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Abstract

We propose quantitative genetic variation as a useful tool complementary to molecular variation in order to detect changes in
biodiversity caused by different human-induced activities. We simulated a metapopulation setting under a number of realistic sce-
narios caused by anthropogenic activities (population isolation, reduced carrying capacity or reproductive rates, shifts in the local
optima, and enhanced environmental variation or mutational rates). The effects on diversity of these scenarios were assessed for
neutral variation estimated from molecular markers and for an additive quantitative trait that represents a typical morphological
characteristic subject to stabilising selection promoting local adaptation to environmental conditions. The results show that mon-
itoring quantitative genetic variation can be more informative than neutral variation to detect some human-induced environmental
or genetic impacts on diversity, both at intra and interpopulation levels. We also compared the precision of diversity estimates
obtained from molecular markers and quantitative traits. Under low migration rates and typical selection intensities for the quan-
titative trait, the precision of estimates can be substantially larger for a quantitative trait than for a single molecular marker. Thus,
about 10-20 (2-4) independent markers are necessary for the precision of estimates of heterozygosity (population differentiation)
from molecular markers to reach that of genetic variances (differentiation) from quantitative traits.
© 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

It is clear that the majority of the recent reductions in
the Earth’s biodiversity can be attributed to direct hu-
man impacts on the environment (World Conservation
Monitoring Centre, 1992). Such impacts are able to alter
the ecosystems through population extinctions and
depletions. A useful tool for monitoring the impact of
human activities on natural populations is the detection
of changes in genetic diversity (Belfiore and Anderson,
2001), as they can detect impacts even in the absence
of population extinction or after recolonisation. Genetic
diversity is overwhelmingly monitored by neutral molec-
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ular variation (Haig, 1998; Frankham et al., 2002).
However, most environmental changes, even those
caused by human activities, will directly affect different
behavioural, anatomical, morphological, or life-history
traits of the species functioning as bioindicators. Quan-
titative genetic variation has been suggested as an alter-
native or complementary tool to monitor genetic
diversity in conservation contexts (Lynch, 1996; Storfer,
1996; Hedrick, 2001; Frankham et al., 2002).

The main advantage of monitoring quantitative ge-
netic variation is that it may reveal variation more clo-
sely related to fitness and hence, it may be a better
indicator of the evolutionary potential of populations
(e.g. Bekessy et al., 2003). Moreover, variation for quan-
titative traits is polygenic, so it is more likely to be cor-
related with overall genetic variation than single marker
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loci. Thus, monitoring quantitative genetic variation
may yield more direct information on the impact that
environmental changes have on the capability of adapta-
tion of the populations. A comparison of the degree of
genetic diversity in neutral marker loci and quantitative
traits can also provide insights into questions such as the
importance of random genetic drift and directional nat-
ural selection as causes of population differentiation (Le
Corre and Kremer, 2003; see also Toro and Caballero,
2005). In addition, the relationship between molecular
variability and morphology, behaviour or life-history
characteristics seems to be generally low (Ennos et al.,
1997; Waldmann and Andersson, 1998; Butlin and Treg-
enza, 1998; Pfrender et al., 2000; Reed and Frankham,
2001; Merild and Crnokrak, 2001; McKay and Latta,
2002), suggesting that these two types of variation can
be complementary. Finally, estimates obtained from
molecular markers and quantitative traits could involve
different precisions. For example, a single biallelic
molecular marker gives estimates of genetic distance
with about the same precision as a neutral quantitative
trait (Rogers and Harpending, 1983), but the precision
of the marker increases with the number of alleles (Foul-
ley and Hill, 1999; Kalinowski, 2002).

Artificial habitats, habitat fragmentation and popula-
tion bottlenecks caused by human-induced activities
might affect the extent and distribution of biodiversity
at the genetic level. Most studies addressing the effects
of environmental contaminants on genetic patterns are
based on a comparison between molecular genetic vari-
ation at contaminated sites versus reference locations
used as controls. In this paper, we propose quantitative
genetic variation as a useful alternative or complemen-
tary tool to monitor genetic changes due to environmen-
tal contaminants. We use computer simulations to assess
the potential ability of morphological versus molecular
variability to detect changes in biodiversity, both at in-
tra and interpopulation levels, caused by a variety of hu-
man-induced environmental or genetic effects. Thus, we
assume a quantitative trait that represents a typical mor-
phological characteristic subject to stabilising selection
promoting adaptation to local environmental conditions
in a metapopulation setting. This variation is compared
to a neutral estimate from molecular markers.

Six different impacts of anthropogenic activities are
simulated and compared under a number of realistic sce-
narios (see Hoffman and Merild, 1999; Belfiore and
Anderson, 2001; Straalen and Timmermans, 2002;
Stockwell et al., 2003): (1) population isolation caused
by fragmentation of habitats (artificial constructions,
etc.) which will alter metapopulation structures,
reducing the levels of gene flow between populations;
(2) reduction in the carrying capacity of the populations
(the maximum number of individuals in the population
habitat as a function of the available space and
resources, competitors, predators, etc.) caused by over-

exploitation, repeated catastrophic events, pollution,
etc.; (3) reduction in reproductive rates caused by pollu-
tion; (4) shifts in the local optima to which the popula-
tions are adapted because of introduction of artificial
habitats or environmental contaminants which will
change habitat characteristics; and other possible effects
of pollution, including (5) enhanced environmental var-
iation; (6) increases in mutational rates. The general aim
of the study is to ascertain whether monitoring quantita-
tive variation can be more informative than molecular
variation for detecting the above environmental or ge-
netic human-induced impacts on genetic diversity, and
to show that quantitative variation can be a useful tool
complementary to molecular variation for conservation
purposes. In addition, we compare the precision of the
estimates obtained from quantitative and molecular ge-
netic variation.

