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Abstract: In this comprehensive review, a range of factors is
considered that may influence the significance of genetic diver-
sity for the survival of a population. Genetic variation is essen-
tial for the adaptability of a population in which quantitatively
inherited, fitness-related traits are crucial. Therefore, the rela-
tionship between genetic diversity and fitness should be stud-
ied in order to make predictions on the importance of genetic
diversity for a specific population. The level of genetic diversity
found in a population highly depends on the mating system,
the evolutionary history of a species and the population history
(the latter is usually unknown), and on the level of environmen-
tal heterogeneity. An accurate estimation of fitness remains
complex, despite the availability of a range of direct and in-
direct fitness parameters. There is no general relationship be-
tween genetic diversity and various fitness components. How-
ever, if a lower level of heterozygosity represents an increased
level of inbreeding, a reduction in fitness can be expected. Mo-
lecular markers can be used to study adaptability or fitness,
provided that they represent a quantitative trait locus (QTL) or
are themselves functional genes involved in these processes.
Next to a genetic response of a population to environmental
change, phenotypic plasticity in a genotype can affect fitness.
The relative importance of plasticity to genetic diversity de-
pends on the species and population under study and on the
environmental conditions. The possibilities for application of
current knowledge on genetic diversity and population survival
for the management of natural populations are discussed.

Key words: Adaptation, fitness, genetic diversity, life history
characteristics, molecular markers, population history, popula-
tion management, quantitative traits.

Introduction
Importance of diversity

The importance of diversity in flora and fauna can be investi-
gated at different taxonomical levels: a) the importance of spe-
cies diversity for ecosystem functioning, b) the importance of
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genetic diversity to predict the vulnerability of a species to ex-
tinction, and c) the importance of genetic diversity for survival
of populations within a species. The consequences of reduced
species diversity on ecosystems is a current research topic.
Several studies indicate that ecosystem processes are primari-
ly dependent on differences in species composition and thus
on functional diversity rather than on the species diversity
(MacGillivray and Grime, 1995['%3l; Tilman et al., 1997[25%I;
Wardle et al., 1997[2%7]; Hooper and Vitousek, 1997[*21). Grime
(199701990 concluded from these studies that there is no con-
vincing evidence that higher levels of biodiversity are crucial
for ecosystem processes. However, he stressed that a point
can be reached at which further loss of specific species will en-
danger the functioning of the ecosystem and the usefulness for
the humans. Underlying the importance of species diversity
for ecosystem functioning is the importance of genetic diversi-
ty at the population level, which is assumed to determine spe-
cies survival and thereby species diversity. This is a matter of
continuing debate. In this review, a survey of the importance
at the population level is presented.

Outline of this review

First, some background information concerning minimum vi-
able population sizes, metapopulations, inbreeding and ran-
dom genetic drift is presented, and this is followed by methods
to measure genetic diversity in qualitative and quantitative
traits. The influence of several life history characteristics (such
as mating and reproduction system) and the population his-
tory (occurrence of bottlenecks and founder events) at the
level of genetic diversity is discussed. The central question of
the importance of genetic diversity for population survival is
considered. The application of current knowledge for manage-
ment of natural populations is presented, followed by a final
discussion and future research needs.

Minimum viable population size

A population must consist of a certain minimum number of
individuals (the minimum viable population size, MVP) and
needs a certain minimum area (minimum area requirement,
MAR) in order to have a reasonable chance of survival for a
certain period (Soulé, 1980[244; Gilpin and Soulé, 198619,
Shaffer, 1987[23%1; Menges, 1992[18]), Factors like demographic,
environmental, and genetic stochasticity influence popula-
tion dynamics and, thus potentially, extinction risks (Shaffer,
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1981234 1987[23%]) The relative importance of the factors in
determining extinction probabilities in natural populations is
not clear (Lande, 1988[138]l; Menges, 199201681 Alvarez-Buylla
et al., 1996[°). Demographic and genetic factors, however, can-
not be considered as independent variables, as, e.g., effects of
inbreeding can have a direct influence on birth and death rates
and on fertility, and thus on the demography. Quantification of
the relationship between genetic diversity and MVP is difficult
as loss of genetic variation only indirectly leads to extinction
(Nunney and Campbell, 1993['88]), However, recently it has
been shown experimentally that inbreeding in natural butter-
fly populations can indeed result in extinction (Saccheri et al.,
1998I2261),

The MVP depends on the ratio between effective (N,) and ac-
tual (N) population size (Lande and Barrowclough, 1987[139),
At a given level of N, N, is negatively affected by unequal sex
ratios, differences in reproductive capacity, close genetic rela-
tionships, an unbalanced age composition, and fluctuations in
population size across generations (Falconer, 1981[73l; Hartl
and Clark, 19971%91), The ratio N¢/N is generally between 0.25
and 1.0 (Nunney, 1993['87]) but can be drastically smaller (Bris-
coe et al., 1992[?1; Hedgecock, 1994[112]). Therefore, knowing
the ratio between N, and N is of great importance, as large
populations are not automatically protected from risks of ge-
netic stochasticity. Certain factors, including overlapping gen-
erations (Nunney and Elam, 1994['8) and population sub-
structuring (Nei and Takahata, 1993[184), may increase N¢/N to
levels higher than 1.0. It is in this way that conservation pro-
grammes seek to maintain genetic diversity despite small N.

Metapopulations

A metapopulation consists of a series of local populations with
a limited rate of gene flow and is characterized by more or less
frequent local extinctions and recolonizations (Lande and Bar-
rowclough, 1987[13%) A metapopulation structure generally
has a positive effect on survival of the total population (Gilpin
and Hanski, 1991[88l), Extinction of patches depends on genet-
ic, demographic and environmental factors acting within those
patches. Recolonization depends on the spatial structure of
the metapopulation. Genetic differentiation between habitats
can be very important for protection against extinction (Gil-
pin, 1987[871; Nunney and Campbell, 1993['88]: Young et al.,
1996289, However, in the case of a strong gene flow or fre-
quent recolonization, the structure of the metapopulation will
become relatively homogeneous and will not contain more
variation than one large population. If local populations are
very different in size and number of individuals, large patches
with a relatively low genetic diversity can be a threat for the
genetic diversity present in small patches. Another situtation
in which a metapopulation structure has no surplus value for
survival of the total population is if a major environmental fac-
tor (e.g., a severe winter) strikes all subpopulations at the same
time.

