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Abstract

Viability selection can be detected directly in an environment
when the genotypes of the individuals at one ontogenetic sta-
ge (e.g. seeds) and the genotypes of the survivors at a later sta-
ge are both known, but genotypes at the earlier stage often
cannot be determined. In this case, differential viability selec-
tion between environments can be detected as differences in
the distributions of genetic types among survivors growing in
different environments, provided that the survivors stem from
random samples of seeds from the same base population (e.g.
seed lot). Since common F-outlier methods for detecting
selected gene loci use only allele frequencies, selection that
affects the higher hierarchical levels of genetic integration (sin-
gle- or multi-locus genotypes) without changing allele fre-
quencies is not noticed. A new method for detecting differen-
tial viability selection at any level of geneticintegration enables
discovery of elementary mechanisms of selection that older
methods miss. It is based on two measures of compositional
differentiation between environments. 5 measures qualita-
tive differences between distributions of genetic types at any
given integration level without regarding differences in their
constituent alleles, while A,  measures quantitative differences
between the same distributions by additionally considering
the genic differences. The difference between these measures
expresses the degree to which the patterns of gene association
in the genotypes differ between environments. The P-values of
all measures are estimated by permutation analysis under the
assumption that survivors were randomly assigned to environ-
ments. Significance indicates the occurrence of differential via-
bility selection at the loci. As a case study, a field study of viabi-
lity in juvenile beech (Fagus sylvatica L.) for twelve enzyme loci
is reanalyzed. It turns out that the significant differential selec-
tion for genotypes detected at three loci can be attributed to
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three combinations of selective effects: on alleles only (SKDH-
A), mostly alleles but also association patterns (LAP-A); interac-
tion of effects on alleles and association patterns that are non-
significant when viewed separately (AAT-B).

Keywords: Compositional differentiation, gene association,
genetic distance, genetic integration, genetic variation, viability
selection, European beech (Fagus sylvatica L.)

Introduction

In forestry, it is common practice to harvest seeds in large
quantities in one location (“geprifte Saatgutbestdnde”, seed
orchards) and sow them in other locations for purposes of
reforestation. Mortality is typically high in the early stages of
growth. Whereas a random selection of seedlings presumably
succumb to non-genetic factors such as grazing or landing in
generally un-inhabitable micro-environmental conditions, the
mortality of some of the seedlings is expected to be due to
genetic maladaptation to the environment. The survivors, by
the simple fact that they survived, have proven themselves to
be sufficiently genetically adapted to their environment, at
least up to the time of observation. Foresters take advantage of
this form of natural selection by sowing more seeds as com-
pensation for mortality, in the expectation that the survivors
will form a well-adapted, vital stand.

A gene locus is adaptive in an environment if the survival
rate, or viability, of individuals differs between the genotypes
at this locus. As a result, the distribution (i.e., relative frequen-
cies) of the genotypes at this locus among the survivors differs
from that among the initially sown seeds. Such a locus may it-
self be functionally involved in the survival process. It may,
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however, be stochastically associated with a functionally invol-
ved locus (associated selection), in which case the locus may
be considered as an indicator of selection acting on other loci.
If the distribution of genotypes in the seeds is known before
sowing, viability selection can be detected by statistical testing
as rejection of the null hypothesis that the survivors are a ran-
dom sample of the sown seeds and thus the observed deviati-
on of the distribution of genotypes in the survivors from the
distribution in the seeds is an effect of random sampling. The
practical problem is that the distribution among the seeds is
rarely known, since genotyping destroys seeds in most species.

In many studies, samples of seeds are retained as refe-
rence samples, enabling a test of homogeneity between the
reference sample and the survivors (i.e., a test of the hypothesis
that the two sets are independent samples from the same base
population of seeds) (Hufford and Hamrick, 2003). Reference
samples are, however, often too small to be representative or
even to contain all alleles or genotypes with sufficient probabi-
lity. As a consequence, it can be difficult to test for viability
selection directly.

Alternatively, the operation of viability selection at a locus
can be concluded indirectly from the observation of statisti-
cally significant differences between environments for the dis-
tribution of genotypes among survivors. The prerequisite is
that the seeds initially sown in each environment were random
samples from the same seed lot. The occurrence of such differ-
ential viability selection implies that viability selection must
have occurred in at least one of the environments.

So-called outlier methods based on F, (or G,,) are com-
monly applied to detect gene loci that show significant differ-
ences among survivors between environments. These methods
regard especially high or low values of F as an indicator of
directional or balancing selection, respectively (see review of
Nosil et al., 2009). Commonly used software includes DFDIST
(Beaumont and Nichols, 1996), LOSITAN (Antao et al., 2008),
BAYESCAN (Foll and Gaggiotti, 2008). The performance of the-
se methods has been analyzed in simulation studies (Lotterhos
and Whitlock, 2014; Flanagan and Jones, 2015).

The index F, is, however, primarily a measure of fixation
(Gregorius and Roberds, 1986). In the words of Wright (Wright,
1978, p. 82), the “fixation index [F_] is thus not a measure of
degree of differentiation in the sense implied in the extreme
case by absence of any common allele. It measures differentia-
tion within the total array in the sense of the extent to which
the process of fixation has gone toward completion” in the
context of the Island Model. Because selection does not always
favor only one allele in each environment, it is not a suitable
measure of differential selection.

Another major disadvantage of the index F, is that it con-
siders only the distributions of alleles. Each level of integration
has its own set of genetic types, such as genes in a gene pool,
haplotypes, single-locus genotypes or multi-locus genotypes
(Gillet and Gregorius, 2008). The survivors in the different envi-
ronments can differ for their distributions of genetic types at
each such level of genetic integration. Differences can be signif-
icant for the distributions of genetic types at one level of gene-
tic integration but not another. Thus F outlier methods may

fail to detect selection at the genotype level, as is demonstra-
ted below for an enzyme locus.

The measures of compositional differentiation 6, and A,
in contrast, directly measure the frequency differences bet-
ween environments at any given level of genetic integration
(Gregorius and Roberds, 1986; Gregorius et al., 2003; Gillet et
al., 2004; Gillet and Gregorius, 2008). At still higher levels of
genetic integration, multiple loci can be considered on the
basis of measures of genic difference between multi-locus
genotypes. This allows assessment of the joint effects of homol-
ogous and non-homologous (between loci) gene association
on differential selection.