2. Models and simulation procedure

We developed a computer programme to simulate
various anthropogenic impacts on the genetic diversity
of natural populations. The programme allowed for a
one-dimensional metapopulation with five individual
populations following a stepping-stone migration model
(Hartl and Clark, 1997; see Fig. 1). The number of indi-
viduals in each population () could vary, with the pos-
sibility of extinction and recolonisation via migration.
However, the number of individuals could never achieve
larger values than a maximum population size permitted
(the carrying capacity), which was established at 500 per
population (2500 for the whole metapopulation) to sim-
ulate sufficiently large population densities.

Migration rates (m) between adjacent populations
were set at 0.001, 0.01 and 0.1 per generation. This im-
plied that each population exchanged a proportion m/2
of their individuals with each neighbouring population,
and those populations at the margins of the metapopu-
lation had a rate of exchange half those of the inner
ones. Note also that, because the number of individuals
in each population could vary, the actual number of
individuals entering or leaving the population could also
vary.

The species simulated is a facultative hermaphrodite
with random mating within populations and discrete

mil2 m/2 mi/2 m/2

N <500 ?

‘ Affected population ‘

Fig. 1. Metapopulation structure. N: population size. m: per genera-
tion migration rate.
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generations. Thus, new individuals were produced every
generation from randomly chosen parents from each
population. Each individual had a limiting reproductive
rate, R, which is the maximum number of attempts it
can breed. This number was set at 20 to simulate a spe-
cies with moderate to high reproductive rate. Given the
selection intensities investigated, this value is large en-
ough to ensure population size recovery in most situa-
tions (see Fernandez and Caballero, 2001). The
sequence followed in the simulations for each generation
was: migration of adults between populations, mating
within populations with a maximum of R attempts per
individual, and viability selection dependent on a quan-
titative trait (see below) until the maximum carrying
capacity is produced.

2.1. Modelling neutral and quantitative trait variation

Neutral genetic variation within and between popula-
tions was monitored by a set of 100 neutral loci, initially
with different alleles in all individuals, implying an initial
heterozygosity of one. For the whole process, the decay
in heterozygosity in neutral markers was partially com-
pensated by a neutral mutation rate per locus and gen-
eration of 107> (Hartl and Clark, 1997, p. 163). Each
mutation represented a new allele not present before in
the metapopulation. As initially assigned and new mu-
tant alleles were always different, identity-in-state equals
identity-by-descent, and the average homozygosity of
neutral loci was used to calculate the inbreeding coeffi-
cient of individuals.

A quantitative trait, intended to be a typical easy-to-
measure morphological trait of intermediate heritability,
was used as a tool to monitor genetic diversity under dif-
ferent anthropogenic factors. For the quantitative trait,
genotypic values were controlled by an infinite number
of genes of additive infinitesimal effect (the infinitesimal
model; Fisher, 1918; Bulmer, 1980). This model has been
shown to give robust predictions for the balance be-
tween migration and stabilising selection in structured
populations (Tufto, 2000). The genotypic value of a
new individual was obtained from a normal distribution
with mean equal to the average genotypic value of its
parents and the variance of the previous generation re-
duced by a factor equal to the average inbreeding coef-
ficient of the parents. This is a model very frequently
assumed to simulate quantitative trait variation for
non-fitness traits (e.g. Verrier et al., 1991; Wei et al.,
1996; Fernandez et al., 2000; Dekkers and Chakraborty,
2001). The phenotypic value was obtained by adding an
environmental effect to the genotypic value. Environ-
mental effects were assumed to be normally distributed,
with mean zero and variance Vg = 1. In the initial gen-
eration genotypic values were obtained from a normal
distribution with mean zero and variance V5 = 1. There-
fore, the initial genetic and phenotypic variances were

one and two, respectively, and the initial heritability
was 0.5. A mutational increase in genetic variance of
Va = 1073 Vg was assumed for the quantitative trait
every generation. This is the consensus value estimated
for many quantitative traits and species (Falconer and
Mackay, 1996).

The quantitative trait was assumed to show some
adaptive value through adaptation to optimal local envi-
ronmental conditions. Fitness (w) was defined as a sta-
bilising selection (pseudo-Gaussian) curve with an
optimum 6 initially set at 0 (the genotypic and pheno-
typic mean) and intensity ¥V (basically the width of
the fitness curve), so that larger values of Vy imply
weaker selection. Thus, the fitness of an individual was
w=exp [—(x — 0)*2(Vy— 1)] (Turelli, 1984), where x
is the phenotypic value of the individual. Estimated val-
ues of V/VE range from 5 to 50 (Roff, 1997), and we as-
sumed the typical value of V=20 (e.g. Turelli, 1984;
Zhang and Hill, 2002). Inbreeding depression for this fit-
ness value associated with the quantitative trait was
modelled as a negative exponential reduction, such that
the actual fitness of an individual is w exp(—F), where w
is the individual fitness without inbreeding and F is its
inbreeding coefficient (Keller and Waller, 2002). Because
the inbreeding coefficient is calculated from the neutral
markers, each individual can suffer different amounts
of inbreeding depression depending on its genealogical
history.