Inbreeding, inbreeding depression, random genetic drift
and selection

Inbreeding is considered as the main genetic factor which
threatens short-term survival of populations, while genetic
drift is considered to be the main cause of the loss of genetic
variation in the long term, thus threatening the adaptability

of populations (Shaffer, 1987[23%]). Inbreeding and genetic drift
lead to homozygotation; loss of variation is caused by genetic
drift or selection (Templeton and Read, 1994[254)). Population
differentiation increases as populations may become fixed for
other alleles or if selection pressures differ in the populations
(Ellstrand and Elam, 1993[69]),

Two theories concerning inbreeding depression result in dif-
ferent predictions on the relative tolerance of populations to
inbreeding (Charlesworth and Charlesworth, 19871¢l; Lacy,
1992[13%]). In the mutation—selection balance theory, inbreed-
ing depression is mainly the result of expression of deleterious
recessive alleles (i.e., genetic load [Wallace, 1970[2661]), Accord-
ing to this theory, populations that have been small for a long
period of time, may exhibit lower levels of inbreeding depres-
sion than large populations, due to purging of deleterious al-
leles. In the overdominance theory, inbreeding depression is
due to a lack of superior heterozygotes. As a result, small popu-
lations may suffer greater inbreeding depression compared to
large ones because of reduced effectiveness of selection rela-
tive to genetic drift. Although selfing plant species generally
do suffer less from inbreeding depression than outcrossers
(which is consistent with purging of deleterious alleles), theo-
retical studies (Holsinger, 1988[''%) and research in wild plant
species show that the relation between inbreeding depression
and the level of selfing varies considerably (Charlesworth and
Charlesworth, 1987161; Charlesworth et al., 1990M8l; Holtsford
and Ellstrand, 1990[12%1; Barrett and Kohn, 1991131; Agren and
Schemske, 1993[1; Charlesworth et al., 1994[47]). The degree of
inbreeding depression may also depend on environmental fac-
tors (Barrett and Kohn, 1991!13]), and on the stage in the plant
life cycle (Charlesworth and Charlesworth, 1987[461; Barrett
and Kohn, 1991[31; Husband and Schemske, 1996[*24; Affre
and Thompson, 1997[4; Byers and Waller, 1999/, Inbreeding
depression is probably the result of a combined effect of lethal
recessive alleles, which can be purged from the population by
inbreeding, and a possibly large number of other genes with
small negative effects on fitness, which cannot be purged ef-
fectively, not even under extreme inbreeding conditions (Sim-
mons and Crow, 1977[239: Lande and Schemske, 1985[1401: Bar-
rett and Kohn, 199113; Husband and Schemske, 1996124,
Byers and Waller, 1999[41]),

Measuring Genetic Diversity
Variation in quantitative traits

Quantitative traits play a central role in adaptive evolution
(Lande and Barrowclough, 1987[1391; Milligan et al., 1994[170l;
Lande and Shannon, 1996['41). The phenotypic variation meas-
ured consists of a genetic component (i.e., additive genetic var-
iance, which contributes to the selection response, and var-
iance due to non-additive gene action such as dominance and
epistasy), an environmental component and genotype—envi-
ronment interactions. Information on the narrow sense herit-
ability, being the ratio between additive genetic variance and
total phenotypic variance, and on genetic correlations be-
tween traits is important to develop strategies for conserva-
tion of genetic variation underlying quantitative traits (Rit-
land, 1996[224), Traditionally, the additive genetic variance is
estimated by controlled crosses (Via and Lande, 1985[262I;
Houle, 1992[122]). The necessity of large experimental designs
in order to draw statistically reliable conclusions, and of cross-
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ing experiments often preclude solid quantitative genetic ana-
lyses in threatened species, and explains why these techniques
are only very rarely used in studies on genetic diversity for
conservation purposes (Schemske et al., 1994[231) However,
crossing experiments can now be circumvented by analyzing
quantitative inheritance in natural populations based on
marker-estimated relatedness between individuals (Ritland,
19962241y,

Variation in isozyme and DNA markers

For several decades, numerous population genetic studies
used isozymes, and therefore the genetic basis of isozyme pat-
terns is well established in many species. With the develop-
ment of PCR for direct amplification of DNA fragments, the
use of DNA markers in population studies has increased tre-
mendously. Of all possibilities offered by molecular genetics,
the sequence tagged microsatellites (STMS) and AFLP markers
are most widely used. With the co-dominant STMS marker
system, generally more polymorphic loci and more alleles per
locus can be analyzed compared to isozymes. However, the de-
velopment of microsatellite markers for any new species re-
quires a large effort. It is often not known if variants are indeed
different alleles of the same locus or alleles of different loci. In
many studies one assumes the first situation without an actual
check using segregation studies. Using dominant DNA markers
(such as AFLPs) in classic population genetic models is a point
of discussion (Travis et al., 1996[?56]). These factors make the
interpretation of results on the basis of DNA markers in popu-
lation genetic research generally more difficult than when
using isozymes.

Several measures can be used for genetic characterization of a
population, see for some reviews Peet (1974[2%81) Brown and
Weir (19831%), Weir (1989[271), Templeton (1994[253]), Ham-
rick and Godt (1996['°71), and Gonzéalez-Candelas and Palacios
(199719%1), The expected heterozygosity, Hy, in a population re-
presents the chance that two copies of a locus which are sam-
pled at random from a gene pool have different allelic states
(Templeton, 1994[253]), It is biologically the most meaningful
measure of genetic diversity when consequences of mating
systems are investigated (Templeton and Read, 1994[254). As a
population differentiation measure, Gsy, which represents that
part of the total genetic diversity found among populations, is
generally used (Nei, 1973[%82]), G; is equivalent to the Fg; de-
fined by Wright (1965[2771), which represents the ratio be-
tween the additive genetic variance among populations and
the total additive genetic variance.

Relationship between variation in quantitative traits
and molecular variation

Schaal et al. (1991[?28]) suppose that isozyme variation gener-
ally reflects the level of total genomic variation. Hedrick et al.
(1986[141) and Storfer (1996[2461) argue that variation in quan-
titative traits, because they are generally polygenic, may be
better correlated with the total genetic variation than variation
in single locus DNA markers. It may be more appropriate to
compare variation in a quantitative trait, which is often based
on a limited number of major genes and many minor genes,
with variation based on a combination of single locus DNA
markers used in population studies or on multi-locus DNA
markers, such as AFLPs. Although a matter of discussion, Lande

and Barrowclough (1987[1%%) and Lande and Shannon
(1996[141) believe that most phenotypic changes in evolution
are the result of the accumulation of quantitative polygenic
modifications of existing phenotypes rather than single gene
modifications with major effects. As it is generally not known
whether or not the DNA markers used thus far for measuring
genetic diversity are located in coding regions, or linked to ma-
jor genes, Karp et al. (1997!28l) emphasize the importance of
gaining information about their selective neutrality. In this
context, finding a relationship between quantitative variation
and molecular markers also highly depends on the kind of
quantitative characters analyzed, i.e., whether or not they are
expected to be fitness-related and thus exposed to selection.

The number of publications describing empirical research on
the relation between single locus isozyme or DNA markers
and quantitatively inherited variation is very limited, and the
results are variable (Kobylianski and Livshits, 1983[131; Zink et
al., 1985[281; Strauss, 1991[7471; Yezerinac et al., 1992[279 and
others). Interpretation of these results is difficult because the
genetic component of the phenotypic variation has been deter-
mined in only a few studies (e.g., Briscoe et al., 1992[25]),

Molecular population genetics generate methods for studying
variation in (major) loci coding for quantitative traits. One ap-
proach is to find markers that are linked to those loci using a
linkage map and QTL (i.e., quantitative trait loci) mapping. An
alternative is to directly estimate variation in the genes in-
volved. In the latter approach, functional diversity (i.e., varia-
tion in candidate genes which are expected to play a role in
the fitness) is measured using molecular techniques. For con-
servation genetics, it would be very interesting if molecular
variation could be linked to adaptive quantitative genetic var-
iation using efficient screening methods. However, defining
which traits are important is difficult, since they have to com-
prise not only traits which are decisive for reproduction and
survival at the present time, but also those which may be ex-
posed to selection in future. From the point of view of climatic
and environmental changes, traits, such as drought, heat and
metal tolerance, will play an important role in fitness in future
and thus in survival of populations and species (e.g., Blum,
1996[2; Linhart and Grant, 1996[*%¢1; Monneveux and Bel-
hassen, 19961771, Maywald and Weigel, 19971'671; Winicov,
1998[278]), Genetic variation in genes which are involved in sig-
nal transduction in plants and animals may also be useful, as
variation in such genes may reflect the ability of an organism
to respond to changes in the environment.