In this paper, we present a non-parametric permutation
method for detecting differential viability selection among
environments at any level of genetic integration. The method
is applicable to an experimental design involving seeds har-
vested in one location and randomly sown in different environ-
ments. At a given level of genetic integration for specified loci,
a significant P-value of the observed difference 6, or A be-
tween survivors in the various environments is an indication
that differential viability selection is acting at this level of gene-
tic integration. Inferred differential selection can be due to
direct functional selection on the locus or to stochastic associ-
ation in the seeds between this locus and a second locus that is
subject to direct functional selection. Calculations can be per-
formed by the computer program Differint (Gillet, 2013). In a
case study, the method is demonstrated using published data
on enzyme gene loci obtained as part of a large-scale translo-
cation experiment in beech (Muller-Starck, 1993). Results are
plotted in diagrams that are reminiscent of the outlier methods
but illustrate increasing levels of genetic integration.

Material and Methods

Hierarchical sampling design

Assume that the survivors in all environments stem from a sin-
gle large sample of seeds that were harvested in a common
environment, preferably in the same stand, and were of un-
known genotypic frequency distribution for a specified set of
gene loci. Sampling step 1: The seeds in this original sample
were randomly divided into a finite number of samples of
given sizes, and each of these samples was sown in a different
environment. Due to the large size of the original seed sample,
the (unknown) genotype frequencies are assumed to be
equally distributed over the environments. Sampling step 2:
After a specified period of time during which mortality could
occur, consider the survivors in each environment as a sample
drawn without replacement from the seeds that were sown
there, and score their genotypes at specified gene loci.

Levels of genetic integration

The organization of genetic information in individuals is intrin-
sically hierarchical. At the lowest level, the gene pool as a
“beanbag” of genes is organized into alleles at gene loci. The
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alleles at each gene locus are integrated into the individual’s
genotype at the locus. Its genotypes at several loci are integra-
ted into its multi-locus genotype at these loci, etc. The steps of
this hierarchy are called levels of genetic integration by Gillet
and Gregorius, (2008). For convenience, the combinations of
genes (alleles) of a set of loci that can be formed at each integ-
ration level will be referred to as the genetic types at this level
(i.e., genes/alleles, single- or multi-locus genotypes).

For one or more specified gene loci, the frequency distri-
bution of genetic types can be determined at each integration
level within a deme (i.e,, a collection of individuals) by coun-
ting the number of occurrences of each genetic type and divi-
ding it by the numer of individuals. At the gene pool level, the
relative frequency of each gene equals its number of occurren-
ces divided by the product of the number of loci, the degree of
ploidy, and the number of individuals. At the single-locus level,
the frequency of each genotype in the “genotype bag” is the
number of occurrences divided by the product of the number
of loci and the number of individuals. At the multi-locus level,
the frequency of each multi-locus genotype is simply the num-
ber of individuals that possess it divided by the total number of
individuals. Note that this way of counting occurrences consi-
ders two genetic types at the same integration level to be ei-
ther the same or, if they differ by at least one allele at one of the
loci, completely different. More gradual measurement of the
difference between two genetic types in terms of the proporti-
on of shared alleles will be considered below.

Measures

Genetic distance d,

The measures of compositional differentiation applied here are
based on the absolute genetic distance d, (Gregorius, 1974,
1984) between two demes at a given level of genetic integrati-
on for a given set of gene loci (see Table 1 for definitions of this
and all subsequent measures). d, is applicable to any frequency
distribution and can thus be calculated at any level of genetic
integration. d, equals 0 if the frequency distributions are iden-
tical and 1 if they are disjoint, i.e., no individuals share the same

type.

Complementary compositional differentiation &
For two or more demes, the complementary compositional dif-
ferentiation 6., among demes at a given level of genetic inte-
gration for a given set of gene loci equals the mean d -distance
of each deme to its complement, i.e., the deme formed by pool-
ing the other demes (Gregorius and Roberds, 1986) (subscript
SD for“symmetric distance”). The minimum of ., =0 holds only
when the frequency distributions are identical over all demes,
the maximum of ., =1 only when no two demes have indivi-
duals that share the same genetic type. é is calculated by Dif-
ferint (Gillet, 2013).
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Table 1
Notation and measures

)i Deme D; (j = 1, ...,m) contains genetic types i (i = 1, ...,n) with relative frequency
Pi()), such that p;(j) = 0and 3L, pi(j) = 1

¢ The weight given to Dj, such that ¢; = 0 and Z}":i ¢;=1.Usually¢; = 1/moris

proportional to deme size

Df Complement deme D/C is a pooling of all demes other than D;. D,-C contains genetic type i
with relative frequency p;(j) = Y= ¢; - pi())/(1 —¢;)

dy Absolute genetic distance
1o . )
do(D;, D) = 3 § ) [p:() =G
i=

is the minimal change necessary in D; to make it match Dj,.

Ssp Complementary compositional differentiation

m
8sp (D, o) D) = Z (G do(D, Df)
=

d Genic difference d(a, b) between genetic types a and b equals the proportion of genes
(alleles) that a and b do not share

A Genetic distance considering genic difference
n
A(D;, D) = minz d(a,b) - s(a,b)
i=1

minimized over all shift transformations that shift the amount s(a, b) of each genetic
type a that is more frequent in D; than Dj, to a genetic type b that is less frequent in D;
than Dj,, weighted by the genic difference d(a, b). Shifting continues until the
frequency distribution of types in D; matches D;,.

Asp Complementary compositional differentiation considering genic difference

m
Asp (Dyy o) Do) = Z RIS
=

Since each genetic type is counted as being qualitatively
completely different from all others, d and thus also 6., do not
consider that two genetic types that share some of the same
alleles differ less than two types that share no alleles. Thus the
two-locus genotypes A A, B, B,and A, A, B, B, that share 50 % of
their alleles are just as completely different as the genotypes

A, A, B B ,and A A, B, B, that share no alleles.

227272

Genic difference d

Define the genic difference d between two genetic types at a
given integration level for a set of loci as the mean proportion
of their alleles that they do not share at each locus. At the genic
level for a single locus, for example, d(A,A) = 0 and d(A,Aj) =1
hold for i #j. At the genotype level for a single locus, d(A,A,A A)
=dAAAA)=0,dAAAA)=dAAAA)=05anddAAAA)
= d(A, AAA) = d(A, AAA) =1 hold, where all indices are
unequal.