In the simulations, the fitness value of the offspring
was evaluated and the new individuals might survive
or die accordingly. Basically, an individual survived if
a random number between 0 and 1 was smaller than
its fitness value. If the individual died, new parents were
randomly chosen. An individual was eligible as a parent
if the number of offspring it had produced (surviving or
not) had not exceeded the reproductive rate (R = 20).
This procedure was repeated until the surviving off-
spring reached the population carrying capacity or all
parents had spent all their R opportunities. Variation
in the optima for the different populations allowed for
simulating spatially heterogeneous selection. This im-
plied different optima sampled from a normal distribu-
tion with mean zero and variance two genotypic
standard deviations. For each replicate, adaptive optima
were randomly allocated to the five populations of the
metapopulation in the first generation, and were kept
constant during all the generations simulated. We also
ran some cases where the optima were placed in a clinal
position in the metapopulation, with constant values of
-2, —1,0, +1 and +2 genotypic standard deviations for
the consecutive populations of the metapopulation.

2.2. Effects of anthropogenic activities

In general, the simulation approach consisted of main-
taining a base metapopulation until the differentiation
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among populations reached an asymptotic value. The
base population was then run until the change in popula-
tion differentiation (Fst) between consecutive genera-
tions was smaller than 0.01 (about 1000 generations).
Then, a particular disturbance (simulating an environ-
mental or genetic human-induced effect) was imple-
mented in the central population (unless otherwise
indicated) for 100 generations. Thus, we focused on the
long-term impact of the following possible effects of
anthropogenic activities:

Isolation (I). This was simulated by completely iso-
lating the central population from the rest of the meta-
population by eliminating migration to and from the
adjacent populations.

Reduced carrying capacity (K). The maximum popu-
lation size (carrying capacity) allowed in the affected
central population was reduced, producing an effective
population bottleneck. We imposed reductions by fac-
tors of 10 and 100, i.e., implying carrying capacities of
50 and 5, respectively. The result is equivalent to a pop-
ulation bottleneck (loss of 90% and 99% of the popula-
tion, respectively) after the breeding period.

Reduced reproductive rate (R). All specimens living in
the affected population suffered a decrease of the maxi-
mum reproductive capability. We imposed a reduction
from the usual R=20 to R=1 and 0.2 offspring at-
tempts per individual and generation.

Optimum shift (O). The affected population suffered
a displacement of the local optimum for the quantitative
trait. We imposed a displacement of 2, 6 and 10 geno-
typic standard deviation units from the original
optimum.

Increased environmental variance (E). Individuals
from the affected population suffered an increase in envi-
ronmental variance for the quantitative trait. The in-
creases used were 25- and 100-fold, causing a rather
platykurtic phenotypic distribution, and an increase in
mortality in the portions of the population far apart
from the local optimum.

Increased mutation rates (M). Individuals from the
affected population suffered an 100 or 1000-fold increase
in the per-generation mutation rate for the neutral loci
and a corresponding increase in the mutational genetic
variance (V). As the latter is directly proportional to
the haploid mutation rate (Hill, 1982), the simulated
changes in mutation rates are equivalent for neutral
and quantitative variation.

In principle, factors (1), (2), (3) and (6) affect both the
neutral and quantitative variation, whereas factors (4)
and (5) affect exclusively the quantitative trait. A simu-
lation case where no population is affected was consid-
ered as a reference for comparison with the above
situations. Between 50 and 100 replicates were run for
each of the treatments (different types and magnitudes
of anthropogenic effects, and migration rates). Addi-
tional simulations were carried out in particular cases

to assess the absence of spatially heterogeneous selec-
tion, different stabilising selection intensities, the effect
of marginality (the affected population is a marginal
one), and clinal local optima.

2.3. Estimates of genetic diversity

After 100 generations of each particular environmen-
tal or genetic human-induced effect, genetic diversity
within and between populations was measured. Intra-
population diversity was estimated by the heterozygosity
of molecular variation (H; Nei, 1987) and by the addi-
tive genetic variance of the quantitative trait (V5; Fal-
coner and Mackay, 1996). These two parameters have
identical expectations for purely neutral variation. Esti-
mates were obtained only for the affected (usually cen-
tral) population, and averaged over loci (H) and
replicates (H, Vy).

Interpopulation diversity was measured for neutral
variation by Wright’s fixation index, Fst (Wright,
1951; Nei, 1987), which was computed using averaged
population and metapopulation mean coancestries
(equation 6 of Caballero and Toro, 2002). Analogously,
a similar estimate was obtained for quantitative traits
using the between (V4,) and within (V4,,) population
genetic variances, Qst = Vau/QVaw + Vap) (Spitze,
1993). A single-classification ANOVA with unequal
sample sizes was used to estimate quantitative variance
components (Sokal and Rohlf, 1995, p. 210) using the
genotypic values of individuals. Genetic differentiation
was estimated from all five populations and was aver-
aged over loci (neutral variation) and replicates (neutral
and quantitative variation). Population genetic differen-
tiation for molecular (Fst) and quantitative (Qst) traits
has identical expectations for neutral variation (Whit-
lock, 1999), and when disequilibria among loci is of
the same amount within and between populations (Le
Corre and Kremer, 2003), but its relationship is under
discussion for other situations (Crnokrak and Merild,
2002; McKay and Latta, 2002; Hendry, 2002; Lopez-
Fanjul et al., 2003).

