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Abstract. Computer simulations were employed in this study aiming to understand
the effects of repeated cycles of inbred mating in isolated populations of tree species
with different effective sizes and over up to 1000 generations. The results revealed
a susceptibility of allelic richness to both, population size and repeated generations
under inbred mating and a low but significant increase of the inbreeding coefficient
over generations in populations with 50 and 100 plants, but not in populations with
500 and 1000 individuals. The loss of alleles occurred throughout all generations and
was largely influenced by the population size. The most outstanding increase in the
inbreeding coefficient occurred from the initial generation to the 5 generation, in-
dependent of the population size. The comparison of simulated results with data ob-
tained from a field studie corroborated the hypothesis that isolated populations tend
to more drastically suffer with loss of alleles and increase of inbreeding coefficient,
while continuous forests, with effective production of fertile seeds and regeneration
of seedlings, are inclined to preserve comparatively higher allelic richness and lower
inbreeding coefficient over generations. In general, the results obtained highlight the
importance of special care in selecting ESUs and preserving isolated populations,
towards the conservation of forest genetic resources and adapatedness preservation.
Keywords adaptability, allelic richness, G, heterozygosity, inbred mating, inbreed-
ing coefficient.
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Introduction different environmental conditions during their

lifetime. Consequently, adaptation of trees to
The long life span and the sessile nature of tree  the environment is ubiquitous and required for
species imply that they need to survive under  survival (Finkeldey & Hattemer 2007). Adap-
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tation is directly related to the species adapt-
edness — the degree to which an organism is
able to live and reproduce in a specific envi-
ronment (Erikson 2005) — promptly respond-
ing to environmental inconsistencies. In times
of emergent climatic instability, such adapted-
ness is even more important and maintenance
of genetic diversity is essential to uphold such
competence, towards conservation of species
genetic resources.

As result of forest fragmentation, large con-
tinuous forests have been converted to isolated
fragments of different effective population
sizes, becoming a dilemma to conservation
geneticists. Conservation of genetic resources
usually has been centered in determining evo-
lutionary significant units (ESUs), which may
be defined as populations reproductively sepa-
rate from other populations and having unique
or different adaptations (Waples 1991), or as
populations that show significant divergence
of allele frequencies at nuclear loci, in com-
parison to other populations (Moritz 1994).
Operationally, efforts to determine ESUs have
emphasized reproductive isolation of the pop-
ulations (Crandal et al. 2000). Usually, isolated
populations tend to present high genetic diver-
gence of evolutionary lineages by local adap-
tation, in addition to high levels of inbreeding
and lower allelic richness (Prakash et al. 1969,
Newmann & Talmonn 2001, Stefenon et al.
2007).

Concerning conservation of forest tree ge-
netic resources, the effects of such isolation
in the levels of inbreeding and allelic richness
over generations of such long-lived species is
still a query.

Studies on population genetics of forest tree
species usually report data from a single ge-
neration and are the only source of information
towards planning management, conservation
and restoration of forest environments. Given
the long life span of tree species, a field sur-
vey aiming to understand the effect of repeated
generations of inbred mating inside isolated
populations is impracticable, since many hun-
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dred years will be necessary in order to study
the population during tens of generations.

In this study, we report the results of a simu-
lation-based survey employed to explore the
levels of allelic richness and inbreeding co-
efficient in isolated populations of different
sizes, over several generations of inbred mat-
ing. These simulations were employed to test
the hypothesis that isolated populations tend
to more drastically suffer with loss of alleles
and increase of inbreeding coefficient, while
continuous forests with effective production
of fertile seeds and regeneration of seedlings
are inclined to preserve comparatively higher
allelic richness and lower inbreeding coeffi-
cient over generations. In order to test to which
extend the simulated data fits the events oc-
curring in real populations, we evaluated the
correspondence of the simulated data with mi-
crosatellite records reported from two genera-
tions of three different conifer species.

