Heredity (2002) 89, 280-287
© 2002 Nature Publishing Group All rights reserved 0018-067X/02 $25.00

www.nature.com/hdy

Genetic diversity and condition factor: a significant
relationship in Flemish but not in German populations
of the European bullhead (Cottus gobio L.)
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Although evidence of associations between genetic diversity
and fitness in wild species has been published, the lack of
a comprehensive review across species and the existence
of contradictory results have led to scepticism remaining
about its existence and importance in natural populations. In
this study, the relationship between genetic diversity at six
microsatellite loci and condition factor (a fitness related trait)
was investigated at the population level in both Flemish and
German populations of the European bullhead (Cottus
gobio). A significant positive correlation was observed

between genetic variability and the condition factor in Flem-
ish but not in German bullhead populations. Environmental
conditions such as conductivity of the water seemed more
important in determining the condition factor of these latter
populations. Regardless of the underlying mechanism(s)
responsible for the different relationships, the results of this
study suggest that both genetic and environmental variables
can influence condition factor of bullhead populations.
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Introduction

Genetic diversity is generally regarded to be important
for the survival of natural populations, because it allows
them to maintain high levels of fitness and adapt to
changing environmental conditions (Frankel and Soulé,
1981). Consequently, intraspecific genetic diversity has
been recognised as one of the three levels of biological
diversity requiring conservation (McNeely et al, 1990).
However, due to the widespread destruction of natural
habitats, populations nowadays are becoming smaller,
more fragmented, and increasingly isolated (Meffe and
Carroll, 1997). The special characteristics of a riverine
habitat, ie fish migration in rivers can only take place
along given corridors which are often passable in only
one direction, have facilitated these processes rendering
many freshwater fish populations small and isolated
(Pringle, 1997).

Population genetics theory predicts that in these popu-
lations, in the absence of migration and mutation,
inbreeding and random genetic drift will result in
increased homozygosity and loss of alleles (Hartl and
Clark, 1997). Increased homozygosity could lead to a
higher expression of deleterious recessive alleles, which
will reduce fitness (partial dominance). In addition, if
heterozygote advantage, or overdominance, is a general
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phenomenon across the genome, increased homozygosity
will also reduce fitness. The relative importance of these
two processes remains unclear, but together they are
known as inbreeding depression (Charlesworth and
Charlesworth, 1987). Moreover, populations may lose
alleles due to genetic drift, ie random fluctuations over
generations in allele frequency as a consequence of ran-
dom sampling. Although these alleles may be selectively
neutral, they might become adaptive in future altered
environmental conditions, or they may even be adaptive
in the present environment. Thus both inbreeding and
random drift lead to loss of genetic diversity, which may
result in a reduced fitness, and ultimately, a reduced
population viability (Hartl and Clark, 1997). Although
evidence of associations between genetic diversity and
fitness in wild species has been published (Saccheri et al,
1998), the lack of a comprehensive review across species
and the existence of contradictory results, have led to the
remaining scepticism about its existence and importance
in natural populations (Thornhill, 1993; Britten, 1996;
David, 1998; Crnokrak and Roff, 1999). Consequently,
there is an urgent need for more studies on the relation-
ship between genetic diversity and fitness.

The European bullhead (Cottus gobio L.), a small bot-
tom-dwelling freshwater fish, is well suited for examin-
ing the relationship between genetic diversity and fitness
related traits. In several European countries such as
Belgium and Germany, the bullhead often has been for-
ced into small and isolated populations, due to destruc-
tion, deterioration and fragmentation of their habitats
(Lelek, 1987; Vandelannoote et al, 1998). Recent popu-



lation genetic studies indicate that in these areas, levels
of genetic variability differ considerably among bullhead
populations and often are extremely low (Hadnfling and
Brandl, 1998a; Knapen et al, in press). Moreover it has
been shown that such low levels of genetic diversity in
these populations can largely be explained by both their
small size and their high degree of isolation (Hénfling
and Brandl, 1998b).