2.4. Precision of estimates

We compared the precision of the estimates of with-
in and between population diversity by calculating the
variation among replicates of the estimates of H and
Fsr from a single molecular marker, and from ¥V,
and Qgr from a single quantitative trait. For some ba-
sic simulations we ran the metapopulation with no
migration and no selection until an inbreeding coeffi-
cient 0.2 or 0.4 was reached. The marker used was al-
lowed to have two, four or eight alleles initially at
equal frequencies. The quantitative trait was controlled
by one, two, five or 10 biallelic additive loci initially at
equal frequencies and constant effects, so as to produce
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an initial additive variance equal to the heterozygosity
of a biallelic marker. An infinitesimal model as ex-
plained before was also considered. Other data from
the precision of estimates were obtained from the same
scenarios analysed before, allowing for migration
among populations and stabilising selection for an
infinitesimal quantitative trait. In the selection cases
and, in order to make fair comparisons between preci-
sions, variation of adaptive optima among populations
was assigned so as to produce similar values of popu-
lation differentiation from marker and quantitative var-
iation. The variance of estimates among replicates was
obtained in all cases from six sets of 50 replicates each,
in order to get their standard error.

3. Results

Fig. 2 shows the average heterozygosity (H) of neu-
tral loci and the average genetic variance (V4) for the
quantitative trait in the central population, and Fig. 3
the average differentiation for neutral loci (Fst) and
the quantitative trait (Qst), for the six studied effects
of anthropogenic factors and different migration rates.

The continuous line in all panels represents the refer-
ence situation in which there is no anthropogenic effect
on the central population, showing an increase in genetic
diversity and a decrease in population differentiation with
the rate of migration, as expected. The equilibrium A and
V A in these cases are below the initial values of one due to
the genetic drift and selection occurred during the previ-
ous population history (heritabilities for the quantitative
trait are between 0.33 and 0.44). Broken and dotted lines
represent situations in which there is some anthropogenic
effect of different magnitudes (see figure details).

Panels labelled 1 in Figs. 2 and 3 show diversity
parameters after 100 generations of isolation of the cen-
tral population. Continuous isolation produces a similar
decrease, relative to the reference situation, in the
amount of intrapopulation diversity both for neutral
(H) and adaptive (V) variation (panels 2I). The effect
on interpopulation differentiation is different for molec-
ular or quantitative variation. Isolation of the central
population slightly increases, relative to the reference
situation, the overall population differentiation for
higher migration rates, as expected, but the effect for
quantitative trait differentiation (Qgr, panel 3I-right) is
much more pronounced than for molecular markers
(Fst, panel 3I-left). The reason is that an isolation of
the central population causes an interruption of gene
flow at the metapopulation level, impeding the homog-
enising effects of migration. Even though heterogeneous
local optima for the quantitative trait are randomly as-
signed to the populations in the simulations, there can
be an increase in quantitative trait differentiation be-
tween both halves of the metapopulation (right- and
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Fig. 2. Average heterozygosity (H) and genetic variance (V) in the
central population for different migration rates (m1). Continuous lines:
central population not affected. Broken and dotted lines: central
population affected. I: isolation. K: reduced carrying capacity (broken:
K =50, dotted: K=15). R: reduced reproductive rate (broken: R =1,
dotted: R=0.2). O: optimum shift (broken: 2 genotypic standard
deviations, large dots: 6 genotypic standard deviations, small dots: 10
genotypic standard deviations). E: increased environmental variance
(broken: 25-fold, dotted: 100-fold). M: increased mutation rate (bro-
ken: 100-fold, dotted: 1000-fold). Standard errors below 0.04 for H,
and below 0.07 for V4.
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Fig. 3. Average neutral differentiation (Fst) and quantitative differ-
entiation (Qst) for different migration rates (m). Continuous lines:
central population not affected. Broken and dotted lines: central
population affected. See Fig. 2 for identification of panels and lines.
Standard errors below 0.002 for Fsr, and 0.03 for Qgr.

left-hand sides of the affected central population) be-
cause of different global optima in each half.

Panels labelled K in Figs. 2 and 3 show results after
100 generations of a reduced carrying capacity (basically
a population bottleneck) in the central population,
implying a constant reduced carrying capacity of
K =50 (broken line) and 5 (dotted line) individuals.
Both neutral H and quantitative V5 are reduced, relative
to the reference situation, for low migration rates and
recovered at high levels of migration (panels 2K). This
shows the powerful effects of migration in restoring

genetic diversity despite the long-term bottleneck ap-
plied. The behaviour of neutral (Fsr) and quantitative
(Qst) differentiation (panels 3K) is similar to those for
isolation (panels 3I), although the effect on Qg is less
marked. Because the population census size in the cen-
tral population is reduced, there is less gene flow be-
tween the two halves of the metapopulation, again
reducing the homogenising effects of migration. Thus,
a bottleneck in the affected population produces its effec-
tive isolation, and this has an impact on the quantitative
trait metapopulation differentiation when the affected
population has a central position.

Panels labelled R in Figs. 2 and 3 show results after
100 generations of a reduced reproductive rate in the cen-
tral population involving a reduced R = 1 (broken line)
and 0.2 (dotted line) breeding attempts per individual.
This effect has a major impact on the population size
of the affected population, impeding the population
from reaching its maximum carrying capacity. For
m = 0.001, the central population experiences extinction
in 99% of the replicates (R = 1 or 0.2). For m = 0.01, the
central population becomes extinct 2% (R=1) and
82% (R=0.2), with an average N=3.3 (R=1) and
N=1.1 (R=0.2) in the remaining cases. Finally, for
m = 0.1 the central population never becomes extinct
but the average population size becomes N = 30.7
(R=1) and N=4.2 (R=0.2). It is interesting to see
that, even though the average of the population size
can be very low, H and V, are completely recovered
withm > 0.01 (R=1)and m > 0.1 (R =0.2) (see panels
2R). The larger H with respect to V5 for m = 0.01 is due
to the fact that, in many runs, the population size has
N = 1. In these cases V5 is assumed to be zero while H
can be different from zero. With respect to population
differentiation (Fig. 3R), similar conclusions are ob-
tained as for the two previous studied effects. Again, be-
cause of the reduced population size in the affected
central population, higher Qst occurs for high levels
of migration (see panel 3R-right) when spatially hetero-
geneous selection is present.