Mating and Reproduction System, Population History
and the Level of Genetic Diversity

Effects of mating and reproduction system on genetic
diversity and population structure

Quantitative estimates of mating system parameters in plant
populations are necessary to explain the genetic structure of
these populations and to predict evolutionary processes. The
mating system of a plant species can vary in space and time
(e.g., Rick, 1983[?2%l; Brown, 1990[?8]). The fact that sexual re-
production in plants remains the major reproduction system,
despite several possibilities for clonal reproduction, plays an
important role in the discussion about the evolutionary impor-
tance of sexual reproduction in relation to adaptive capacity
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(Hamilton, 1980[1°4 1982[105]; Rice, 1983[??2]; Case and Taper,
1986!*4; Ellstrand and Roose, 1987L7%),

In contrast to assumptions of most theoretical models, mat-
ing in cross-fertilizing plant species is generally not random
(Levin and Kerster, 1974[1571; | evin, 198111551 1983[56]; willson,
19832731, 1984[271). Also in animal populations, the mating
pattern often deviates from random mating (Bateson, 1983[15];
Harvey and Ralls, 1986[1°; Gharrett and Smoker, 1993 al®3],
1993 b[®4; put see also Greenwood et al., 1978[%8]; Van Noord-
wijk et al., 1985[?58]). Animals can realize an optimal level of
outbreeding by several strategies (Bateson, 1983['5]; Partridge,
1983[2971; Harvey and Ralls, 1986190, Variation in mating pat-
terns has consequences for the genetic diversity within popu-
lations (Hamrick and Godt, 1990[°¢]; Schneller and Holdereg-
ger, 1996[2%l; Dietl and Langhammer, 199764 and others).
Especially in plants, deviation from random mating may pro-
duce a local genetic substructure in a population, enabling lo-
cal differentiation within populations in response to selection
and random drift (Willson, 1984[27]), The level of variation
within mainly clonal plant and animal species can be as high
as within sexually reproducing species (Parker, 1979 b[?%3l;
Templeton, 1982[252]; Hamrick and Godt, 1990[1%¢]). The level
of clonal diversity can differ among populations (e.g., Elistrand
and Roose, 198717%1; Godt and Hamrick, 1999[°21). Most clones
are restricted to one or a few populations and widely distrib-
uted clones are rare (Parker, 1979al?°%; Ellstrand and Roose,
19871791, Grashof-Bokdam et al., 1998[°7)). The population ge-
netic structure of such species is generally very complex. Clon-
ality contributes to the maintenance of genetic diversity by ex-
tension of the generation time. The establishment of seedlings
is important for the maintenance of genetic diversity, while
the survival of adapted clones and the ability to rapidly colo-
nize favourite habitats is ensured by vegetative reproduction
(Watkinson and Powell, 1993[?%%; Heimann and Cussans,
1996151, Arens et al., 1998['1). Studies to find if there is a con-
nection between the observed distribution of clones within
populations and fitness components would give insight into
which processes determine the number and relative size of dif-
ferent clones in mainly clonal plant species.

Selfing plant species have a lower total diversity with a higher
degree of differentiation between populations than outcros-
sers (Hamrick and Godt, 1990[19I). Such species consist of
populations with high as well as low diversity levels (Brown
and Schoen, 1992[29]). The lower levels of genetic diversity in
self-fertilizing plant species can be explained in several ways
(Hamrick and Nason, 1996[1%€1). Many are annuals or short-
lived perennials, whose populations may be subject to large
fluctuations in size and thus are sensitive to extinction. Fur-
thermore, it is unlikely that a new allele from a population will
be introduced into another population, resulting in a loss of
this allele when the original population goes extinct. New al-
leles will become present in homozygous form and therefore
be exposed to selection, while new alleles in outcrossers can
be introduced in other populations by gene flow and can re-
main present in heterozygous form.

Effects of population history on genetic diversity

Severe bottlenecks and founder events in the past can have a
large effect on the current level of genetic diversity (e.g.,
O’Brien, 19941°%; Gallardo and Kohler, 1994[7°1; Gallardo et

al., 1995[8%; Kretzmann et al., 19971341; Sun, 1997[251). Out-
crossers which were once widely distributed and which pos-
sessed a high level of genetic diversity will be most sensitive
to a reduction in genetic variation as a result of a restriction
in their distribution or population size (Schaal et al,
1991[2281), An extreme reduction in population size will result
in more matings between related individuals, and these popu-
lations will suffer from inbreeding depression (Charlesworth
and Charlesworth, 19871461 Hedrick, 1987[131: O’Brien et al.,
198711921; packer et al., 19911°°1; O'Brien, 1994[190; Bryant et
al., 1999[3]). The effect of population history on genetic diver-
sity is clearly shown in studies of genetic variation in beavers
(Castor fiber; Ellegren et al., 1993[8]) and northern elephant
seals (Mirounga angustirostris; Bonnel and Selander, 1974[221;
Le Boeuf, 1974[1421; Hoelzel et al., 1993[19]; Halley and Hoelzel,
19961103]) where, in spite of a considerable current population
size, the genetic diversity is very low due to severe bottlenecks
in the past. When a population remains small for a longer peri-
od after a genetic bottleneck, further shifts in allele frequen-
cies and loss of alleles will take place by random genetic drift.
Reduction in mean heterozygosity per locus depends on the
size of the bottleneck, as well as on subsequent population
growth rate (Nei et al., 1975['83]; Chesser and Ryman, 1986[4°]),
but is rather small when population size increases rapidly after
a bottleneck, even with a low number of founders. In contrast,
the mean number of alleles per locus is mainly influenced by
the bottleneck itself and much less by the population growth
rate after the bottleneck. This difference is mainly due to the
fact that many rare alleles are lost by genetic drift (Nei et al.,
19750183]), Bottleneck experiments showed that strong phe-
notypic differentiation between bottleneck lines can occur
(Brakefield and Saccheri, 1994[24) depending on the size of
the founder population (Bryant and Meffert, 1990[31).

The mating system plays an important role in bottleneck ef-
fects (e.g., Godt and Hamrick, 1996[°). A strong reduction in
population size in mainly self-fertilizing species may not have
an influence on heterozygosity, but can cause a major loss of
allelic variation (Barrett and Kohn, 19913]), Furthermore, loss
of variation is reduced in autopolyploids with polysomic in-
heritance (Haldane, 1930[1°2; Mayo, 1971[1%6]) and in allopoly-
ploids with high levels of fixed heterozygosity (Barrett and
Kohn, 19911231y, Despite well-developed theoretical models to
predict the effects of bottlenecks on genetic diversity, empiri-
cal research, especially in wild populations, is very limited,
caused by lack of knowledge of the evolutionary history of
most plant species.