In this paper, we investigated the fitness consequences
of such a loss in genetic variation by comparing levels of
genetic diversity of bullhead populations and condition
factor, a trait which is generally considered as a good
indicator of fitness in fish (Danzmann et al, 1988; Kjesbu
et al, 1991, 1992; Rakitin et al, 1999; Thelen and Allendorf,
2001) and which is easy to estimate (a length-adjusted
measure of weight). However, other studies have indi-
cated that, instead of genetic variability, other factors
such as environmental conditions may be more
important in determining the condition factor of fish
populations. German trout (Salmo trutta) populations, for
example, showed significant differences in condition fac-
tor depending on the conductivity of the water (Mebes,
1992; Hénfling, 1993), which is an indicator of the relative
‘fertility” of the water (Moss, 1980). Similarly, Fortin et al
(1996) indicated that conductivity is a major determinant
of the condition factor of the lake sturgeon (Acipenser
fulvescens). Therefore the impact of environmental factors
on the condition factor of bullhead populations was also
evaluated by examining the relationship between con-
ductivity of the water and the condition factor. This way,
the relative importance of both genetic variability and an
environmental factor for the condition factor of bullhead
populations was established. To evaluate the importance
and generality of the observed patterns, our study was
conducted in two different areas, in Flanders (northern
part of Belgium) and Germany.
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Materials and methods

Study area and biological material

Eleven German bullhead populations were sampled
between May and June in 1994 and 1995. Eleven Flemish
bullhead populations were sampled between November
and February 1999 (Figure 1). The fish were caught with
electric fishing gear (using a Electracatch WFC7 generator
producing 150 V) and each fish was measured (mm) and
weighed (0.1 g) individually in order to calculate the con-
dition factor (see section below). Due to the endangered
status of the bullhead, sample size was sometimes rela-
tively low. Sample size ranged between nine and 48 indi-
viduals (Table 1). Tissue samples were taken by fin-
clipping and preserved in 100% ethanol at —20°C prior to
DNA extraction. The conductivity (uS/cm) of the water
was measured using a portable water flow-meter model
201/201D. Conductivity is a measure of the ability of
water to pass an electrical current. It is determined by
the total amount of dissolved ions in the solution and
might therefore be a useful indicator of the relative ‘fer-
tility” or ‘food availability” of the water (Moss, 1980).

Genetic variability
DNA was extracted by proteinase K digestion and salt
precipitation (Aljanabi and Martinez, 1997). All samples
were screened for variation at six microsatellite loci: Cgo-
310MEHU, Cgo56MEHU, Cgo91MEHU, Cgol033PBBE,
Cgol114PBBE and Cgo34ZIM, according to the con-
ditions described in Englbrecht et al (1999). PCR products
were run on 6% denaturing polyacrylamide gels using
an ALF Express DNA sequencer (Amersham Pharmacia
Biotech). Allele sizes were estimated using AlleleLinks
software (Amersham Pharmacia Biotech).

Microsatellite genotype frequencies were tested for
deviations from the Hardy-Weinberg equilibrium (HWE)
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Figure 1 Distribution of sampled populations of Cottus gobio in Flanders (a) and Germany (b). Population numbers are listed in Table 1.
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Table 1 Drainage basin, sample size (N), mean number of alleles (MNA), corrected mean number of alleles (MNC), observed (Hp) and
expected (Hg) heterozygosity, corrected observed (Hn ) and expected (Hgc) heterozygosity, condition factor (K) and conductivity (C;
wS/cm) for German bullhead (Nr 1-11) and Flemish bullhead populations (Nr 12-22). /o data available, SE: standard error

Nr Population Basin N MNA MNA: Ho Ho e Hg Hg K C

1 WeisserMain Rhine 21 3.00 2.83 0.421 0.439 0.460 0.457 1.076 495
2 Mistelbach Rhine 14 1.50 1.26 0.036 0.028 0.036 0.027 1.014 270
3 Thiemitz Rhine 16 2.70 223 0.323 0.324 0.302 0.287 1.020 338
4 Itz Rhine 17 2.50 2.18 0.363 0.357 0.327 0.309 1.118 520
5 Leinleiter Rhine 24 2.70 2.26 0.333 0.319 0.332 0.309 1.113 613
6 Suedl. Regnitz Elbe 22 2.30 2.12 0.250 0.269 0.271 0.258 1.013 225
7 Enziusbach Elbe 18 2.30 2.33 0.417 0.415 0.359 0.340 0.909 235
8 Oedweissbach Elbe 17 1.80 1.77 0.196 0.184 0.217 0.179 0.973 195
9 Steinselb Elbe 17 2.70 245 0.363 0.359 0.368 0.337 0.927 180
10 Otterbach Danube 19 2.80 2.14 0.272 0.303 0.218 0.259 0.954 /