In order to confirm the above interpretation, we sim-
ulated some extra cases with larger migration rates
(m =0.2 and 0.3) and different scenarios. Fig. 4a shows
the difference Qst — Fsr for the same situation as in Fig.
2. The continuous line is the reference case with no af-
fected population. The discontinuous lines represent
the cases of isolation, reduced carrying capacity
(K = 50) and reduced reproductive rate (R = 1). For low
migration rates (m < 0.01) the difference Qg1 — Fsr is
high in all cases. For larger migration rates the difference
is reduced when no anthropogenic effects occur, but the
difference is kept large when these occur, as gene flow is
reduced between both sides of the central affected popu-
lation. Fig. 4b shows a case where the affected popula-
tion is placed at a marginal position. The large values
of Qgt — Fsr disappear at a high migration rate for
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Fig. 4. Qg7 — Fgr difference for a range of migration rates (m).
(A) Affected central population with random spatially heterogeneous
selection. (B) Affected marginal population with random spatially
heterogeneous selection. (C) Affected central population with clinal
adaptive local optima. N: central population not affected. I: isolation.
K: reduced carrying capacity (K= 50). R: reduced reproductive rate
(R =1). Standard errors below 0.02.

reduced carrying capacity and reduced reproductive rate,
whereas these are kept for the isolation effect, which im-
plies a lack of gene flow in any case. Finally, Fig. 4c
shows a case where the affected population is placed in
a central position and the local optima are not random,
but are placed in a continuous gradient (clinal local op-
tima). In this case, a reduced carrying capacity, a reduced
reproductive rate or a direct isolation produce a genetic
bipartition of the metapopulation, causing a permanent
difference between Qst and Fst. This indicates that an

affected population in a central position of an environ-
mental cline, and suffering from a reduced gene flow be-
cause of environmental or genetic-induced effects, will
show a substantial Qst — Fgr difference. The immediate
conclusion is that an experimental design to compare af-
fected and non-affected populations in a lineal metapop-
ulation setting should be made such that the putatively
affected population is central to unaffected control sites.

Panels labelled O in Figs. 2 and 3 show results after
100 generations of an optimum shift in the central popu-
lation of 2 (broken line), 6 (large dotted line) and 10
(small dotted line) genotypic standard deviations. The
impact on fitness of the latter optimum shifts was quite
large. The average fitness in the population before the
shifts was 0.95, and this went down to 0.87, 0.40 and
0.09, respectively, immediately after applying the shifts.
Despite these strong impacts on fitness, no population
extinctions or reductions in the average population size
were observed after 100 generations. The reason is an
adaptation of the populations to the new optima. There
is no effect of the shifts for neutral variation (H; panel
20-left) but quantitative variation (V4; panel 20-right)
is increased for a high migration rate. This is caused
by the migrants coming from adjacent populations that,
although adapted to different optima, still survive in the
central population, increasing its variance. With respect
to population differentiation (panels 30), there is no ef-
fect on Fgr, whereas the optimum change causes large
increases in the quantitative differentiation.

Panels labelled E in Figs. 2 and 3 show results after
100 generations of a 25-fold (broken line) and 100-fold
(dotted line) increased environmental variance in the cen-
tral population. These increases in environmental varia-
tion and hence, phenotypic variance, produce a higher
mortality (the average fitness becomes 0.65 and 0.39,
respectively, in the first generation after the increase in
environmental variance occurs), although no extinctions
occurred in the central population after 100 generations.
A substantial number of extinctions occurred, however,
for low migration rate (2 = 0.001) and a 1000-fold in-
crease in Vg (not shown). There is no effect for neutral
variation (H; panel 2E-left) but quantitative variation
(Va; panel 2E-right) is increased irrespective of migra-
tion rate. The explanation is that the increased environ-
mental variance reduces the heritability of the
quantitative trait in the affected population, allowing
some extreme genotypes to avoid purging selection.
That is to say, the increased environmental variance re-
duces the selection intensity. With respect to population
differentiation (panels 3E), there is no effect on Fgt. On
the contrary, because the within population variance in
the central population is increased, there is a corre-
sponding decrease in the quantitative differentiation.

Finally, panels labelled M in Figs. 2 and 3 show re-
sults after 100 generations of a 100-fold (broken line)
and 1000-fold (dotted line) increased mutation rates in
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the central population. Although the enhanced mutation
rates increase the genetic and phenotypic variance, the
reduction in the average fitness is small, and no extinc-
tions are observed. Neutral variation (H; panel 2M-left)
is substantially increased for the largest change in muta-
tion rate, though it does not reach the maximum value
of one. The corresponding increase in quantitative vari-
ation (V,; panel 2M-right) is proportionately larger.
The reason for a larger proportional effect of an increase
in mutation rates on quantitative versus molecular var-
iation may be simply a question of scale, as heterozygos-
ity can only reach a maximum value of one, whereas the
genetic variance has no upper bound. With respect to
population differentiation, the increase in H provokes
a lower Fgt for low migration rates, but this is recovered
for higher migration rates (panel 3M-left). The same ef-
fect, but more pronounced, is seen for quantitative dif-
ferentiation (panel 3M-right).