Species which show low levels of isozyme variation due to bot-
tlenecks or founder events do not necessarily have little varia-
tion at other loci (Moran et al., 1981178]; Ager et al., 19832 [but
see also Mosseler, 1995[79]]; Giles, 1983!8%]; Overton and John-
son, 1983[%%8l; Warwick et al., 1987[%8l; Polans and Alard,
1989121 Cheverud et al., 1994[5%) as the level of genetic varia-
tion found in a population not only depends on the effective
population size but also on the type of genetic variation and
on natural selection acting on this variation (Lande, 19761361,
19801%371; Kimura, 198313%; Hedrick et al., 1986[*]; Lande and
Barrowclough, 1987013; Lynch, 1988[16%), Selection can affect
the genomic anatomy, ranging from small mutations with no
obvious adaptive use to linkage arrangements of genes (Hurst,
1999[123l), When a population has lost much of its genetic var-
iation during a prolonged bottleneck or due to several bottle-
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necks, genetic variation in quantitative traits is believed to be
restored by mutation on a time scale of hundreds to thousands
of generations (Lande and Barrowclough, 1987139, For single
locus variation the time to restore a high level of heterozygos-
ity is much longer, up to 107 generations for variation on single
loci which are selectively neutral (Nei et al., 1975[18%]), This dif-
ference can partly be due to difficulties in detecting these mu-
tations in single alleles. Some parts of the genome can have
higher mutation rates. Microsatellite loci have been estimated
to have mutation rates of about 10~* per generation (Weber
and Wong, 1993[279). Bottlenecks can result in increased phe-
notypic variation in the case of non-additive gene effects (Bry-
ant et al., 1986[34; Goodnight, 198794, 1988[°%; Willis and Orr,
19932721, Fowler and Whitlock, 1999[7%]), producing a discre-
pancy with the level of heterozygosity in neutral molecular
markers which decreases linearly with the inbreeding coeffi-
cient (Lynch, 1996[161),

The Importance of Genetic Diversity
for Population Survival

Relationship between genetic diversity and fitness

Estimation of individual fitness is a complex matter because it
is composed of many polygenic traits. Often, it is based on
measurements of several fitness components directly or by
analysis of quantitative trait loci (QTLs) in which genes affect-
ing fitness-related traits are mapped. Using QTLs, the genetic
basis of fitness-related traits can be unravelled (e.g., Fry et al.,
1998l[78l; Alonso-Blanco et al., 1999[8l; Shook and Johnson,
1999[2%7]), Traditionally, for QTL mapping in natural popula-
tions, crosses have to be made between individuals which seg-
regate for the traits of interest. Recently, it has proved to be
possible to detect QTLs in natural populations, provided de-
tailed life history data and good pedigree information are
available (Slate et al., 1999[24°]), In plants, fitness components
used for fitness estimations include percentage seed germina-
tion, seed germination rate, growth rate, time to reproductive
stage, number of flowers or inflorescences, pollen germination
and pollen tube growth, number of fruits, fruit weight, number
of seeds, seed weight and survival; components in animals are
growth rate, time to fecundity, sperm amount and quality, and
survival. In addition, the presence of resistance traits also has
important fitness consequences in the case of a disease out-
break. Brown et al. (19938%) defines fitness in terms of energy,
namely as the degree to which resources, next to those neces-
sary for growth and maintenance, can be exploited from the
environment and used for reproduction. If the mating system
is known and if mutation, migration and genetic drift can be
assumed to have neglible effects on genotype frequencies, the
fitness of a genotype can be derived, indirectly, from the geno-
type frequencies at different stages of the life cycle, or at the
same stage in subsequent generations (Allard et al., 1966/°!;
Prout, 1969[213l; Clegg et al., 1978[571). However, genetic models
for estimations of genotype fitness do not fully explain the ori-
gin of differences in fitness between genotypes as they are
based on a direct link between phenotype and its reproductive
success, while the individual fitness is not only determined by
the genotype or phenotype but also by an interaction between
the genotype and its environment (see “The importance of
genotype—environment interaction with regard to genetic di-
versity”), making fitness estimations and determination of ge-

netic variation for fitness-related traits in natural populations
even more complex.

Developmental stability represents the ability of an organism
to compensate for small disturbances during its development,
resulting in the production of a (more) genetically predestined
phenotype (Lerner, 19541531; Mgller and Swaddle, 1997[176]),
Determination of the developmental stability also constitutes
an indirect estimation of individual fitness (e.g., Leary et al.,
198401471 Palmer and Strobeck, 1986[2°0; Jones, 1987[127),
Moreover, changes in developmental stability can probably
predict changes in fitness, assuming that changes in develop-
mental stability are visible in the phenotype before a detect-
able change in fitness components occurs (Clarke, 1995[51),
Generally, developmental stability in animals is estimated by
determination of fluctuating asymmetry, which represents
non-directional differences between the left and right sides
for bilateral characters. Fluctuating asymmetry results from
the inability of the organism to develop according to some
ideal developmental programme due to environmentally-in-
duced random disturbances (Van Valen, 1962[2¢01). Compared
to animals, the number of studies in plants on fluctuating
asymmetry in relation to stress is very limited and is mainly
restricted to recent years. The extent to which fluctuating
asymmetry reflects developmental stability and its ability to
predict fitness changes depends on the trait considered. Stud-
ies in a large number of taxa showed that fluctuating asymme-
try can be an indicator for environmental as well as for “genet-
ic stress” (as a result of an increase in homozygosity in a nor-
mally variable population) in animals (reviews from Leary and
Allendorf, 1989[14%1; Parsons, 1990[2%41; Mgller, 1997['74) and in
plants (Sherry and Lord, 1996[23¢1; Mgller, 19971741, 1998[175];
Midgley et al., 199811%°1; Wilsey et al., 1998[27%]). Relations be-
tween developmental stability, fitness and stress have been
found in several studies (review Clarke, 1995[53]). Loss of genet-
ic variability in a normally variable population generally co-
occurs with a decrease in stability (i.e., an increase in fluctuat-
ing asymmetry and phenotypic variance; Lerner, 195453,
Leary et al., 19831461 19841471 1985[148]; Quattro and Vrijen-
hoek, 1989%171; Vrijenhoek, 1996[2%%]; put see also Beacham,
1991081; Britten, 1996[2¢1; Brookes et al., 1997[?7). Fluctuating
asymmetry and phenotypic variance also increase with in-
breeding (Biémont, 1983[2%; Clarke et al., 1986[54; Leary and
Allendorf, 1989[145]; Parsons, 1990[2%4; Clarke, 1992[5; Leamy,
198411431 199201441y Clarke (1995[5%) mentions some limita-
tions for this indirect estimation of fitness: the traits under in-
vestigation must undergo development during exposure to
stress, problems can arise in organisms with a long generation
time or if the stress exposure is short or restricted to mature
individuals, developmental stability not always appears to be
correlated with fitness parameters (e.g., Graham, 1992[°¢I;
Evans and Marshall, 1996(72]), and stress does not always result
in changes in developmental stability.

