial areas and a 
town in the north, a large forest in the east, a strongly frequented road in the 
south, a river in the south-west and a town in the north-east (see below). However, 
in conjunction with a particularly severe reduction of population size during the 
population crash in the mid-eighties (see Introduction), isolation could have 
produced a founder effect, resulting in the lack of many rare alleles (comp. Nei et 
al 1975, Hartl 1989). 



22 G. B. Hartl et al. 

In accordance with previous investigations (Hartl et al. 1989, 1990), relative 
gene diversity among populations is low (GST = 4%), which is confirmed by the 
very high number of migrating individuals per generation (Nm = 13, comp. review 
in Table 7 of Slatkin 1985). Absolute genetic distances, which were already found 
to be extremely low over large geographic distances by Hartl et al. (1990), proved 
to be still lower only within Poland in the present investigation. 

The dendrogram showing genetic similarity among populations (Fig. 2) is not 
in good agreement with the geographic location of the sampling sites. A check for 
the influence of the composition of polymorphic loci (Fig. 3) and for the influence 
of sample size (Fig. 4) on the topology of the tree revealed the latter to be quite 
high in our case. Therefore we constructed another dendrogram (Fig. 5) excluding 
the samples from LOW in = 10) and PLO (n = 15), which proved to be in better 
agreement with the distribution of sampling sites. Although Hpt genotypes were 
found to be associated with the health status of the brown hare and, thus, allele 
frequencies may be affected by selection (Markowski et al. 1990), the presence or 
absence of Hpt data did not affect the topology of the tree. However, when other 
distance and cluster algorithms were used, except for the very separated position 
of GLO, the pattern turned out to be still ambiguous, which is to be explained by 
the very low and similar genetic distances. Again, since samples were collected 
from both sides of the Odra river, and according to previous results (Hartl et al. 
1989, 1990), geographic isolation is most probably not the reason for the exposed 
position of GLO in the dendrograms. Therefore, we suppose, that it is due to 
introgression from populations in eastern Germany, as yet not genetically 
examined. 

Regarding the significance of protein heterozygosity as an indicator for fitness, 
demography and overall genetic variation in the brown hare, the following 
conclusions emerge from this and previous investigations: 

Our data suggest a better survival of heterozygous females, which is an 
important fitness component and may have considerable influence on the genetic 
structure of populations. This result may contribute to an explanation for the high 
proportion of adult femals recognized in the hunting bags in the course of the 
brown hare project (comp. Markowski, in preparation). We failed to detect 
significant correlations of heterozygosity with body weight and health status, but 
this may be due to our comparatively small sample sizes, which also prohibited 
the conduction of multivariate analyses. Average heterozygosity was also not 
associated with developmental homeostasis (comp. Soule 1979, Frankel and Soule 
1981, Palmer and Strobeck 1986), at least when the overall degree of fluctuating 
asymmetry in non-metric skull traits was considered as a possible indicator for 
the latter (Petznek et al. 1990, Markowski and Hartl 1991). 

We did not detect any relationship between heterozygosity and the year of 
culling or population density. Whereas the former result may also be due to small 
sample sizes of both individuals and populations, we are quite confident in the 
latter, at least as far as the simple expectation of an increase of heterozygosity 
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with population size is concerned (comp. Nei 1975). The lack of a relationship 
between heterozygosity and population density is in accordance with population 
genetic data from Austrian hares, where biochemical genetic diversity was 
sometimes even higher in areas with unfavourable habitat conditions and low 
population densities than in typical brown hare habi ta ts (Hartl et al., in 
preparation). 

Generally, the high extent of gene diversity within populations and the low 
genetic differentiation between populations observed in all our population genetic 
studies indicate, that the decline of the brown hare in Central Europe is not the 
result of genetic depletion. However, these results also suggest, that the hare as 
an outbreeder with high genetic variation may be particularly susceptible to 
inbreeding depression, if, due to a further rapid reduction, population sizes drop 
below a critical threshold (various symptoms of inbreeding depression in a small 
captive brown hare breed were described by Hartl et al. 1991). 
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