The precision of the estimates of within and between
population genetic diversity from a single molecular
marker and a single quantitative trait is shown in Table
1 for a simple case involving no selection on the quanti-
tative trait and no migration among populations. The
populations are run until an inbreeding coefficient of
F=0.2 is reached (i.e., FsT ~ Qst ~ 0.2, though Fgr is
somewhat lower because there is not an infinite number
of marker alleles). Results for 7= 0.4 were also run giv-
ing similar results (not shown). As expected, the preci-
sion of a biallelic marker is about the same as that of
a quantitative trait controlled by a single biallelic locus,
both for within (H and V) and between (Fst and Qst)
population diversity. (The variance of heterozygosity for
a neutral biallelic locus can be computed as V(H) =
4lmy — m} + my — 2ms + ma(my — my)], where m; is the
ith moment about zero of the binomial distribution, that
can be obtained from Crow and Kimura, 1970, p. 335.)
An increase in the number of alleles of the molecular

Table 1

marker increases the precision (the standard deviation
is reduced) both for H and Fgt. This has been deduced
theoretically in the case of genetic distances (Foulley and
Hill, 1999). The increase in the number of loci control-
ling the quantitative trait substantially enhances the pre-
cision of V. This is due to the cancelling of random
changes in gene frequency because of genetic drift occur-
ring at different loci. (For an infinitesimal model of gene
effects, the variance of V5 can be approximated using
the moments about zero for a Normal (0, ¢) distribu-
tion, as V(Va) = 26*[(N — 1)/N?].) Note that the preci-
sion for a quantitative trait controlled by a few loci
(say 10) is similar to that for an infinitesimal model.
On the contrary, the precision of estimates of Qgr does
not increase with the number of loci, as deduced by
Rogers and Harpending (1983).

Table 2 shows the precision of estimates under the
more realistic scenario investigated previously, which in-
cludes migration among populations and stabilising
selection for the quantitative trait. No human-induced
effects are assumed in the central population. For each
migration rate and selection regime, the estimates of
diversity are very similar for the molecular marker and
the quantitative trait in all cases, so that the compari-
sons between precisions are fair. Under no selection
(Vs = o0) the precision of V4 is larger than that of H
for low migration rates, whereas molecular differentia-
tion (Fst) has more precision than quantitative differen-
tiation (Qst). Under a typical intensity of selection
(Vs = 20) and low migration rates, the precisions of both
within and between-population diversity from a quanti-
tative trait are higher than those from a single marker.
We used increasing numbers of markers to ascertain
how many of these are necessary to reach the precision
attained by a single quantitative trait. With V=20
and m = 0-0.001, between 10 and 20 independent mark-
ers are necessary for the precision of H to be the same as

Estimates and their precisions (given as the standard deviation, SD, of estimates among replicates * standard error, SE) from a single molecular
marker with 2, 4 or 8 alleles, and a single quantitative trait controlled by 1, 2, 5, 10 biallelic loci or an infinitesimal model, for a metapopulation with

no migration and no selection for the quantitative trait

Molecular marker

Quantitative trait

Alleles H Fsr

SD(H) = SE SD(Fst) + SE
2 0.40 0.16

0.124 £ 0.006 0.108 £ 0.005
4 0.60 0.17

0.108 £ 0.005 0.065 £ 0.003
8 0.70 0.17

0.092 £ 0.003 0.043 £ 0.002

QTLs Va Ost

SD(Va) = SE SD(Qst) £ SE
1 0.39 0.20

0.120 = 0.003 0.112 +0.008
2 0.40 0.20

0.092 + 0.003 0.104 = 0.008
5 0.40 0.19

0.072 + 0.004 0.113 = 0.009
10 0.39 0.19

0.061 = 0.002 0.099 = 0.006
00 0.40 0.19

0.049 + 0.002 0.100 = 0.008

The populations are run until the expected inbreeding coefficient is 0.2.
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Table 2

Estimates and their precisions (given as the standard deviation, SD, of estimates among replicates * standard error, SE) from a single molecular
marker, and a single quantitative trait controlled by an infinitesimal model of gene effects, for a metapopulation with migration m and intensity of

stabilising selection V¥ for the quantitative trait

Alleles H VA FST QST
SD(H) t SE SD(V4) £ SE SD(Fsy) + SE SD(Qs1) + SE
V=00
m=0 23100 0.37 0.34 0.60 0.59
0.214 £ 0.004 0.033 £0.001 0.104 £ 0.002 0.182 £ 0.006
m =0.001 49+0.1 0.59 0.60 0.35 0.42
0.142 £ 0.007 0.043 £0.003 0.063 £ 0.002 0.171 £ 0.004
m =0.01 94%0.2 0.80 0.80 0.08 0.11
0.053 £0.002 0.057 £0.002 0.024 £ 0.001 0.085 £ 0.005
Vy=20
m=0 24100 0.47 0.46 0.47 0.50
0.165£0.011 0.034 £ 0.001 0.080 £ 0.005 0.042 £ 0.002
m =0.001 4.1%0.1 0.59 0.57 0.35 0.37
0.143 £ 0.005 0.046 £ 0.001 0.060 £ 0.002 0.038 £ 0.002
m =0.01 93%0.2 0.80 0.75 0.08 0.07
0.053 £ 0.004 0.052 £ 0.001 0.023 £ 0.001 0.024 £ 0.001

The average number of alleles segregating for the molecular marker at the time of the analysis is indicated.

that for V, from a single trait, and between 2 and 4
independent markers are necessary for the precision of
Fgr to be the same as that for QOgr.

4. Discussion

Although nearly all empirical studies on genetic
diversity and conservation rely on molecular markers
as general indicators of genetic variation (Haig, 1998;
Frankham et al., 2002), quantitative variation, particu-
larly adaptive one, may yield more interesting informa-
tion on the effect of genetic and environmental changes
on genetic diversity (Storfer, 1996; McKay and Latta,
2002; Bekessy et al., 2003). In this paper we have evalu-
ated the ability of quantitative variation to detect the
impact of a series of described genetic or environmental
effects on genetic diversity caused by human activities
under different evolutionary scenarios. The quantitative
trait under screening represents a typical morphological
characteristic showing some local adaptation to environ-
mental conditions, and its variation is compared to a
neutral one arising from molecular markers in a meta-
population setting.