11 WeisserRegen Danube 19 5.30 4.22 0.535 0.502 0.584 0.547 0.934 /

Mean 2.69 2.34 0.319 0.320 0.321 0.300 1.005 341
SE 0.97 0.73 0.131 0.130 0.137 0.130 0.073 160
12 Veurs Meuse 37 1.33 1.20 0.032 0.055 0.053 0.059 1.039 646
13 Voer 1 Meuse 41 1.67 1.67 0.146 0.165 0.160 0.176 0.922 626
14 Voer 2 Meuse 14 1.34 1.58 0.143 0.156 0.143 0.141 1.037 638
15 Nethen Scheldt 14 2.83 2.60 0.321 0.333 0.455 0.439 1.076 849
16 Steenputbeek Scheldt 42 1.50 1.27 0.095 0.078 0.093 0.076 0.804 770
17 Verrebeek Scheldt 48 1.50 1.08 0.014 0.009 0.014 0.009 0.963 512
18 Molenbeek Scheldt 9 1.17 1.17 0.037 0.037 0.078 0.078 0.945 667
19 Laarse Beek Scheldt 43 2.50 2.15 0.271 0.279 0.325 0.304 1.044 464
20 Zwanebeek Scheldt 24 3.50 2.97 0.403 0.386 0.488 0.467 1.099 371
21 Tappelbeek Scheldt 21 6.62 5.14 0.659 0.704 0.674 0.661 1.331 458
22 Witte Nete Scheldt 11 217 2.11 0.348 0.348 0.343 0.321 1.288 416
Mean 2.37 2.08 0.224 0.232 0.257 0.250 1.049 584
SE 1.59 1.19 0.198 0.206 0.214 0.210 0.153 151

with the Fisher exact test (Louis and Dempster, 1987)
using GENEPOP 3.0 (Raymond and Rousset, 1995). To
examine independence of the microsatellite loci, linkage
disequilibrium between all pairs of loci was calculated
using GENEPOP 3.0. Genetic diversity within populations
was measured as the mean number of alleles per locus
(MNA), mean observed heterozygosity (Hy) and mean
expected heterozygosity (Hg) under HWE (Hartl and
Clark, 1997) with GeNeTix (Belkhir et al 1996). The differ-
ent estimates of genetic variability were corrected for dif-
ferences in sample size using the programme Doh
(AssignmentTest; J. Brzustowski http://www.biology.
ualberta.ca/jbrzusto/Doh.php/).

Condition factor

The study of condition, a standard practice in fisheries
ecology, is based on the analysis of length-weight data
and assumes that heavier fish of a given length are in
better condition (Bolger and Connolly, 1989). In this
study, we used the relative condition factor (K) which
was calculated as follows (Le Cren, 1951; Ricker, 1971):

K=2
w

The observed weight of each individual (w) is compared
with its expected weight (). The latter was estimated
using a length-weight regression (0 = al®) of all caught
individuals. K indicates whether an individual is in better
(K>1) or worse (K<1) condition than an average individ-
ual with the same length. At the population level, the
average K indicates whether a population is in better
(K>1) or worse (K<1) condition than an average popu-
lation. In other words, the condition factor allows the
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comparison quantitatively of the condition of two or
more populations from different localities. The condition
factor of fish is influenced by the stage of development
of the reproductive organs (Lambert and Dutil, 1997).
Therefore, when comparing the condition factor, it is
important to sample the populations at the same time of
the year so that the populations are at the same stage of
the reproductive cycle. This is the case for the Flemish
and German populations (see above), which means that
condition factor at the population level can be compared
within both areas. However, direct comparison of the
condition factor at the population level between Flemish
and German populations is not possible, because of dif-
ferent sampling periods.