According to Clarke (1993[%2), genomic co-adaptation also
plays an important role in the genetic basis of developmental
stability in natural populations. The balance between the im-
portance of level of heterozygosity and co-adaptation probably
depends on the mating system and the genetic structure of the
system under study. Genomic co-adaptation refers to the se-
lection process by which harmonious cooperating genes are
accumulated in the gene pool of a population (Dobzhansky,
1951[67]), Disturbance of co-adapted gene complexes results
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in lower developmental stability (Graham, 1992[°€l; Clarke and
McKenzie, 19871551; 1992I56l), One of the major problems in
studying the genetic basis of developmental stability is the
practical inability to manipulate the level of heterozygosity or
the gene balance without simultaneously affecting the other;
this is only possible in a very few model systems (Clarke,
1992051),

A large number of studies in natural populations show a rela-
tion between isozyme heterozygosity and various fitness com-
ponents, among which are viability, growth rate, developmen-
tal stability and physiological variables like oxygen consump-
tion (reviewed in Mitton and Grant, 1984[173l; Allendorf and
Leary, 1986[°1; Mitton, 1994[%72]). Especially in ecologically un-
stable environments, a higher level of heterozygosity corre-
sponded to higher individual fitness (reviewed in Nevo,
198611851, Muller-Starck and Hattemer, 1989[%81; Prus-Glo-
wacki, 1991241 Oleksyn et al., 1994['%l; Miller-Starck,
1995189 reviewed in Parsons, 1996 al?%%], 1996 b[2%6]; Ranke-
vich et al., 1996[220]; Nevo et al., 1997[186]), L edig (1992[151) con-
cluded that heterozygosity can thus be promoted as a result of
stress, but that this is also to be expected if homozygosity only
represents inbreeding, resulting in a lower fitness of the
homozygotes which will be even more disadvantaged under
stress conditions. A large number of studies have failed to find
arelation between isozyme heterozygosity and fitness. A prob-
lem with several studies on heterozygosity and fitness is that
they were carried out at the population level without checking
whether heterozygotic individuals were actually favoured.
Meta-analyses of published correlation coefficients between
multilocus heterozygosity and the two fitness parameters,
growth rate and fluctuating asymmetry, carried out by Britten
(1996/2¢1), showed on the whole a significant but generally
weak positive correlation. The overall significance resulted
from only a few major studies, mainly on bivalve molluscs
and pine trees. The phenomenon is difficult to detect and in-
terpret as the correlation, when found, typically accounts for
a small proportion of the observed variance, necessitating
large sample sizes (in the range of thousands) in order to dis-
tinguish signal from noise (David, 1998(60)).

Which mechanisms underlie the fitness increase of highly het-
erozygote individuals is the subject of discussion (Mitton and
Grant, 1984[173l; Allendorf and Leary, 1986[°; Ledig, 1986149,
Strauss, 1986[248l: Clarke, 1993[52; Smouse, 1986[2421; Zouros
and Pogson, 1994[2831; David, 1997059, 1998[%°l; Deng and Fin,
1998I63l; Pamilo and Palsson, 1998[2°1]), Three main hypotheses
are put forward: 1) true or functional overdominance, 2) asso-
ciative overdominance and 3) inbreeding or dominance. Other
mechanisms which could be responsible are 4) balanced en-
zyme pathways, 5) null alleles or 6) chromosomal loss (Zouros
and Mallet, 1989[282]),

In the case of true or functional overdominance, the correla-
tion between individual isozyme heterozygosity and fitness-
related traits is the result of intrinsic functional differences be-
tween enzyme variants at the loci scored (heterozygote super-
iority, Lerner, 1954015%0), This would mean that isozyme mar-
kers are far from “neutral” with respect to fitness. In the case
of associative overdominance, positive correlations result from
heterozygosity at loci which are in linkage disequilibrium with
the studied loci (Ohta, 197111%4). In contrast to true overdomi-
nance, the correlation with associative overdominance is not

specific for the type of marker used. As a further difference, un-
der true overdominance, background fitness is mere noise and
heterozygosity—fitness correlations should appear stronger in
homogeneous backgrounds, while effects under associative
overdominance rely on variation in genetic background (Da-
vid, 1998[6%). According to this, differences in the heterozygos-
ity—fitness correlations between populations point to associa-
tive overdominance rather than to true overdominance. The
inbreeding hypothesis assumes that isozyme loci are selective-
ly neutral and serve only as markers for the overall level of
genomic heterozygosity which covers deleterious recessives
(Kimura, 1983[%39), In contrast to the (true or associative) over-
dominance model, the inbreeding model predicts no locus-
specific effects, a negative relationship between heterozygos-
ity and variance in fitness, and an increasingly low fit of the
adaptive distance model (Smouse, 1986[242) with an increas-
ing number of loci (David, 1997[5; David et al., 199716%), (Ac-
cording to Smouse [1986[?4?]], the adaptive distance of a het-
erozygote is zero, and that of a homozygote is the inverse of
the frequency of its allele, so that the fitness of the more com-
mon homozygote is greater than that of a rarer one.) By com-
paring RFLP and isozyme heterozygosity with growth rate in
the scallop Placopecten magellanicus, Pogson and Zouros
(19941219 only found a positive correlation with isozyme mar-
kers, which contradicts the associative overdominance hy-
pothesis. David (1998[%%), however, critisized the way that
they came to this conclusion, as they considered the enzyme
and RFLP loci as a group in comparing heterozygosity—fitness
correlations, while a large locus-specific effect was associated
with an RFLP locus. Furthermore, their conclusions were not
statistically founded, and differences could be the result of
sampling variance. Population-dependent heterozygosity—fit-
ness correlations were found in the Atlantic cod Gadus morhua
(Pogson and Fevolden, 1998[2%9) and in Salix eriocephala (Ara-
vanopoulos and Zsuffa, 1998['%), indicating the action of the
associative overdominance mechanism. Simulation studies
from Pamilo and Palsson (1998[2°%) showed that large associa-
tive overdominance is expected in small populations. They
concluded that most examples of positive heterozygosity—fit-
ness correlations have been found in species that either have
a heterozygote deficiency (a putative sign of inbreeding; see
also Charlesworth, 19911%]) or species that live in small and
structured populations. In large, random mating populations
linkage disequilibria are zero, and heterozygosity—fitness cor-
relations are reduced to their direct contribution to the pheno-
type (Smouse, 1986[2421), Evidence for the inbreeding model
was found, e.g., in the rare plant species Gentiana pneumo-
nanthe (Oostermeijer et al., 1995[1%1) and the marine bivalve
Spisula ovalis (David et al., 1997161]),