Four of the anthropogenic effects were general ones
involving all kinds of variation: population isolation, re-
duced carrying capacity (population bottleneck), reduced
reproductive rate and increased mutation rates. Regard-
ing the impact of these effects on intrapopulation vari-
ability (panels I, K, R and M in Fig. 2), no substantial
difference was found between molecular and quantita-
tive variation, although the impact of mutation was pro-
portionally larger for quantitative variation than for
molecular variation. This can be partially a question

of scale, as heterozygosity has an upper bound of one
whereas genetic variance for a quantitative trait has no
upper bound, but suggests that quantitative variation
can be more powerful to detect such effects than molec-
ular variation.

Our interest was not on the impact of anthropo-
genic factors on the extinction of populations, as the
trait under study was generally assumed to have a
weak relationship with fitness. The only case where
extinction appeared was that in which a reduction in
the reproductive rate under low migration levels oc-
curred (panels R in Fig. 2). In these cases, the popula-
tion size of the affected population suffered from a
long lasting reduction because of the low reproductive
rate and reduced fitness, and new migrants were not
able to recover the population size in any case. For
intermediate or high migration rates, however, migra-
tion was able to restore molecular and quantitative
variation, despite the low population sizes maintained.
It is also remarkable that a prolonged drastic reduc-
tion in the carrying capacity (a 100-fold reduction in
the population size from N =500 to 5 for 100 genera-
tions) did not show an appreciable effect on diversity
in the affected population (panels K in Fig. 2). This
indicates that the effects of migration are really power-
ful in restoring genetic diversity even with very low
census sizes. This may explain why the loss of hetero-
zygotes is, sometimes, far less than expected from pop-
ulation bottlenecks (Amos and Balmford, 2001, and
references therein; Colson and Hughes, 2004). It is also
in agreement with a number of documented cases fail-
ing to show a reduced intrapopulation genetic diversity
in populations exposed to environmental contaminants
(Ma et al., 2000; Belfiore and Anderson, 2001 and ref-
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erences therein; Ross et al., 2002 and references there-
in). For example, Ross et al. (2002) brought attention
to the fact that a long-term exposure to metal pollu-
tion did not necessarily result in decreased genetic
diversity.

The two remaining anthropogenic effects studied
(increased environmental variance and optimum shift) di-
rectly affected quantitative variation. An increase in the
environmental variance (panels E in Fig. 2) produces an
increase in genetic variance at the quantitative trait,
independent of the migration rate, which is not observed
with molecular variation. The increase in environmental
variance reduces the intensity of selection and more var-
iation is maintained for the quantitative trait. The effect
of a change in the local optimum of the population leads
to an adaptation to the new conditions. This has been
frequently observed, for example, in the cases of rapid
evolution of tolerance to heavy metal pollution in plants
and fungi (e.g. Taylor, 2000). Our simulations show that
an adaptation to the new optima produces an increase in
quantitative genetic variance, particularly for high levels
of migration (see panel O-right in Fig. 2). This is ex-
plained by the immigration of individuals from neigh-
bouring populations with different local optima, which
are still able to survive in their new habitat (see, e.g. Bar-
ton, 1999, and references therein). The increase of
genetic variance in the affected population is coupled
with a decrease in the population fitness of about 15—
30%. This is consistent with the so called migration load,
the decrease in mean fitness of a population because of
immigration of individuals far apart from the optimum
(Lenormand, 2002). This decrease in population fitness,
however, is not enough to cause an appreciable reduc-
tion in the variation at the molecular level (panel O-left
in Fig. 2).

In terms of interpopulation variability (Fig. 3), two
interesting results appear from quantitative variation.
Under isolation (1), reduced carrying capacity (K) or
reduced reproductive rate (R) in a central population,
quantitative differentiation is maintained at high levels
of migration (Figs. 3 and 4A). This occurs because all
these effects, either directly (I) or indirectly (K, R), re-
strain the gene flow at both sides of the metapopulation,
splitting it into two parts, and the effect is enhanced
when the metapopulation has a clinal set of local optima
(Fig. 4C). The effects produced by the population bottle-
neck disappear when the affected population is a mar-
ginal one (Fig. 4B) and are also likely to disappear in
an island or circular stepping-stone model of subdivi-
sion. Thus, for monitoring the impacts of human-in-
duced effects on linear metapopulation settings, the
results suggest that the affected population should be
better flanked by unaffected reference sites. This may
be of use for the study of pollution or other anthropo-
genic effects in linear displays such as coastal systems
or river lines.

It is also worthwhile to notice the impact of an in-
creased environmental variance or an increased mutation
rate on quantitative differentiation (panels E and M in
Fig. 3). The general effect is a reduced differentiation
at low migration rates that is unlikely to be observed
with molecular variation. The reason is that an increase
in genetic variation, produced either directly (through
an increase in mutation rates) or indirectly (through re-
duced selection intensity because of a higher environ-
mental variance), is responsible for a lower relative
interpopulation differentiation.