Data analysis

We studied the relative importance of both genetic varia-
bility and one environmental factor (conductivity) for the
condition factor of bullhead populations by means of
multiple regression analysis (Sokal and Rohlf, 1997). Mul-
tiple regression models examine the relationship between
a dependent and an independent variable when all other
independent variables in the model are (statistically) held
constant (Sokal and Rohlf, 1997). As the independent
variables in these analyses, we used different estimates
of genetic variability and conductivity. As dependent
variable, we used the condition factor.

Results

In both German and Flemish bullhead populations, there
was no evidence of genotypic linkage disequilibrium at
any pair of loci (all P > 0.05). After a tablewide Bonfer-



roni corrected level of a = 0.0006, only one Flemish popu-
lation (Nethen) showed a significant deviation from
Hardy-Weinberg expectations at locus Cgo34ZIM
(Fis =+0.570, P = 0.0001, data not shown). Most likely, this
result was due to chance or to the presence of null-alleles.

Estimates of genetic diversity varied considerably
among Flemish and among German bullhead popu-
lations (Table 1). In Flemish bullhead populations, the
mean number of microsatellite alleles (MNA() varied
between 1.17 and 5.14, the observed heterozygosity (Ho )
between 0.009 and 0.704 and the expected heterozygosity
(Hgc) between 0.009 and 0.661. In German bullhead
populations, MNA varied between 1.26 and 4.22, Hq
between 0.028 and 0.502 and Hgc between 0.027 and
0.547.

Furthermore, there was also a strong variation in both
the condition factor and the conductivity of the water
among Flemish and among German bullhead popu-
lations (Table 1). The condition factor of Flemish bullhead
populations varied between 0.804 and 1.331 whereas in
Germany the condition factor varied between 0.909 and
1.118. The values of conductivity in Flanders varied
between 371 and 849, whereas in Germany, they varied
between 180 and 613.

The multiple regression analysis showed that beta-
weights (standardised regression coefficients) of genetic
variability and conductivity differ among the Flemish
and German populations (Table 2a and 2b). Therefore the
influence of both factors on the condition factor is of a
different magnitude in both groups. In Flanders, only the
beta-weight of genetic variability was significant, while
in Germany only the beta-weight of conductivity was sig-
nificant. This analysis indicates that in Flanders, the con-
dition factor and genetic variability are significantly posi-
tively related (Figure 2), while in Germany no
relationship could be found between genetic variability
and the condition factor. On the other hand, in Germany
a significant positive relation was found between the con-
dition factor and the conductivity of the water, while in
Flanders this relationship was not significant (Figure 3).

Discussion

The data presented in this study clearly show that genetic
diversity (both allelic diversity and multiple-locus
heterozygosity) at microsatellite loci is strongly positively
correlated with the condition factor among Flemish bull-
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head populations. To the authors” knowledge, this is the
first time that such a correlation is observed at the popu-
lation level of any freshwater fish species.

The condition factor is often associated with fitness: ie
a poor condition can have several fitness consequences
for individual fish and fish populations. Somatic growth
potential of fish can be reduced (Danzmann et al, 1988).
Reproductive success can be reduced through lower fec-
undity, reduction in egg quality or lower sperm quality
(Kjesbu et al, 1991, 1992; Rakitin et al, 1999). Additionally,
poor condition may also lower the chances of survival
(Wilkins, 1967). Despite all these indications that in fishes
the condition factor and fitness are correlated, it remains
unclear at this moment whether this relationship holds
in the bullhead.

However, if the condition factor is an appropriate esti-
mate of fitness in bullhead populations, our results are in
accordance with population genetics theory, that predicts
that lower genetic variability decreases mean fitness of
populations (Hartl and Clark, 1997; Lacy, 1997). More-
over, empirical evidence is accumulating that small and
isolated populations that have been depleted of genetic
variation often suffer a decreased fitness. Fragmented
populations of the common toad (Bufo bufo) for example
are characterised by significantly lower genetic diversity,
survival and developmental homeostasis, compared to
larger toad populations (Hitchings and Beebee, 1998).
Similarly, remnant populations of the Florida panther
(Puma concolor coryi) have, compared with larger popu-
lations of the species in western United States, low levels
of genetic variation, poor sperm quality and high suscep-
tibility to parasites (Roelke et al, 1993; O’Brien, 1994).