Methods

This study relied on individual-based simu-
lations of microsatellite genotypes of mature
hermaphrodite diploid individuals, belonging
to populations of four different effective si-
zes: 50, 100, 500 and 1000 individuals. These
populations were simulated so that they repli-
cate the behavior of completely isolated popu-
lations, lacking any level of gene influx. Data
on number of alleles (4) and inbreeding coe-
fficient (G ) were recorded for each population
after 5, 45, 100, 500 and 1000 generations of
mating among individuals, with a proportion
of 50% of self pollination and 50% out-cross-
ing. A preliminary round of five generations
was run, in order to obtain the initial data on
A4 and G, (generation 0). In order to avoid sto-
chastic variations of the simulation process, all
simulations were repeated 1000 times and the
mean value over these simulations are repor-
ted. The most common assumption employed
in genetic models was assumed for these simu-
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lations: same mutation rate over all individuals
and generations, non-overlapping generations,
same mutation model and constant population
size over generations. Simulations were per-
formed using the software Easvrop version 1.0
(Balloux 2001). Individuals were simulated in
order to display information on diploid geno-
types at 20 microsatellite loci, each reaching
a maximal of 80 alleles. The stepwise muta-
tion model (SMM, Kimura & Ohta 1975) was
chosen for the evolutionary development of
the genotypes. The mutation rate (mutations/
locus/generation) was set to 4 = 0.003. Given
that tree species are usually characterized by
high levels of within population genetic diver-
sity and relatively low levels of differentia-
tion among populations (Loveless & Hamrick
1984, Finkeldey & Hattemer 2007), all simu-
lations started from a population with maxi-
mal diversity (all individuals having the same
probability of display any of the 80 alleles).
Estimations of number of alleles (direct count)
and inbreeding coefficient (G,=1-H | H,
where H is the observed heterozygosity and
Hy is the expected heterozygosity under Har-
dy-Weinberg equilibrium) for each simulated
population were obtained using the software
FsTar (Goudet 1995) version 2.9.3. The statis-
tical significance of the difference of genetic
diversity measures over generations and over
populations were tested through an analysis of
variance (ANOVA), using the software Stat-
Plus 20009.

The matching of simulated and empirical
data was obtained by comparing the computer-
generated data with number of alleles and in-
breeding coefficient recorded for microsatellite
markers in two generations (adults and juve-
niles) of three species of the genus Araucaria:
A. angustifolia (Sant’ Anna 2011), A. nemorosa
and A. columnaris (Kettle et al. 2007). The sta-
tistical significance of the differences obtained
across generations for number of alleles and
inbreeding coefficient were determined using
an uni-modal #test.

A simulation study on the behavior of allelic richness ...
Results

The recorded number of alleles was lower in
smaller populations and reduced significantly
over generations of inbred mating (Figure
1a). The reduction in number of alleles from
the initial to the 1000" generation was about
5-fold for the populations with 50 and with
100 individuals, 3-fold for the populations
with 500 individuals and 2-fold for the popu-
lations with 1000 individuals, confirming that
the effective population size is very important
for the maintenance of the allelic richness in
isolated populations, which will develop under
repeated generations of inbred mating. In all
pair-wise comparisons of populations with dif-
ferent size for the same number of generations
(Table 1), the differences were statistically sig-
nificant at 1% level, according to the ANOVA
test (» < 0.001). In the pair-wise comparisons
of generations for each population size (Table
2), just the pair 500 vs 1000 generations re-
vealed a non-significant difference (p = 0.145)
for the population with 50 individuals. All the
other pairs revealed a significant difference in
number of alleles (p < 0.001).

The inbreeding coefficient (G,;), measured as
the loss of heterozygote individuals in relation
to expected under Hardy-Weinberg equilib-
rium, was slightly higher in larger populations
and increased over generations. The enhance-
ment over generations was proportional in all
populations, independent of the effective po-
pulation size, but with an outstanding increase
in the five initial generations and a relative
constancy over the following generations (Fig-
ure 1b). Despite the overall small increase, the
pair-wise comparisons of populations with dif-
ferent size for the same number of generations
(Table 1) revealed a statistically significant dif-
ference for all pair of populations (p < 0.014),
except for the pair 100 vs 500 individuals after
100 generations (p = 0.154) and for the pair
500 vs 1000 individuals (p > 0.459), independ-
ent of the number of generations. Concerning
the pair-wise comparisons of generations for
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Figure 1 Estimations of genetic diversity measures for four different populations size (50, 100, 500 and
1000 individuals) over 0, 5, 45, 100, 500 and 1000 generations of inbred mating. In (A): estima-
tions of the number of alleles and in (B): estimations of the inbreeding coefficient.

each population size (Table 2), all populations
differed (p < 0.001) from the generation 0 (0 vs
5, 0 vs 45, 0 vs 100, 0 vs 500, 0 vs 1000). The
pairs 5 vs 45 and 5 vs 100 generations for pop-
ulations with 1000 individuals also revealed a
significant difference (p < 0.05) in the meas-
ure of inbreeding coefficient. The non-signifi-
cant difference in the measure of inbreeding
coefficient in all other pair-wise comparisons
suggests a relative stability of the levels of
inbreeding, mainly after ten generations, and
6

high influence of the effective population size
over this index.