Genetic distance A considering genic difference
When types are characterized by more than a single feature,
they can be considered to be structured. Accordingly, types
can be distinguished either without or with respect to structu-
ral characteristics. In the former, they are distinguished in a
binary way by considering them to be different if they differ by
at least one feature without reference to the number of fea-
tures by which they differ. Thus for a single diploid locus, for
example, two genotypes in which the alleles figure as features
can be distinguished in two ways: either solely on the basis of
their differing for at least one allele or for the number of alleles
they do not share. In the second case, structural characteristics
are considered, while in the first case they are not.
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The genetic distance A between two demes additionally
takes such structural differences between genetic types in the
form of the above introduced genic differences into account
(Gregorius et al., 2003; Gillet et al., 2004; Gillet and Gregorius,
2008). A equals the minimum “cost” of shifting genetic types in
one of the demes to other genetic types in order to make the
distribution of genetic types in this deme match the distributi-
on in the other deme. In effect, individuals of a genetic type a
that is in excess in the one deme are shifted to individuals of a
genetic type b that is deficient in this deme, both in compari-
son to the frequencies of these types in the other deme. The
cost of shifting one genetic type to another is the product of
the relative frequency s(a,b) of the shifted individuals and the
genic difference d(a,b) between the types. The “cost” of a shift
transformation equals X d(a,b) - s(a,b) over all shifted types. A
then equals the minimum cost over all possible shift transfor-
mations of the one deme to the other. A=0 holds when the dis-
tributions of genetic types do not differ between demes, i.e.,
the distributions in the demes already match. A=1 holds only
when no allele at any of the loci is shared by the two demes, so
that the genic difference for all shifts equals 1.

Complementary compositional differentiation A
considering genic distance

The measure A, of complementary compositional differentiati-
on considering genic difference is analogous to 6, except that
the genetic distance of each deme to its complement is meas-
ured by A instead of d, (Gillet and Gregorius, 2008; Gillet, 2013).
The minimum of A/ = 0 is assumed only when the frequency
distributions are identical in all demes, and the maximum of
A, =1 is reached only when no two demes have individuals
that share the same allele. A is calculated by Differint (Gillet,
2013).

Increment of differentiation due to structural
differences

At any given integration level, A, cannot be less than §, at any
lower level, and their equality indicates that the pattern of
association of the genetic types at the lower level into the
genetic types at the given level follows the same pattern in all
demes (Gillet and Gregorius, 2008). For a single locus, equality
of 6., at the allelic level and A, at the genotype level indicates
that the pattern of homologous gene association (i.e., the pat-
tern by which alleles were combined into genotypes) is the
same in all demes. In this case, differentiation as measured by
A, is completely explained by allelic differentiation at this
locus as measured by 6. A positive value of A, - 6, in con-
trast, indicates that structural characteristics such as homolo-
gous gene associations are involved in bringing about the
genetic differentiation between environments. Allelic differen-
ces alone would not suffice to explain the differentiation.

It follows that for a single locus, the expression

types genes
pAgeno -5
_ —SD SD
ISfT - Agenotypes
SD

measures the relative gain in differentiation due to differences
in structural characteristics (patterns of gene association)
among environments. At the one extreme, |, =0 holds when
the genetic differentiation A, 2% is due solely to differences
in allele frequencies at the loci (gene pool). At the other extre-
me, [ =1holds when 6, 9" =0 and A, 9*"°"* >0, meaning that
differences between demes are due only to differences in the
pattern of gene association. /_ is not defined when its denomi-
nator A 9% equals 0, but it makes no sense to calculate /_ in
that case, since it follows from the inequality A 9% > §_ 9
that 6, 9" = 0 also holds (Gillet and Gregorius, 2008).

Simpson diversity
The Simpson diversity for the alleles at a locus measures the
probability

S=1-3,p7

of randomly drawing two different alleles (with replacement)
from the beanbag of alleles, where p, is the relative frequency
of the i-th allele in the deme (Simpson, 1949). This measure is
often called H, or “expected heterozygosity” among genoty-
pes, but this name makes no sense unless the genotypes are
expected to show Hardy-Weinberg-Proportions (HWP), such as
when the deme is a sample of the progeny from random
mating among a collection of individuals. The effective num-
ber of alleles at the locus equals 1/(1-S) (Gregorius, 1991). The
Simpson diversity in the pool of all survivors is denoted by S (T
for “total”).

Fixation index F

The most commonly used measures of genetic variation
among demes are the diversity-oriented measures F = G,
(Nei, 1973; Wright, 1978) and their relatives, including G’
(Hedrick, 2005). F,= (H,- H)/H,, for example, measures the dif-
ferences at the allelic level between H,, which equals the Simp-
son diversity S = 1-3, p? within the entire collection, and H,,
which is the mean of the Simpson diversities within the demes.
Through division by H,, these measures reach their maximum
when H,= 0, i.e,, when all demes are monomorphic (i.e., no
variation within demes), even if all but one of the demes are
monomorphic for the same genetic type. They are never maxi-
mal if at least one deme is polymorphic, even if the demes are
disjoint. An exception is G, which is maximal in both cases:
when all demes are monomorphic or when all demes are dis-
joint or both (Gregorius et al,, 2007). Thus F_; and related mea-
sures do not measure compositional differentiation (Gregorius
and Roberds, 1986; Gregorius et al., 2007; Jost, 2008). Jost's D
(Jost, 2008), which is also a standardized measure of the diffe-
rence between H, and H, at the allelic level, assumes its maxi-
mum of 1 only for complete compositional differentiation, i.e.,
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when demes share no alleles. None of these measures are
applied to higher levels of genetic integration.

Homozygote excess
Under the expectation that the genotypes at a locus should
show HWP, the relative excess of homozygotes can be
expressed as

Fo=1-H/H,

where H = 1-3 p’= S is the expected proportion of heterozy-
gotes under HWP and H_ is the observed proportion of hetero-
zygotes.

Testing for differential viability selection

When analyzing real sets of survivors in different environ-
ments, consider the genes at one or more gene loci and the
genetic types that occur at a given integration level. Assume
that the seeds sown in each environment were a large random
sample from the same infinitely large seed lot, so that the
genetic types in the seeds were identically distributed in all
environments. Subsequent selection may change the distribu-
tion of genetic types in the environments, but if the selection
does not occur differentially between environments, then the
distribution of genetic types among the survivors should also
be the same in all environments. This means that any observed
differences between environments for the distribution of the
genetic types among the survivors would be due to effects of
random sampling of the relatively small number of survivors. In
statistical terms, the occurrence of differential viability selec-
tion is indicated by rejection of the following

Null hypothesis: The survivors in each environment are a random
sample from the same base population.