The role of genetic diversity in natural populations in relation
to disease outbreak and fitness or survival chance of the host is
important. Pathogens can play an important role in determin-
ing plant community structure and, thereby, affect the func-
tioning of ecosystems (Dobson and Crawley, 1994[%¢l), The ef-
fects which parasites and pathogens can cause are more diffi-
cult to predict in natural populations than under cultivation.
The main difference with agricultural systems is the scale in
time and space in which the disease occurs in natural popula-
tions — the disease is characterized by an extreme patchiness
(Burdon and Jarosz, 1990[39)), Preservation of genetic diversity
for disease resistance genes can be of great importance for
population survival (O’Brien and Evermann, 19881911; Foster
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Hinneke, 1991[7). This particularly appeared to be the case in
studies on diversity in the major histocompatibility complex
(MHC) in natural animal populations (O’'Brien et al., 1985[1%I;
O’Brien, 199401900y parasite-mediated selection against in-
breeding was found in a natural population of Soay sheep in
Scotland, thereby acting to maintain genetic variation in the
host (Coltman et al., 1999[58]), The number of examples in nat-
ural plant populations is limited. Severe epidemics can arise
when newly established host—pathogen combinations occur
(Hamrick and Godt, 1996[1°71) or after other drastic disturban-
ces in the ecosystem (Dinus, 1974[%%]), but also in less disturbed
ecosystems (Browning, 1974321). Significant variation for re-
sistance against specific pathogens has been found within
and between natural plant populations (Burdon, 1985[37],
19870381y, Reciprocal host—pathogen interactions result in di-
versification in host and pathogen until a certain balance is
reached (Burdon and Jarosz, 1990[39), Recent genetic studies,
however, suggest that co-evolution between the plant and
one of its enemies generally is diffuse, i.e., it depends on the
presence of other enemies by which the pattern of selection
can be altered (Rausher, 1996[?21). The frequency distribution
in the host population of plants differing in resistance level de-
pends on several factors, among which the history of disease
pressure, environmental conditions, the genetic basis of resist-
ance in the host, the resistance costs in relation to fitness, and
the mating system of the host (Jayakar, 1970['2¢l; Leonard,
197703501 [ eonard and Czochor, 1980'521; Burdon, 1987[38I;
Rausher, 1996[?21) are important. Long-term effects of the dis-
ease on the frequency of resistant and susceptible individuals
are largely unknown. An important problem in the interpreta-
tion of long-term changes in the frequency of resistant individ-
uals is to establish whether such patterns reflect changes in se-
lection for resistance itself or in selection for associated traits
which show a selection response due to linkage with resist-
ance genes (Burdon, 1987138]),

In summary, it is clear that, despite the availability of many di-
rect and indirect fitness parameters, an accurate estimation of
individual fitness is complex. From numerous studies it can be
concluded that there is no general relationship between genet-
ic diversity (generally measured as isozyme heterozygosity)
and various fitness components. However, if a lower level of
heterozygosity represents an increased level of inbreeding, a
reduction of fitness can be expected.

Relationship between genetic diversity and adaptability

Adaptation implies the genetic or phenotypic response of a
population or an individual to an environmental change in or-
der to increase or maintain fitness. In this section, only the ge-
netic response of a population will be considered, the phenoty-
pic response (plasticity) will be discussed in “The importance
of genotype-environment interaction with regard to genetic
diversity”. Geographic variation of genetic diversity between
populations results from a balance between factors causing lo-
cal genetic variation, such as mutation, genetic drift and adap-
tation due to natural selection on the one hand, and factors
causing genetic homogeneity, such as gene flow on the other
hand (Slatkin, 1987[2411). A prerequisite for adaptive differen-
tiation between populations is the presence of genetic varia-
tion within a local population. This, however, implies the pres-
ence of suboptimally adapted genotypes, i.e., a genetic load. In
the case of adaptive differentiation, gene flow can result in

outbreeding depression, i.e., lower fitness as a result of hybrid-
ization due to a disturbance of co-adapted gene complexes
(Carvalho, 1993[*3l; Elistrand and Elam, 1993[%9]), Extensive
gene flow can even prevent local adaptation, particularly of
small populations. However, limited gene flow and small pop-
ulation size, as often found with marginal populations, can
cause genetic drift resulting in genetic differentiation, possibly
in combination with local adaptation (Van Rossum et al.,
19971259,

The ability of a population to adapt to unpredictable environ-
ments is the basis for stability of each ecosystem. The fitness of
a population is generally influenced by only a small percentage
of the variation present within the population after exposure
to a new stress factor (Parsons, 1996 al2°%], 1996 b[2%¢l), The
adaptability of each individual to different environmental con-
ditions is restricted by the fact that its genetic variation cannot
be unlimited (Gregorius, 1989°°1). This means that a popula-
tion can only achieve its adaptability by distribution of the var-
iation across individuals (e.g., Den Boer, et al., 1993[62]), Besides
that, heterozygosity can be higher in stressful environments
(review Parsons, 1996al?%1, 1996 bl?%l; Rankevich et al.,
199612201; Nevo et al., 1997[18¢]; Prus-Glowacki et al., 1999216y,
the relation between heterozygosity and stress tolerance can
be variable (e.g., Kopp et al., 1994[133]) and it is also possible
that — in the case of functional importance of an isozyme geno-
type with regard to a stress factor or in the case of linkage with
genes involved in stress tolerance — selection of resistant geno-
types results in an increase in the frequency of specific adap-
tive alleles while the total heterozygosity for that isozyme
locus decreases (Hattemer and Miiller-Starck, 1989["11: Prus-
Glowacki and Godzik, 1991[2%51; Kopp et al., 1992[132]) because
alleles which are only present in susceptible genotypes are
lost. On the basis of these results, Guttman (1994[1°1) and Fox
(1995178]) concluded that the formation of a resistant but ge-
netically uniform population can imply increased susceptibil-
ity for new disturbances in the environment. Hoffmann and
Merila (1999'7]) compared several hypotheses on the effect
of unfavourable conditions on genetic variation of a trait, some
of them predicting an increase of heritable variation, others a
decrease or unpredictable effects. More case studies are neces-
sary to determine whether there may be some general trends
under particular conditions or whether the effects of unfavour-
able conditions may be diverse.

Quantitative traits are very important in adaptive evolution
(e.g., Milligan et al., 199479 L ande and Shannon, 1996[141),
but the importance of genetic variation in quantitative traits
in relation to population survival and adaptation has not
yet been evaluated. Lande (1988['38]) and Schemske et al.
(1994231]) posit that, in the short term, genetic variation gen-
erally is less important than other factors for population sur-
vival but, in the long term, genetic variation can play a crucial
role because it enables a population to survive and to adapt in
a changing environment (e.g., Lande and Shannon, 19960411),
Molecular markers are often assumed to be useful in predict-
ing the amount of quantitative inheritable variation. However,
the amount of variation in quantitative traits and in marker
loci can be very different (Milligan et al., 199411791), For this rea-
son, the level of variation detected on marker loci will not nec-
essarily be a direct reflection of the level of variation which
determines the adaptability or individual fitness. These two
types of variation differ in evolutionary dynamics and will re-
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spond differently to fluctuations in population size. Further-
more, several studies have shown that genetic diversity, in
terms of heterozygosity, and quantitatively inherited fitness
traits are not always correlated (see “Relationship between ge-
netic diversity and fitness”). The level of genetic variation in
selectively neutral marker loci is mainly determined by muta-
tion and genetic drift (Kimura, 1983[13%). The level of genetic
variation in quantitative traits depends on a balance between
mutation and selection, or between different selection pres-
sures (Barton and Turelli, 1989['41; Roff, 1998[?231), One could
expect that selection would erode variation in fitness-related
quantitative traits, resulting in little heritable variation for
such traits in populations at equilibrium. However, genetic
variation in fitness traits appears to be common in natural
populations due to environmental heterogeneity (also see
“The Importance of genotype—environment interaction with
regard to genetic diversity”). Hurst (1999['2%) states that the
effect of selection depends on the recombination rate, the pop-
ulation size and the number of excess progeny. He concluded
from recent case studies that selection can affect minuscule
genomic changes, such as point mutations (even when result-
ing in the same amino acid) to broader scale genomic patterns,
such as linkage and chromosomal location. In the case of diver-
sification by selection, the balance between selection and mi-
gration can result in considerable differences between popula-
tions. With migration being the same for all genes, selection
differs in different parts of the genome. Therefore, neutral loci
do not necessarily predict patterns of variation in traits which
are subject to differential selection (Brown and Schoen,
1992[291; Gharrett, 1994[82]; Karhu et al., 1996['29; Yang et al.,
1996/278l). Hence, molecular markers will provide little insight
on loci which underlie adaptive variation unless a strong link-
age exists between marker loci and loci coding for relevant
quantitative traits (QTLs), or if markers are found for structural
genes that underlie adaptive characters and show a high level
of differentiation, i.e., molecular markers which directly reflect
functional diversity (Karhu et al., 1996[12°1; Lynch, 1996[161]),
Such markers have started to attract more attention.