The data from two out of the three field stu-
dies matched the behavior revealed by our
simulation study. The records from A. angus-
tifolia (Sant’Anna 2011) revealed an increase
in the inbreeding coefficient from the first to
the second generation (G, = 0.096 and G =
0.163, respectively; uni-modal #-test p = 0.11)
and a decrease in the mean number of alleles
over generations (4 = 9.33 for the first genera-
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tion and 4 = 8.67 for the second generation;
uni-modal #-test p = 0.05).

Similarly, the data from A. nemorosa ex-
pressed the same patterns for inbreeding coe-
fficient (G, = 0.108 for the first generation and
G = 0.192 for the second generation; uni-mo-
dal #-test p = 0.008) and for the mean number
of alleles (4 = 7.45 for the first generation and

A =6.98 for the second generation; uni-modal
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t-test p = 0.02). The data from A. columnaris,
on the other hand, expressed a decrease level
of inbreeding coefficient over generations (G
= 0.123 for the first generation and G, = 0.093
for the second generation; uni-modal #-test p
= 0.45), while the mean number of alleles did
not differed (4 = 6.0 for both generations; uni-
modal #-test p = 0.011).

Table 1 Statistical significance of pair-wise comparisons of the number of alleles (4) and coefficient of
endogamy (G,,) for population-pairs of different sizes over 5, 45, 100, 500 and 1000 generations,

based on an ANOVA test.

Population
size

A (generations)

G, (generations)

5

45

100

500

1000

5

45

100

500

1000

50vs 100
50 vs 500
50 vs 1000
100 vs 500
100 vs 1000
500 vs 1000

**kx

*kk

*kx

*k*k

*k*k

*kx

*k*k

*kxk

*kk

*kk

*kk

E

**kx

*kx

*k*k

*k*k

*k*k

*kk

*kx

*kk

*kk

*kk

*kk

*kk

**k*k

*kx

*kx

*kx

*kx

*kx

*k*k
*kx
*kk
**

**

n.s.

**
*kk
*kk
**

*kKk

n.s.

*k*k
*kk
*kKk
*%x

*kKk

n.s.

*k*k
*kk

*kk

*kKk

n.s.

*k*k
*kk
*kxk
*%

*kxk

n.s.

Note: Significance level: *** p < 0.001, ** p < 0.01, * p < 0.05, n.s.: not significant

Table 2 Statistical significance of pair-wise comparison of the number of alleles (4) and coefficient of
endogamy (G,,) across generations of inbred mating over populations of different sizes, based on

an ANOVA test.

Number of
generations

A (population size)

G ;(population size)

50 100 500 1000 50 100 500 1000
O VS 5 *k*k *kk *k*k *kk *k*k *k*k *kk *k*k
0 VS 45 **k* **x*k **k* *kk **k* *k* **%k **k*
O VS 100 *k*k *kk *kk *kk *kk *kk *kk *k*k
0 VS 500 **k* *kk *k* *kk * k% *k* *kk **k*
0 VS 1000 *kk *k*k *kk *kk *kk *kk *k*k *kk
5 VS 45 **k* *kk **kk *kk ns nS ns * %
5vs 100 Fhk el Fkk FxK n.s. n.s. n.s. *
5vs 500 Fkx il Fkx ikl n.s. n.s. n.s. n.s.
5 vs 1000 Fkx Fxk Fkx Fkx n.s. n.s. n.s. n.s.
45vs 100 Fkx Fxk Fkx Fokx n.s. n.s. n.s. n.s.
45vs 500 Fkx Fxk Fkx Fkx n.s. n.s. n.s. n.s.
45 vs 1000 Fkk Fxk Fkk Fxk n.s. n.s. n.s. n.s.
100 vs 500 Fkk Fxk Fkk Fxk n.s. n.s. n.s. n.s.
100 vs 1000 Frx il Fhx il n.s. n.s. n.s. n.s.
500 vs 1000 n.s. il Fkx ekl n.s. n.s. n.s. n.s.

Note: Significance level: *** p <0.001, ** p < 0.01, * p < 0.05, n.s.: not significant
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Discussion

Even if the simulations employed in this study
fail to cover all the possible scenarios concer-
ning mating systems and ecological issues,
they bring out important considerations related
to the behavior of allelic richness and inbreed-
ing coefficient over generations in isolated
populations of tree species.

The larger decrease in the number of alle-
les over generations for smaller populations
(50 and 100 individuals) under inbred mating
observed in this study is not surprising, but ex-
poses the need of special attention for small
forests, which usually display low number of
alleles. Low number of alleles can retain high
heterozygosity without maintaining allelic
richness. However, allelic richness is essen-
tial for safeguarding populations’ adaptedness,
that is vital for forest tree populations which
are constantly exposed to different evolution-
ary factors, changing frequencies of alleles
and/or genotypes (Erikson 2005).