In principle, all tests of the null hypothesis base their conclusi-
ons on some measure of the discrepancy between the actually
observed distributions. The probability of obtaining a discre-
pancy that is at least as large as the observed discrepancy if the
hypothesis is true is termed the P-value for this measure. The
hypothesis is rejected if the P-value is small, usually <0.05.

Classical tests of homogeneity

The Pearson Chi-square and the Likelihood-ratio tests of homo-
geneity of distributions are classical parametric tests of the
hypothesis that the individuals found in each of a set of popu-
lations are random samples from the same (or identically distri-
buted) base population(s). If individuals are classified by the
states (types) of a given trait, these homogeneity tests are con-
ditional on marginal distribution of the types among all samp-
led individuals and the given sample sizes. Conditionality
means that the test considers only random samples that fulfill
these conditions. For random sampling with replacement (or
without replacement from a very large base population), the
marginal distribution of types happens to be the maximum
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likelihood estimate (MLE) of this distribution. For the Pearson
Chi-square test, the measure of discrepancy among the distri-
butions observed in the populations is the minimum-variance
measure X2 for the Likelihood-ratio test, it is the log-likelihood-
ratio G. The P-value of the observed discrepancy approaches
1-(n? )T (X?) or 1-(Xn? )" (G) asymptotically (i.e., for increasingly
large samples), where (Xi? )" is the inverse function of the Xi*-
function for n degrees of freedom. The hypothesis is rejected if
the P-value is less than the chosen level of significance (usually
0.05). The estimates are often considered to be sufficiently
exact if the expected number of individuals of any type in any
sample is at least 5, since otherwise the approximate P-value
can be “artificially” small, leading to false rejection of the hypo-
thesis. Other assumptions concerning the distributions of X
and G require verification.

Interpretation: The hypothesis of the absence of differential
selection at a specified integration level for given loci is rejec-
ted if the P-value is less than the chosen level of significance
(usually 0.05, 0.01, or 0.001).

e Significance for alleles at a locus implies differential allelic
selection among the environments.

e Significance for the genotypes at a single locus implies dif-
ferential genotypic selection among the environments.

e Significance for multi-locus genotypes implies differential
selection of multi-locus genotypes among the environ-
ments.

These classical tests are not tests of gene association. They are
based on type frequencies and their differences between col-
lections. They do not consider variable differences between
types as does A, . Thus, with classical tests one could obtain
large significance irrespective of the amount of genic associati-
on in the genotypes.

Permutation test of the absence of differential
viability selection

The null hypothesis describes the case where differences in the
viability of seeds may depend on differences in their genetic
types but not on differences between the environments in
which they are sown. Thus all seeds of the same genetic type
have the same viability in all environments. We do not know
the exact distribution of genetic types in the seeds, but rather
only that it was the same in all environments. Thus we cannot
simulate random sampling directly. We can, however, random-
ly reassign the actual survivors to environments in the num-
bers in which they were observed, and every particular assign-
ment would have the same probability of occurring. Each such
assignment corresponds to a permutation of the actual survi-
vors among the environments.

In a permutation test, random assignment can be simulated
by generating all permutations of the survivors among the
environments or, when the total number of permutations is
computationally prohibitive, by simulating a random sample
of permutations. For each permutation, a given measure of the
discrepancy among the distributions of genetic types among
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environments is calculated as the characteristic value of the
permutation. The P-value then equals the proportion of per-
mutations that yield a difference that is greater than or equal to
the observed difference. The hypothesis of random assign-
ment is rejected if the P-value is small (usually <0.05). Rejec-
tion, in turn, is an indication that differential viability selection
occurred among environments. Calculations are performed
using an extended version of Differint (Gillet, 2013).

While A_ and §, are measures of differentiation, they also
can be interpreted as measures of association of genetic types
with environments (Gregorius, 2011). Thus the absence of dif-
ferentiation (6, =A  =0), where genetic type distributions are
identical in all environments, implies the absence of (or inde-
pendent) association between genetic type and environment.
Complete differentiation without consideration of structural
characteristics (6., = 1), where no genetic types occurs in more
than one environment, implies complete association of gene-
tic type with environment. Complete differentiation with struc-
tural consideration (A, = 1), where no allele occurs in more
than one environment, implies complete association of the
alleles at each locus with the environment. As such, these mea-
sures are suitable measures of discrepancy for permutation
testing of the null hypothesis of the absence of association
between the genetic type of a survivor and the environment in
which it is found. If the hypothesis is true, any observed diffe-
rentiation would be due to random effects in the assignment
of survivors to environments without regard for their genetic

types.

Interpretation: A significantly small A, or 6., (P-value<0.05)
leads to rejection of the null hypothesis that the viability of all
genetic types is independent of the environment at the res-
pective integration level and loci in question.

* Significance of § at the gene pool level implies differen-
tial selection of alleles among the environments.

e Significance of A at the single-locus genotype level
implies differential selection of genotypes among the
environments when genic differences and structural dif-
ferences for genic association patterns are considered

* Significance of 6, at the genotype level implies differen-
tial selection of genotypes among the environments with-
out consideration of genetic structure (genic differences
between genotypes).

e Significance of A at the multi-locus genotype level
implies differential selection of multi-locus genotypes
among environments when genic differences and struc-
tural differences for genic association patterns are consid-
ered.

e Significance of &, at the multi-locus genotype level
implies differential selection of multi-locus genotypes
among the environments without consideration of genet-
ic structure (genic differences between genotypes).

The main difference between 6. and A is that 6., does
not take “structural” (or variable) differences between genoty-
pes into account. §, treats two genotypes (as well as two mul-
ti-locus haplotypes) as being either the same or completely

different, just as if they were alleles at one locus. Permutation
tests could also be performed using X* or G as discrepancy
measures that do not consider variable differences between
genotypes (without regard for theirasymptotic X*-distribution),
but they lack the elementary properties of differentiation mea-
sures.

Permutation test of the contribution of the structural
increment to genotypic differentiation

Using the same permutations, the hypothesis can be tested
that the structural increment I of genotypic differentiation,
i.e., differences in the patterns of homologous gene associati-
on over environments, has a significant effect on genotypic dif-
ferentiation. The P-value of the structural increment /_ over the
permutations equals the proportion of permutations that yield
a value of | greater than or equal to the value of | observed
among the survivors.