Despite the fact that a reduction of genetic diversity is
often associated with a decreased fitness, a meta-analysis
has shown that there is little empirical evidence to sup-
port the generality of this relationship (Britten, 1996).
Although studies reporting negative results are expected
to be under-represented, there are a few examples of
studies providing evidence that a significant association
among heterozygosity and fitness related traits did not
exist (Whitlock, 1993; Brito and Coehlo, 1997). In the case
of the endangered Sonoran topminnow (Poeciliopsis
occidentalis) evidence from two separate studies even pro-
duced contradicting results. Whereas Quattro and Vrijen-
hoek (1989) showed that fitness traits were significantly
related to levels of heterozygosity in topminnows, no
such relationship was observed in the study of Sheffer et

Table 2 Multiple regression analysis of the condition factor vs genetic variability (MNA., Ho ¢, Hg ) and conductivity in Flemish (a) and

German (b) bullhead populations

daf. Condition factor d.f. Condition factor df Condition factor

(a) Flemish bullhead

MNAc 0.63 (0.023) Ho e 0.71 (0.009) Hg ¢ 0.64 (0.018)
Conductivity -0.33 (0.181) Conductivity -0.26 (0.236) Conductivity -0.34 (0.157)
R 7.8 0.81 (0.013) R 10.8 0.85 (0.005) R 8.5 0.82 (0.011)
(b) German bullhead

MNAc -0.24 (0.201) Hoc -0.27 (0.116) Hg ¢ -0.25 (0.178)
Conductivity 0.98 (0.001) Conductivity 0.99 (0.0006) Conductivity 0.99 (0.0009)
R 17.9 0.92 (0.0029) R 21.3 0.94 (0.002) R 18.5 0.93 (0.002)

Results are reported as beta-weights (standardized regression coefficients). Error probabilities are given in parentheses (significant results

P < 0.05 in bold).
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Figure 2 Correlation of allelic richness MNA( (a), observed heterozygosity Ho - (b) and expected heterozygosity Hg (c) vs the condition
factor for all investigated Flemish (1) and German (2) bullhead populations.

al (1997). This is similar to the observations in our study,
where we find a positive correlation between genetic
diversity and the condition factor among Flemish but not
among German bullhead populations. We argue that sev-
eral facts may (partially) explain these apparently contra-
dicting results. First, whether or not a lower genetic
diversity in a particular population is accompanied by a
lower fitness may depend strongly on the history of that
population (Husband and Schemske, 1996; Lacy and
Ballou, 1998). Although demographic information about
historical population sizes is lacking, it is known that
Flemish bullhead populations have been under extreme
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pressure by anthropogenic activities such as pollution
and habitat modification (Vandelannoote et al, 1998).
Despite their sometimes small population size (Hanfling
and Brandl, 1998b), most of the German populations are
regarded as relatively undisturbed during recent decades
(Schadt, 1993). This information is congruent with the
results of tests for population bottlenecks based on 10
microsatellite data (independent of the present study,
Haénlfling et al, in press) which could show that six out of
eight investigated Flemish bullhead showed signs of a
recent population bottleneck. In contrast, in only four out
of 18 studied German populations (including all of the
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Figure 3 Correlation of the conductivity of the water vs the condition factor for Flemish (a) and German (b) bullhead populations.

populations investigated in this study) recent population
bottlenecks were evident. Populations that gradually
reduce in size, or that are small for a relatively large num-
ber of generations, such as the German populations in
this study, may experience relatively little permanent
inbreeding depression, since selection is sometimes able
to purge a population of deleterious alleles
(Charlesworth and Charlesworth, 1987; Barrett and Char-
lesworth, 1991). Inbreeding depression may therefore be
more prevalent in populations with historically large
population sizes that now occur in small populations,
such as our Flemish populations. Second, also environ-
mental conditions such as food availability may deter-
mine the condition factor of fish populations
(Weatherley, 1972) and this could mask the relationship
between genetic variability and the condition factor. Ger-
man trout (Salmo trutta) populations, for example,
showed significant differences in the condition factor
depending on the conductivity of the water (Mebes, 1992;
Hanfling, 1993), which is an indicator of the relative ‘fer-
tility’ or ‘food availability’ of the water (Moss, 1980).
Similarly, Fortin et al (1996) indicated that conductivity
of the water is a major determinant of the condition factor
of the lake sturgeon (Acipenser fulvescens). This may also
be the case for the German bullhead populations in this
study, since both variables were significantly correlated.
However, no such relationship was observed between the
condition factor and conductivity among Flemish popu-
lations. Finally, we cannot rule out that the relationship
between genetic variability and the condition factor in
both areas varies due to differences in sampling period.
However, to the best of our knowledge there is no pub-
lished evidence that suggests that the relationship
between genetic variability and fitness-related traits may
change seasonally.