The adaptation process not only occurs at the population scale
but also within populations where habitat differentiation can
be found. The niche—variation hypothesis suggests that genetic
diversity within local populations can be preserved if the
genotypes differ in relative fitness in different microhabitats
or niches (Van Valen, 1965[261]), The high frequency of geno-
type diversity in clonal plant populations, for instance, is often
explained as a result of heterogeneity on a microscale, by
which clones can coexist due to diversifying selection (i.e., the
selection of different genotypes under different environmental
conditions; Solbrig and Simpson, 1974[243l; Burdon, 1980[3¢],
and others). Although in several studies no correlation has
been found between habitat characteristics on the microscale
and distribution of individual genotypes (e.g., Steiner and
Levin, 1977!2%31; Silander, 1979[238]), local genetic differentia-
tion has been reported for a large number of plant species
(e.g., Prentice et al., 1995[2121; | inhart and Grant, 1996%58l; Lénn
et al., 1996159,

In conclusion, genetic variation is essential for the adaptability
of a population in which quantitatively inherited, fitness-relat-
ed traits play a central role. Molecular markers can be used to
study adaptability or individual fitness provided that they

represent a QTL or are themselves genes involved in adaptive
responses.

The importance of genotype-environment interaction
with regard to genetic diversity

Phenotypic plasticity stands for the extent to which environ-
mental variation can modify the expression of a genotype on
the phenotypic level (Gause, 1947!81; Bradshaw, 1965[23).
Using phenotypic plasticity, plants can respond, within cer-
tain limits, to changes in their environment without genetic
changes. This phenomenon is very widespread in plants and
often is most pronounced under stressful circumstances. Plas-
ticity is likely the result of differences in allelic expression, i.e.,
differential expression of alleles of a certain gene in different
environments (Via and Lande, 1985[2621 1987[263]) as well as
of changes in interactions between loci in different environ-
ments (Lynch et al., 1988(%62]; Scheiner and Lyman, 1989[230),
Plasticity is not a function of heterozygosity (Scheiner,
1993[239), Genetic variation in phenotypic plasticity, i.e., varia-
tion in the magnitude of the response to the environment, is
also known as genotype—environment interaction (Falconer,
1981[73]), Studies on the genetic analysis of fitness-related
traits by determination of heritabilities (e.g., Bennington and
McGraw, 1996[191; Campbell, 1997[%2; Qvarnstrom, 1999[218])
or by QTL mapping (e.g. Mitchell-Olds, 1996['71; Fry et al.,
1998[78l; Shook and Johnson, 1999[2%7]) often show strong in-
teractions. The genotype—environment interaction can be an-
tagonistic pleiotrophic, in which selection favours alternative
alleles in different environments (Gillespie and Turelli,
198918¢]) or conditional neutral, in which alleles can affect
fitness in some environments but not in others (Fry et al,,
1998I78]). The fact that genotypes do not have a consistent rela-
tive fitness in all environments is a possible explanation for the
preservation of polygenic variation in natural populations (Gil-
lespie and Turelli, 1989[8¢]), However, the number of studies on
comparison of phenotype response curves with regard to fit-
ness of genotypes over a whole range of relevant environmen-
tal variables is limited (Sultan and Bazzaz, 1993[?5%; Bell and
Sultan, 1999['81). As the expression of genes affecting fitness-
related traits generally strongly depends on the envrionment,
results from genetic analyses of laboratory or field experi-
ments cannot be extended to natural populations. For under-
standing the role of major genes in natural populations, wild
populations in undisturbed environments have to be analyzed
(Arnold, 1994['21; Mitchell-Olds, 1996[171), Ennos (1990[71)
proposed study of ecological systems instead of specific spe-
cies in which genetic analyses within specific classes of eco-
logical interactions may be used to determine in which way
variation in ecologically important traits affects the viability
or reproductive success of individuals. By this approach, in-
sight can be obtained into the way in which genetic differences
are translated into fitness differences in specific ecological
situations.

Sarukhan et al. (1984[2271) and Sultan (1987[24°) underline the
importance of environmental factors with respect to pheno-
typic variation within natural plant populations. According to
them, differences in growth between individual plants are a
reflection of environmental factors rather than genetic factors.
However, there are cases known with genetic differentiation
between habitats despite considerable gene flow, indicating
the possibility of strong selection for stress resistance within
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natural populations (e.g., Prentice et al., 1995[2'21; Lonn et al.,
1996'59]), Differences among genotypes in susceptibility to
environmental changes can be the result of genetic variation
with regard to plasticity of a stress response, as well as of ge-
netic variation with regard to the response itself (Hoffmann
and Parsons, 19918 No unequivocal relation exists between
individual plasticity and genetic variation of a population or a
taxon (Schlichting, 1986[232)). It is not clear to what extent phe-
notypic plasticity can fully compensate for low levels of genet-
ic variability in heterogeneous environments. On the other
hand, genetic variation can contribute substantially to the suc-
cess of a population if phenotypic plasticity within a species is
absent or in the case of a large environmental variation (Foster
Hinneke, 1991174), Several factors influence the level at which
phenotypic plasticity and genetic variation contribute to the
phenotypic variation within and between populations. These
include stress frequency, stress duration, extent of local het-
erogeneity in stress levels, costs of plasticity and restrictions
of plastic responses. Furthermore, genetic changes will occur
if an individual genotype does not have the highest fitness un-
der all environmental conditions, resulting in the selection of
different genotypes under different circumstances (Hoffmann
and Parsons, 1991[118]), Adaptation in colonizing plant species
to the different and variable environments in which they have
settled, can take place via phenotypic plasticity or via co-
occurrence of different genotypes within a population which
are each adapted to a slightly different environment (Allard
and Bradshaw, 1964!4; Bradshaw, 1965231 Jain, 1976[12%]), with
phenotypic plasticity being the main strategy for the coloniz-
ing species Xanthium strumarium (Moran et al., 198111781y, Pro-
venance tests in Scots pine (Pinus sylvestris) showed an ex-
tremely high level of phenotypic plasticity as populations
originating from very different environments were able to
grow and even to compete with local populations (Matyas,
19891164), As phenotypically stable populations are expected
to have a larger ability to adapt to environmental fluctuations,
Matyas (1996!16%]) stresses the importance of gaining knowl-
edge of genetic mechanisms underlying high levels of plas-
ticity.