Interpretation: Both large and small P-values of | have impli-

cations:

* Asignificantly large I (P-value>0.95) implies that the dif-
ferences in patterns of gene association are much smaller
than expected for random assignment of individuals to
environments, i.e., differential selection for the pattern of
homologous gene association is very weak.

* Asignificantly small /_ (P-value<0.05) implies that the dif-
ferences in patterns of gene association are much larger
than expected for random assignment of individuals to
environments, i.e., differential selection for patterns of

gene association is very strong.

Case study

In a large field study in European beech (Fagus sylvatica L.),
seeds were harvested in the year 1984 at several locations
(Mdaller-Starck, 1993). For each seed source, a random sample
of seeds were pre-germinated, and the germinated seeds were
randomly divided into smaller samples that were sown in diffe-
rent environments. Here we consider one seed source (St. Mar-
gen, Black Forest) and three environments. A sample of 1500
germinated seeds was sown in environment Arnsberg (Sauer-
land), a forest plot with acidic soil. A second sample of 260 ger-
minated seeds was sown in Nursery, a plot of standard garden
soil close to the department’s greenhouse in Géttingen. A third
sample of 1500 germinated seeds was sown in Bramwald, an-
other forest plot with acidic soil. After two years, the surviving
juvenile trees were counted and scored for their genotypes at
twelve enzyme gene loci that were thought to have selective
potential. Mortality was moderate in Nursery, high in Arnsberg
and extremely high in Bramwald (Table 2). Our demonstrations
concentrate on the two environments Arnsberg and Nursery
because of their lower mortality and large environmental differ-
ence. The extreme mortality in Bramwald suggests that the
environmental conditions were unsuitable at the outset for the
seed sample and might therefore have produced unrealistic
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Table 2
Source location of the seeds and the survival rates (No. of survivors / No. of sown seeds) in three environments.

Seed Source Environments and survival rate
Location Altitude Arnsberg Nursery Bramwald
St. Margen m.a.s.l. (acidic soil) (garden soil) (acidic soil)
895 0.153 (229/1500) 0.738(192/260) 0.035(53/1500)

m.a.s.l. - meters above sea level

Table 3

Absolute frequencies of alleles and genotypes at all twelve enzyme gene loci in the field study (Mdiller-Starck, 1993). Allele A is
designated by i, genotype AiAj by ij. Loci are ordered by ascending Simpson diversity S_in the two environments Arnsberg and
Nursery. Bramwald is excluded from main calculations due to the extreme mortality

Locus Alleles Genotypes

PGI-B 2 3 22 33 23

Arnsberg 457 1 228 0 1

Nursery 381 3 190 1 1

Bramwald 105 1 52 0 1

DIA-A 2 3 22 33 23

Arnsberg 450 8 222 1 6

Nursery 376 8 184 0 8

Bramwald 106 0 53 0 0

SKDH-A 2 3 4 5 33 55 23 34 35

Arnsberg 12 433 0 11 207 2 12 0 7

Nursery 0 377 1 6 187 2 0 1 2

Bramwald 0 103 0 3 50 0 0 0 3

6PGH-B 2 3 4 22 33 23 24 34

Arnsberg 29 426 3 0 198 28 1 2

Nursery 16 362 6 2 172 12 0

Bramwald 1 105 0 0 52 1 0 0

6PGH-A 2 3 22 33 23

Arnsberg 403 55 176 2 51

Nursery 336 48 147 3 42

Bramwald 97 9 45 1 7

MDH-B 2 3 4 5 6 22 33 44 55 66 23 24 25 35
Arnsberg 31 37 13 375 2 2 1 6 158 1 1 1 25 34
Nursery 20 36 5 319 4 1 6 2 139 2 0 1 17 24
Bramwald 8 7 2 89 0 2 1 1 40 0 0 0 4 5
MDH-C 2 4 22 44 24

Arnsberg 135 323 21 115 93

Nursery 119 265 23 96 73

Bramwald 26 80 4 31 18

PGM-A 2 3 4 33 44 23 34

Arnsberg 2 132 324 29 126 2 72

Nursery 0 122 262 28 98 0 66

Bramwald 0 23 83 5 35 0 13

IDH-A 2 3 4 22 33 23 24 34

Arnsberg 149 307 2 20 29 108 1 1

Nursery 122 261 1 17 86 88 0 1

Bramwald 36 70 0 7 24 22 0 0

PER-B 1 2 3 4 6 33 44 66 14 23 34 36 46
Arnsberg 1 3 161 277 16 48 102 0 1 3 59 3 13
Nursery 0 0 148 231 5 46 86 1 0 0 56 0 3
Bramwald 0 0 23 78 5 2 28 0 0 0 18 1 4
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AAT-B 1 2 3 4 22 33 12 23 34

Arnsberg 187 268 3 33 72 0 121 3

Nursery 15 159 203 7 41 67 15 62 7

Bramwald 39 58 9 8 13 0 23

LAP-A 1 2 3 4 22 33 44 12 13 14 23 24 34
Arnsberg 3 139 198 118 39 67 38 1 1 1 41 19 22
Nursery 3 162 181 38 66 71 13 0 2 1 28 2 9
Bramwald 1 31 36 38 5 10 12 1 0 11 9 5

results. The absolute distributions of alleles and genotypes at
all twelve loci are listed in Table 3.

No differential selection

For nine of the twelve loci, testing based on a (pseudo-)ran-
dom sample of 5000 permutations found no indication of sig-
nificant differential selection between Arnsberg and Nursery at
any integration level, when the three measures of compositio-
nal differentiation were used as measures of discrepancy (i.e.,
all P-values are larger than 0.05). These loci are PGI-B, DIA-A,
6PGH-B and -C, MDH-B and -C, PGM-A, IDH-A, and PER-B (see
Table 4 and Figure 1, bottom graph). The structural increment
I, and the fixation index F; are also non-significant for these
loci. It can therefore be concluded that selection acted on the
genotype at each of these loci independently of the environ-
ment (though this does not exclude the possibility that differ-
ential selection occurred jointly at multiple loci).

Differential selection for genotypes

The disregard of the complementary compositional differenti-
ation &, v for any effects of differential selection between
environments on the distributions of the alleles and their asso-
ciation among survivors lends it the role of an unstructured
backdrop for the structural analysis in subsequent sections.