We are aware of only two other studies that have
investigated the relationship between heterozygosity and
the condition factor in fish species (Danzmann et al, 1988;
Thelen and Allendorf, 2001). Although both studies also
showed a positive correlation between both variables,
this relationship was only investigated at the individual
level using allozymes as genetic markers. Moreover,
Thelen and Allendorf (2001) investigated the mechanisms
underlying heterozygosity-fitness correlations because so
far, it has proven extremely difficult to distinguish
between competing explanations for the phenomenon

that either treat the genetic markers as causative agents
of the correlation (‘direct dominance’” hypothesis) or as
neutral markers of linked deleterious genes (‘associative
overdominance’ hypothesis). According to the ‘direct
dominance’-hypothesis, the heterozygosity-fitness corre-
lation will only be expressed at markers (ie allozymes)
having the potential to directly influence fitness charac-
ters and should not be expressed at presumably neutral
markers (ie microsatellites). The ‘associative overdomin-
ance’-hypothesis treats the genetic marker as neutral
markers which are linked to deleterious genes. This
explanation predicts that heterozygosity-fitness corre-
lations will not be restricted to any particular type of gen-
etic marker, provided that these have the potential to
assess inbreeding levels or be linked to deleterious
recessive genes. Thelen and Allendorf (2001) found that
more heterozygous individuals of rainbow trout at allo-
zyme loci had a significantly higher condition factor. In
contrast, there was no evidence at microsatellite loci that
increased heterozygosity was associated with a higher
condition factor. Therefore they suggested that the
observed relationship between heterozygosity and con-
dition factor is due to the allozyme loci themselves, rather
than associative overdominance. In our study we were
not able to adequately investigate the relationship
between heterozygosity and condition factor at the indi-
vidual level due to the limited number of loci and indi-
viduals (per population). Nevertheless, at the population
level, we found a positive correlation between heteroz-
ygosity (using microsatellite loci) and the condition factor
in Flanders. We suggest that this possibly provides evi-
dence that supports the associative overdominance
hypothesis of the heterozygosity-fitness correlations.
Clearly, further research at the individual level in bull-
head populations would be required to adequately test
this hypothesis. Such a study should involve more
microsatellite loci and larger sample sizes, although the
latter may not always be possible due to the endangered
status of the fish species.

In summary, in the assumption that the condition fac-
tor is an appropriate estimate of fitness in bullhead popu-
lations, our results suggest that Flemish bullhead popu-
lations that have been depleted of genetic diversity are
suffering a decreased fitness. This is in accordance with
population genetics theory, inbreeding experiments and
empirical studies of natural populations (Gjerde et al,
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1983; Hartl and Clark, 1997; Meffe and Carroll, 1997; Hit-
chings and Beebee, 1998; Keller and Waller, 2002). Never-
theless, our results also suggest that there may be differ-
ent associations between levels of genetic diversity and
the condition factor at the population level, even within
a single species. Apparently, environmental conditions
may also be important in determining the condition fac-
tor of bullhead populations. This emphasizes the impor-
tance of performing similar studies in different parts of
the distribution range of a species, to get an unbiased
idea of the generality and importance of the relationship
of interest. In the case of the bullhead, a study of bullhead
populations in only one area, may have led to different
insights as to the relationship between genetic diversity
and the condition factor at the population level. Clearly,
there is much left to be understood about the association
between genetic diversity and fitness related traits in
natural populations; more studies are needed, and atten-
tion to positive as well as null results will allow eluci-
dation of possible patterns and processes.
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