Natural selection affects the level of phenotypic plasticity by
attuning this to the level of environmental variability to which
a population is subjected. Generally, plants from favourable
environmental conditions tend to have higher levels of plas-
ticity compared to plants from unfavourable habitats (Hoff-
mann and Parsons, 1991[8]). Because most studies have con-
centrated on variation in plasticity on the interspecific level,
more research is necessary to extrapolate these interspecific
patterns of phenoptypic plasticity to the intraspecific level.
Especially, effects of fluctuating environments or continuously
stressful environments on the genetic variation for plasticity
levels should be studied.

Summarizing, next to a genetic response of a population to an
environmental change, the presence of phenotypic plasticity
in a genotype can contribute to a fitness increase. The relative
importance of plasticity to genetic diversity is dependent on
the species and population under study and on the environ-
mental conditions.

Application of Current Knowledge for Management
of Natural Populations

Recommendations for population management

When focusing on the possibilities for application of current
knowledge to the management of natural populations, one
can ask two questions: 1) which recommendations for man-
agement can be given on the basis of current knowledge, and
2) for which practical genetics-related management problems
do we still have to find answers? With regard to the first ques-
tion, a number of aspects can be mentioned. First, when look-
ing at the minimal viable population size (MVP), we have
shown in this review that numerous factors are influential,
making it almost impossible to formulate standard MVPs for
(groups of) species. On the other hand, current theory can pro-
vide some rules of thumb for nature conservation manage-
ment. For example, it is crucial for conservation managers to
be aware of the possible discrepancy between actual and effec-
tive population size, even more so when different types of
stochastic events (e.g., environmental stochasticity and genet-
ic drift) are likely to co-occur. Furthermore, population size in
some cases can be considered to be a species characteristic —
some organisms always occur in small populations (Rabino-
witz, 1981[2%9]). Therefore, monitoring changes in population
size rather than absolute numbers is recommended in order
to be able to estimate extinction risks to populations.

Another common problem in present-day population manage-
ment (especially in highly populated industrialized countries)
is the increased level of isolation of populations. As we have
discussed, this can lead to a series of problems, including in-
breeding and genetic drift. For some species, migration can be
restored by strengthening source populations, creating corri-
dors or increasing the number of suitable habitat patches
within a certain area, and by active human interference, such
as reintroduction of species into habitats where they have dis-
appeared, introduction into restored habitats where they have
not yet appeared or the restocking individuals into dwindling
populations (Given, 1994[9°). On the other hand, hybridization
due to restored gene flow can lead to outbreeding depression.
It is not easy to predict whether the result of reconnecting
populations will be beneficial or counterproductive. In a meta-
population that originates from habitat fragmentation, gene
flow will be limited compared to the former unfragmented
situation. In such a case, detrimental effects in the (small) sub-
populations are likely. Gene flow then ought to be stimulated
to the level of the pre-fragmented situation (Leung et al,,
1993[154). Inbreeding risks will mainly occur in decreasing
species with formerly widespread occurrences. Outbreeding,
for example, can be a problem in selfing plant species that
occur naturally in small and isolated populations.

In conclusion: population history will have to be included
when evaluating the necessity of restoration of gene flow. A fi-
nal recommendation for population management that should
be mentioned here is the special attention that should be given
to populations in marginal habitats and at the borders of the
geographic range of a species. These populations may contain
specific genetic variation and therefore may be of specific val-
ue for maintenance of the long-term evolutionary perspective
of a species.
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Practical management problems that still
have to be answered

Further indications of MVPs and maximal dispersal distances
for species are needed. As discussed above, it is very difficult
to estimate these parameters at the species level. A compara-
tive analysis of a number of relevant parameters for a large
number of species would probably make it possible to come
to a level of generalization that is suitable for conservation
management decision making. The parameters that should be
included in such an analysis follow from current hypotheses
on the importance of genetic diversity for population survival
and include different life history characteristics and demo-
graphic factors. In this review a large number of such relevant
parameters have been mentioned. To be able to include data
on a large group of species, cooperation between different re-
search groups is of vital importance.

Another subject that needs further clarification is the pros and
cons of (re)introduction of species, including restocking of
populations. As mentioned above, such actions can be useful
to prevent the detrimental effects of diminished gene flow
and small population size. However, before these measures
can be applied in practice, it is necessary to have knowledge
of a number of aspects: 1) for which species are introductions
a useful complementary measure in addition to other conser-
vation measures, such as habitat restoration and designation
of reserves? 2) where do introductions have to take place? 3)
what source material should be used? and 4) how many indi-
viduals have to be used? Especially the last two points have
clear relationships with genetic considerations, as mentioned
in this review. The success of reintroduction strategies can
highly depend on the level of adaptation to ecological condi-
tions (Burnham-Curtis et al., 1995[%; Allendorf and Waples,
199617, and others). On the basis of current knowledge, rough
answers to the above questions can already be given (Van
Groenendael et al., 1998[257]). For a sound application of such
measures more specific indications for groups of species are
indispensable.

Future Research Needs

The importance of loss of genetic variation for adaptability and
long-term prospects is difficult to predict for any given popu-
lation. First, the relation between genetic diversity and fitness
has to be studied in order to be able to make any prediction on
the importance of genetic diversity for that specific popula-
tion. For this, reliable methods for a good estimation of total
fitness are a prerequisite. As fitness not only depends on the
genotype but also on an interaction between the genotype
and its environment, insight has to be obtained into the way
in which genetic differences are translated into fitness differ-
ences in a specific ecological situation. Second, monitoring
the natural population is necessary to be able to predict the
consequences of ecological factors on long-term population
dynamics.

Studies of population dynamics and knowledge of the impor-
tance of genetic diversity in relation to adaptability are of fun-
damental importance for any prediction of future population
dynamics. Therefore, case studies in natural populations
which can assign avoidance of extinction to the role of genetic
variation are necessary. It is important to include both demog-

raphy and genetics in such studies because of the crucial role
of the interaction between these two sides of the extinction
problem in small and isolated populations (Ouborg and Van
Treuren, 1997197)). Useful demographic information with re-
gard to mating systems, inbreeding depression, effective pop-
ulation size and metapopulation structure can be obtained
from genetic marker data. Case studies in wild populations on
the effects of bottlenecks on genetic diversity are scarce be-
cause of lack of knowledge of the evolutionary history of most
species. As phenotypic plasticity can play an important role in
population adaptation, knowledge on the genetic regulation of
phenotypic plasticity is needed too.

Several scientists propose that preservation of the maximum
quantity of genetic variation is the primary aim of conserva-
tion. They base this on the observed relation between lack of
genetic variation and increase of extinction chance in small
populations (e.g., Beardmore, 1983[]; Gilpin and Soulé,
1986[89; Vrijenhoek, 1994[2%41; Frankham, 1995[771), On the ba-
sis of the fact that the frequently used markers for studies on
genetic diversity (isozymes, DNA) mostly concern a limited
number of loci which are generally assumed to be selectively
neutral, and that (from this review) these may not reflect well
the genetic diversity in quantitative traits which are important
for fitness and adaptability, this maximum quantity of genetic
variation should comprise not only neutral markers, but also
ecologically important (i.e., functional) traits. Besides conven-
tional quantitative genetic research, diversity in quantitative
traits can be determined using molecular markers via QTL
mapping, or directly via estimating the variation on the loci
involved in the functions. It will be interesting to see how such
studies will add to our knowledge of genetic diversity based on
“neutral” markers.
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