At three loci, the same 5000 permutations yielded highly
significant discrepancy between Arnsberg and Nursery for
6, 9mve (P-value<0.01). One is the nearly monomorphic locus
SKDH-A (shikimate 5-dehydrogenase, EC 1.1.1.25) with total
diversity $,=0.070. The other two happen to be the two most
polymorphic loci: AAT-B (aspartate aminotransferase, EC
2.6.1.1) with two frequent alleles and two rare ones (5,=0.518)
and LAP-A (leucine aminopeptidase EC 3.4.11.1) with three fre-
quent alleles and one rare one (5,=0.635) (see distributions in
Table 3). These three loci also show the highest compositional
differentiation . 9% between environments among the
twelve loci. This implies differential selection between environ-
ments for the genotypes at these three loci, either directly or
due to stochastic association with functional loci.

Differential selection for alleles
Of the three loci that show differential selection for genotypes
by 6,997, two also show significance for §. 9.

*  SKDH-A: § 9" = 0.035* is small but significant for this
nearly monomorphic locus. Note that the proportion of
the three rare alleles is higher in Arnsberg (23/456=0.050)
than in Nursery (7/384=0.018), and the rare allele A, that
occurs in the appreciable proportion of 0.026 in Arnsberg
is even absent in Nursery. This is surprising considering the
low mortality of only 0.262 in the benign environment
Nursery compared to 0.847 in Arnsberg, since if mortality
had been random, more of the initial variation in the seeds
should have survived in Nursery than in Arnsberg. This sug-
gests that possession of a rare allele, especially A,, may be
detrimental for survival under benign conditions.

e LAP-A:§ 9 =0.159""is by far the largest over all loci and
the most highly significant. Allele A, is much more fre-
quent following the high mortality in Arnsberg (0.258)
than the low mortality in Nursery (0.099), suggesting that
A, must be very beneficial for survival in the harsh envi-
ronment or detrimental under benign conditions.

*  AAT-B: §. 9 = 0.057 is not significant. It is worth noting
that the allele B, that survives at frequency 0.039 in Nurs-
ery does not survive the high mortality of Arnsberg.

This implies that the individual alleles at SKDH-A and LAP-A
have an influence on survival that differs between the two
environments, either directly or stochastically. The lack of signif-
icance for AAT-B indicates that the differential selection on the
“unstructured” genotypes (5,,%**) did not affect specific
alleles at this locus.

Differential selection of genotypes considering
genic differences

All three of the loci that show significant compositional diffe-
rentiation 6, 9°%"* also show significance when structural dif-
ferences are considered in A, 9°°%%, This means that conside-
ration of genic differences between genotypes reveals that the
pattern by which the alleles are associated in the genotypes,
which is hypothesized to have been the same in the sown
seeds, has significantly different effects on survival in the two
environments. Two of these loci also show significance for
6,2, indicating that differences in the pattern of gene associ-
ation do not conceal the effects of selective differences at the
lower level of the alleles. For the third locus, AAT-B, no differen-
tial selection at the allelic level is apparent. Interpretation of
the structural increment / can show whether differential
selection was stronger on the alleles or on their patterns of
association.
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Figure 1

Compositional differentiation between survivors in Arnsberg and in Nursery at the different genetic integration levels. Loci are
arranged on the x-axis by allelic diversity S_among all survivors (MDH-C s slightly less diverse than PGM-A). For each locus,
the magenta-colored box marks the observed compositional differentiation, the thick black line covers the central 90 % of the
differentiation values for all permutations, and the thin black line spans the range of all permutations. Open circles mark the P-
values on the scale of the axis to the right. For LAP-A and SKDH-A, differential selection is significant at all levels (P-value<0.05).
For AAT-B, differential selection is significant for genotypes with and without consideration of genic differences but not for
alleles.
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Table 4

Two environments Arnsberg and Nursery : Results of 5000 random permutations of survivors between environments. Loci are
ordered by increasing total Simpson diversity S, for alleles among survivors. The observed value of each measure is listed for
each locus, followed by the P-value in square brackets. Asterisks denote level of significance of P-values as <0.05%, <0.01**, and

<0.001*** (0.000 refers to a P-value less than 0.001)

Results for two environments Arnsberg and Nursery

Locus s, 8,7 A, genowes 8, genetmees I, For
PGI-B 0.010 0.006 [0.254 ] 0.006 [0.254 ] 0.006[0.494 ] 0.000[0.240 ] 0.002[0.254 ]
DIA-A 0.038 0.003[0.627 ] 0.008[0.523 ] 0.016[0.432 ] 0.565 [0.079 ] 0.000[0.627 ]
SKDH-A 0.070 0.035[0.018 *] 0.037[0.013*] 0.073 [0.002 ** ] 0.045 [0.400 ] 0.007 [0.019 *]
6PGH-B 0.121 0.022[0.239 ] 0.032[0.095 ] 0.064[0.073 ] 0.325[0.213 ] 0.002[0.289 ]
6PGH-A 0.215 0.005 [0.746 ] 0.005[0.910 ] 0.007[0.910 ] 0.000[0.738 ] 0.000[0.746 ]
MDH-B 0.309 0.031[0.570 ] 0.043[0.421 ] 0.068[0.397 ] 0.282[0.226 ] 0.001[0.671 ]
MDH-C 0.422 0.015[0.616 ] 0.015[0.820 ] 0.028 [0.768 ] 0.000[0.972 ] 0.000[0.616 ]
PGM-A 0.425 0.030[0.425 ] 0.030[0.525 ] 0.049[0.513 ] 0.000[0.543 ] 0.001[0.444 ]
IDH-A 0.441 0.009[0.794 ] 0.010[0.939 ] 0.018[0.929 ] 0.060[0.474 ] 0.000[0.774 ]
PER-B 0.501 0.034[0.503 ] 0.03810.585 ] 0.072[0.459 ] 0.102[0.440 ] 0.001[0.499 ]
AAT-B 0.518 0.057[0.135 ] 0.103 [0.005 ** ] 0.206 [0.000 *** ] 0.450[0.145 ] 0.002[0.153 ]
LAP-A 0.635 0.159[0.000 *** ] 0.178[0.000 *** ] 0.258 [0.000 *** ] 0.106 [0.528 ] 0.016 [0.000 *** ]