Due to their sessile nature, the production of
inbred offspring in plant populations is likely.
While some plant species presents the possi-
bility of self pollination, out-crossing species
may be pollinated by genetically related plants
growing in the near vicinity. Both source of
inbreeding are usually more intense in small
populations and for species with limited gene
flow (e.g. Stefenon et al. 2008a). An important
aspect of our study on this subject is the higher
increase of the inbreeding coefficient occurred
from the generation 0 to the 5" generation, that
is, in the initial period after the forest isolation
(around 50 to 100 years, considering species
starting to reproduce with 10 to 20 years), fol-
lowed by a scenario of stabilization through
the further generations.

The comparatively lower inbreeding coeffi-
cient observed in the smaller populations (50
and 100 individuals) in our simulation may be
effect of the very high levels of heterozygosity
(H =0.98), emphasizing the importance of the
maintenance of high diversity. This is observed
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when comparing the level of increase in the
inbreeding coefficient over populations. The
smaller population (50 individuals) revealed
the higher loss of alleles over generations, with
a decrease of 5-fold in number of alleles from
the generation 0 to the 1000" generation. This
population revealed a small but comparatively
higher (uni-modal #-test p < 0.001) increase in
the inbreeding coefficient in the same time in-
terval, in comparison to the larger population,
likely as effect of the lower allelic richness in
the smaller population. This result highlights
the importance of maintaining allelic richness
towards the conservation of forest genetic re-
sources.

The contrasting result concerning inbree-
ding coefficient and mean number of alleles
for the three species of Araucaria evaluated in
this study reflects the importance of consider-
ing ecological and reproductive/regenerative
attributes of each species. Present-day popula-
tions of A. angustifolia and A. nemorosa are
highly fragmented and present relatively low
seedling regeneration (Stefenon et al. 2007,
2008a, Bittencourt & Sebbenn 2008, Kettle
et al. 2007), whereas populations of 4. colum-
naris comprise many thousands of individu-
als which produce abundant fertile seeds and
show plentiful seedling regeneration (Kettle et
al. 2007).

In addition to the ecological aspects, the
kind of genetic marker used in the study and
the pressure of selection should also be con-
sidered. For instance, a natural population of
A. angustifolia studied with isozyme markers
(Ferreira 2008), which may suffer adaptive
pressure, revealed decrease in allelic richness
from adults (first generation) to plantlets (4
= 1.9 and 1.6, respectively), but an increased
number of alleles in the seeds of the first gene-
ration (4 = 2.2), suggesting that many of the
seeds will not further develop and alleles will
be lost.

Considering that microsatellite markers are
usually neutral, are highly polymorphic and
presents elevated number of alleles, they may
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better represent the general behavior of allelic
richness and inbreeding coefficient over gene-
rations, but do not necessarily assess selective
patterns.

Considering that heterozygosity, allelic rich-
ness and inbreeding coefficient are typically
estimated in population genetic surveys, these
measures should be the start point for pla-
nning forest genetic resources conservation
and management. However, care is needed
when interpreting data concerning genetic di-
versity and conservation. Some studies based
on computation of A and F-statistics consider
critical populations for conservation based on
the estimations of /7, and similar measures. If
estimated 7, is low, the subpopulations are
usually considered to be not highly differenti-
ated and therefore, the maintenance of diffe-
rent subpopulations of the species is consid-
ered not important (Jost 2008). However, F,
and similar metrics are not measures of genetic
differentiation and may lead to equivocated
decisions concerning genetic resources con-
servation (for a broad discussion on this topic,
see Jost 2008).

Conclusions

Although the levels of heterozygosity are an
important indicator for the selection of impor-
tant ESUs, it should not be the main feature
evaluated since high levels of heterozygosity
can exist also for loci containing just two al-
leles. Special attention should be given to the
number of alleles of the selected populations.
Reduction of the allelic richness and increase
of the inbreeding coefficient over generations
are expected for isolated populations of forest
tree species, which usually display relatively
small effective population size. Thus, allelic
richness and levels of inbreeding should also
be considered when selecting ESUs aiming
the conservation of forest species genetic re-
sources.
Moreover,

sustainable management of
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planted forests and forest remnants, as well
as forestation/reforestation enterprises should
care on population genetic structure and le-
vels of gene flow of the target species, towards
maintenance of allelic richness (Stefenon et
al. 2008a). Since ecological, demographic and
reproductive features of the species are impor-
tant for the decisions about genetic resource
conservation, further studies covering a larger
range of options have to be considered, in or-
der to add more information in this issue.
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