The model investigated assumes presence of spatially
heterogeneous selection (diversifying selection) for the
quantitative trait, as this seems to be the most common
form of selection in natural populations (McKay and
Latta, 2002; Le Corre and Kremer, 2003). This implies
that each population becomes adapted to different ran-
dom (or clinal) optima, but cases were also run with
no spatially heterogeneous selection (all populations
have the same optima). In this situation, the values of
Ost were always close to zero (except for the optimum
shift effect), because stabilising selection for the quanti-
tative trait maintained genotypes close to the common
fitness optimum. Thus, absence of spatially heteroge-
neous selection would make quantitative differentiation
of very little use in detecting metapopulation diversity
changes. Situations where Fgr is considerably larger
than Qg1 have been observed on some occasions (e.g.
Petit et al., 2001).

In our comparison between quantitative traits and
molecular marker data, we have assumed that the neu-
tral markers are unlinked to the quantitative trait loci,
as we are dealing with a single quantitative trait in a pos-
sibly multi-chromosome species. If a neutral marker
were linked to a quantitative trait locus of sufficiently
large effect, some of the disturbances affecting the quan-
titative trait would also affect the marker. However, this
effect would get vanished if several unlinked markers are
used in addition to the linked one. Several recent devel-
opments (see Vitalis et al., 2001 and references therein)
address the issue of identifying signatures of selection
among molecular markers.

Life-history traits usually exhibit large variation from
environmental and nonadditive genetic sources (Fal-
coner and Mackay, 1996; Roff, 1997), complicating the
interpretation of the estimates of additive genetic com-
ponents. However, many morphological traits show
low levels of non-additive genetic variation, are less
prone to variation from environmental sources, but still
can show some adaptation to environmental conditions,
making them very attractive for screening genetic diver-
sity. We have illustrated the impact of anthropogenic
activities under the basic assumption that the quantita-
tive trait under study has an additive genetic basis. It
is expected that some of the results would be differently
affected under more general conditions. For example, if
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the trait has a substantial dominance variance compo-
nent, the enhanced inbreeding caused by an isolation
or a bottleneck could produce an increase in the additive
genetic variance (Robertson, 1952). Nevertheless, the
possible biases in the estimation of additive genetic com-
ponents are not a serious drawback in the context of
detecting human induced impacts on genetic diversity,
as the main objective is to compare the amount of
genetic variation in affected versus non-affected popula-
tions, rather than estimating it accurately.

Genetic variation for many quantitative traits is usu-
ally difficult or impossible to assess in natural condi-
tions, generally involving breeding and development in
laboratory conditions. For some invertebrate species,
however, obtaining genetic components of variation
can be cheaper and faster than monitoring molecular
variation, particularly when the quantitative traits of
choice are easy-to-measure, such as morphological char-
acteristics. For example, intertidal rocky shore marine
species, like periwinkles (genus Littorina) are ovovivipa-
rous and half/full-sib shelled embryos are available
within pregnant females for estimating quantitative ge-
netic variability of different morphological traits (New-
kirk and Doyle, 1975; Carballo et al., 2001). In other
instances, such as dogwhelks (genus Nucella), half/full-
sib shelled embryos are available from laid egg masses.
Our simulation conditions, although general in many as-
pects, refer more specifically to the above cited systems,
basically species living in shore-line habitats with a pat-
chy distribution. Thus, the system deals with a linear
stepping-stone migration model in a species of a moder-
ate to high reproductive capacity, which may be repre-
sentative of many groups of marine organisms living
in a littoral coast such as some algae and bivalves, as
well as many gastropods (Fretter and Graham, 1980;
Berger, 1983; Ward, 1990). A negative relationship be-
tween dispersal capability and degree of population dif-
ferentiation in allozymes has been shown in 33 species
from 27 animal groups (Bohonack, 1999), which is inter-
preted as that an equilibrium between genetic drift and
migration is the most relevant evolutionary factor deal-
ing with population genetic differentiation. The step-
ping-stone model may be more adequate than the
island model for predicting the levels of population dif-
ferentiation in benthic species with low dispersal capa-
bility living on the intertidal shore habitats, because in
such circumstances the geographical distribution of the
species occurs across one single dimension (the shore
line).

A criticism to the use of quantitative traits as an
alternative to molecular markers for monitoring genetic
variation is that it may be easier to score several inde-
pendent molecular markers than several independent
quantitative traits. In this context, the precision of
the estimates obtained by each approach is very rele-
vant. Here we have shown that, under low migration

rates and reasonable selection regimes, a quantitative
trait is more precise than a single marker, needing
about 10-20 independent markers to get a similar
precision as that from a quantitative trait in the case
of within-population diversity, and 2-4 markers in
the case of between-population diversity. In addition,
there are currently developed techniques to study mul-
tiple and independent traits simultaneously from
measurements of morphological distances. The use of
landmarks in morphology as well as the geometric-
morphometric approach (see Bookstein, 1991; Rohlf
and Marcus, 1993) permits an alternative way of get-
ting independent variables (both geometrically and sta-
tistically) and, therefore, independent estimates of
quantitative genetic variation and differentiation (see
Palsson and Gibson, 2004). The number of indepen-
dent variables that can be defined in this way is directly
related to the number of landmarks used in the exper-
iment (Bookstein, 1991).

In summary, we conclude that quantitative genetic
variation can be a useful tool to detect some human-in-
duced impacts on genetic diversity that cannot be de-
tected with molecular neutral variation. At an
interpopulation level, a critical issue is whether different
local optima exist in the metapopulation and migration
is high. In that case, quantitative information including
an affected population flanked by two or more
unaffected reference populations seems an appropriate
setting for detecting genetic changes in the metapopula-
tion structure. It should be remarked, however, that
despite the large impacts simulated, the effects on diver-
sity were relatively low in many cases, pointing toward
the experimental difficulties in detecting genetic impacts
in the presence of migration from unaffected
populations.
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