Structural characteristics of genotypic differentia-
tion

As mentioned above, genotypes can be differentially selected
by their single alleles at a locus or by the association of the alle-
les in genotypes. Comparison of &, and the structural
increment /_ can show which effect was more pronounced
(see Table 4).

e SKDH-A: The near monomorphism at this locus forces
genotypic differentiation . 9% = 0.073" and A 900
= 0.037"to be small, but both are significant. The signifi-
cance of 69" = 0.035* and the small size of the structur-
al increment | = 0.045 suggest that differential selection
acted primarily on the alleles and not on differences in
their patterns of association. Note that significance of /_is
not to be expected due to the necessarily small sizes of
both 8, 9" = 0.073" and A, 9" = 0.037" and the
resulting wide range of /| _between 0 and 0.838 over the
permutations.

e LAP-A: More differentiation is possible at this polymorphic
locus, and &, 9% = 0.258"" and A, %% =0.178"" are
highly significant. The significance of the allelic differenti-
ation %" = 0.159""and the moderate size of | =0.106
lead to the conclusion that selection operates mainly on
the alleles at this locus but that patterns of association
also had an effect.

*  AAT-B: Though both §, %% = 0.206*** and A, geno-
types = 0.103** are significant, the allelic differentiation
6,9 = 0.057 and the large structural increment /
=0.450 are not. It can be concluded that whereas differen-
tial selection on the alleles and their patterns of associa-
tion is not significantly strong when viewed separately,

their interaction creates significant differential selection
for genotypes.

Direct measurement of gene association by
homozygote excess
Inbreeding is one type of gene association pattern, and it yields
anexcess of homozygotes relative to HWP, i.e, F . is greater than 0.
Large differences between environments for F, should show
up as a large value of /_ . It should be kept in mind that this
measure does not cover all of the association patterns that can
be detected by /.
e SKDH-A: The number of heterozygous survivors does not
deviate significantly from the expectation under HWP in
either environment (Log-likelihood Ratio Test). Thus the
large difference in the amount of homozygote excess
detected by F,, which in Nursery (F = 0.565) amounts to
four times that in Arnsberg (F = 0.141), may be an artefact
of the near monomorphism at this locus, or it may be an
indication that homozygotes at this locus had slightly
poorer chances of surviving in the harsh environment. The
negligibility of the difference between association pat-
terns is reflected by the small relative increment /| =0.045.
e LAP-A: In both environments, the number of heterozy-
gous survivors shows highly significant deviation from the
expectation under HWP (P<0.001 for both) at this poly-
morphic locus. The homozygote excess in Nursery (F =
0.629) is greater than in Arnsberg (F = 0.433), suggesting
that homozygotes at this locus had poorer chances of sur-
viving in the harsh environment. The difference in homo-
zygote excess also indicates that association patterns play
a role in the highly significant genotypic differentiation
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between the environments, as reflected in the moder-
ately positive relative increment /= 0.106.

e AAT-B:The number of heterozygous survivors in Nursery
deviates significantly from the expectation under HWP
(P=0.002) through an excess of homozygotes (F =
0.201), while the survivors in Arnsberg show a non-sig-
nificant (P=0.125) excess of heterozygotes (F,=-0.103).
Homozygotes thus had considerably poorer chances of
surviving in the harsh environment. The large relative
increment | = 0.450 reflects this difference in associa-
tion pattern.

Differential selection by fixation index

Recall that F. assumes small values both for nearly identical
populations (small 5. 9") and for highly polymorphic popu-
lations, regardless of their compositional differentiation
6,9 (Hedrick, 2005; Gregorius et al., 2007). F assumes lar-
ge values only if all populations are nearly monomorphic for
one of at least two alleles, and it is undefined if all populati-
ons are purely monomorphic for the same allele. The first
three loci in Table 4 are almost monomorphic for the same
allele (5,<0.07), which poses the dilemma of whether F;
should be large because of the small size of its denominator
S,=H,or small due to near identity. The observation that F_, is
very small and that its behavior parallels that of 6, %" sug-
gests that the differences between the populations have a
greater influence on F, than the monomorphism. This beco-
mes apparent from the fact that for low polymorphism
populations are forced to share the same allele and have
only negligible chances to differ for the rare alleles. Over the
loci in the upper range of diversities, excepting LAP-A, F
remains exceedingly small, not reflecting the substantial
variation in differentiation measured by 6.9 . Now the
rising polymorphism seems to determine the behavior of F..
Neither of these observations follows from inspection of F
only but rather requires additional consideration of the diffe-
rentiation measures as well as the diversity measures.

*  SKDH-A:The significance of §. 9" for the nearly mono-
morphic locus SKDH-A means that these two environ-
ments produced nearly the maximum possible differen-
tial selection, and the significance of the very small F,
shows that influence of the difference between popula-
tions dominates the vicinity to the point of non-defini-
tion.

e LAP-A: For the most highly polymorphic locus, both
6,2 and F have their largest values, and both are sig-
nificant. Differential selection obviously created the
highly significant difference between the populations,
as measured by 69", but it is not possible to deter-
mine whether the high significance of F, is due to the
large difference between populations or to a tendency
towards fixation to different alleles. However, the allelic
polymorphism apparently has yet not reached a level
that is high enough to decisively lower F.

e AAT-B:This locus provides a good demonstration that if
only the non-significance of the fixation index F,=0.002
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were considered, the significant differential selection
revealed by A, 9% and §, 9% at the higher integra-
tion levels would have been missed.

Multiple testing

If the same statistical test is performed on different data sets
that were presumably obtained under the same conditions,
and if the test hypothesis is true, a proportion of the tests equal
to the significance level is nevertheless expected to yield rejec-
tion of the hypothesis. In this case, the hypothesis would be
rejected if the P-value is less than more stringent significance
levels that results by division of the “normal”levels (0.05",0.017,
0.001™) by the number of multiple tests (Bonferroni correc-
tion). Regarding the twelve single-locus tests as twelve tests of
the same locus (though the numbers of genetic types and their
distributions certainly differed between loci in the original
seed lot), significance levels are divided by 12. Single tests may
lose their significance under the Bonferroni correction, as
shown in Table 5. SKDH-A and AAT-B lose their significance for
6,9 (AAT-B) and A, "= but keep it for 5. 9%, The fin-
ding that LAP-A retains the highest level of significance for all
three differentiation measures even under multiple testing in
combination with the moderate size of | points to a remarka-
bly high degree of differential selection for the alleles at this
locus.

Inclusion of a third environment

In the larger field study, seeds from a third random sample
from the same seed lot (St. Ma@rgen) were sown in a second
forest environment Bramwald, and the survivors were scored at
the same twelve enzyme gene loci after the same length of
time. The ranking of the loci by the total diversity of alleles S,
did not change by adding the third environment, indicating
that the allelic distributions in this environment were not too
different from the means of the distributions in the other two
environments.

Permutation tests of differential selection were performed
by randomly permuting all survivors over the three environ-
ments. The measures and their P-values are shown in Table 6.
All but three of the loci show the same pattern of (non-)signifi-
cance at the three integration levels as for the two environ-
ments, including the highly polymorphic loci AAT-B and LAP-A.
One of the exceptions is the nearly monomorphic locus SKDH-
A, which loses its significance at all three integration levels. The
other two are the nearly monomorphic locus 6PGH-B and the
polymorphic locus PER-B, which gain significance at all levels.

Concluding remarks
The case study demonstrates the usefulness of the measures of
compositional differentiation at different levels of genetic inte-
gration for the detection of differential selection between envi-
ronments and for attributing selection to lower integration
levels.

The three loci that show the significant differential selec-
tion on the genotype level are special, in that selection can be
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Table 5

Multiple testing of differentiation between Arnsberg and Nursery (5000 permutations): P-values are listed for each locus. Aste-

risks denote significance for single testing (left) and for multiple testing of all twelve loci (right) using the Bonferroni correction
(levels of significance divided by 12). SKDH-A becomes non-significant for 69" and A, #"°%"*, and AAT-B loses significance for
A, gerovpes, § 9570 retains significance at all three loci.

Tests of single loci
Levels of significance

<0.05%, <0.01%%, <0.001%***

Multiple test of all twelve loci
Levels of significance
<0.00416*, <0.00083**, <0.00008***

Locus

genes
6SD

genotypes
Ay

§._genotypes
D

genes
6SD

genotypes
Ay

&, _genotypes
sD

PGI-B
DIA-A
SKDH-A
6PGH-B
6PGH-A
MDH-B
MDH-C
PGM-A
IDH-A
PER-B
AAT-B
LAP-A

Table 6

*%

*¥%

*%

X%

*%

Three environments Arnsberg, Nursery, and Bramwald: Results of 5000 random permutations of survivors among environments,
presented as for the two environments in Table 4. In comparison, significance is lost for SKDH-A but gained for 6PGH-B and PER-

B.
Results for three environments Arnsberg, Nursery, Bramwald

Locus S, [ A genotees 5 genevmes I, Fy;

PGI-B 0.011 0.004[0.514 ] 0.006 [0.451 ] 0.010[0.362 ] 0.228[0.197 ] 0.002[0.514 ]
DIA-A 0.033 0.013[0.192 ] 0.013[0.215 ] 0.025[0.173 ] 0.054[0.785 ] 0.0021[0.341 ]
SKDH-A 0.068 0.022[0.195 ] 0.026[0.149 ] 0.051[0.056 ] 0.140[0.353 ] 0.006 [0.054 ]
6PGH-B 0.110 0.037[0.030*] 0.039[0.031 *] 0.075[0.024 *] 0.054[0.687 *] 0.006 [0.049 *]
6PGH-A 0.208 0.025[0.298 ] 0.030[0.282 ] 0.060[0.196 ] 0.168[0.394 ] 0.0011[0.512 ]
MDH-B 0.307 0.026[0.898 ] 0.041[0.758 ] 0.067 [0.672 ] 0.367 [0.069 ] 0.001[0.889 ]
MDH-C 0.416 0.038[0.311 ] 0.040[0.392 ] 0.058[0.493 ] 0.049[0.609 ] 0.0021[0.459 ]
PGM-A 0.417 0.060[0.098 ] 0.060[0.133 ] 0.088[0.165 ] 0.000[0.833 ] 0.004[0.193 ]
IDH-A 0.442 0.012[0.897 ] 0.021[0.890 ] 0.040[0.845 ] 0.432[0.162 ] 0.000[0.910 ]
PER-B 0.494 0.107 [0.011 *] 0.109[0.012*] 0.141[0.027 *] 0.016[0.877 *] 0.009[0.035 *]
AAT-B 0.523 0.067[0.096 ] 0.0991[0.011 *] 0.178[0.001 ***] 0.318[0.171 ] 0.004[0.189 ]
LAP-A 0.644 0.149[0.001 ***] 0.168 [0.000 ***] 0.244[0.000 ***] 0.115[0.586 ***] 0.021[0.000 ***]
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assigned to three combinations of differential selection on
alleles or their patterns of association as measured by 6, 9
and/_, respectively. At the nearly monomorphic locus SKDH-A,
only the alleles are differentially selected between environ-
ments. At LAP-A, differential selection affects the alleles more
than their patterns of association. At AAT-B, differential selec-
tion is not significant for alleles nor for their association pat-
terns when viewed separately, but together they produce the
significant differential selection for genotypes.

Commonly used methods for detecting selection would
not have recognized the special characteristics of these loci:

e The problems with classical parametric tests of homoge-
neity using X? or the log-likelihood ratio G were mentioned
above.

*  Whereas outlier methods based on the fixation index F,
would have reported differential selection at the allele lev-
el for SKDH-A and LAP-A, they would have missed the dif-
ferential selection of genotypes for the locus AAT-B. This
demonstrates that our method based on compositional
differentiation at two integration levels is better able to
detect differential selection than the F_-outlier methods.

* In the common analysis of the relative excess of homozy-
gotes, gene association is measured by F. among the sur-
vivors within each environment separately. When F dif-
fers between environments, there is no way to disentangle
effects of the pattern of gene association and effects of
differences in the underlying allelic distributions. The solu-
tion presented here is to divide the increment of genotyp-
ic over allelic differentiation into the contributions I of
structural differentiation and (1- /) of allelic differentia-
tion. The latter effect, when detected, can nevertheless be
interpreted with the help of F,. For the three loci that
showed differential selection, the association of like alleles
(homozygotes) had better chances of surviving in the
benign environment of Nursery than in the harsh forest
environment of Arnsberg. Considering that mortality in
Arnsberg was more than three times as high as the low
mortality of 26% in Nursery, this result can be explained by
a real selective disadvantage for homozygotes in Arns-
berg.
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