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Abstract Nine microsatellite DNA markers (simple se-
quence repeats, SSRs) were used to estimate pairwise relation-
ships among 597 Scots pine (Pinus sylvestris) trees as well as
to generate a sibship structure for quantitative genetic param-
eters’ estimation comparison. The studied trees were part of an
open-pollinated progeny test of 102 first-generation parents.
Three methods were used to estimate variance components
and heritabilities, namely, structured pedigree (half- and full-
sib), marker-based pairwise relationships (four pairwise esti-
mators), and a combined pedigree and marker-based relation-
ship. In each of the three methods, the same animal model was
used to compute variances except when marker-based rela-
tionship was used wherein we substituted the average numer-
ator relationship matrix (i.e., pedigree-based matrix) with that
computed based onmarkers’ pairwise relationships. Our results
showed a high correlation in estimated breeding values bet-
ween the pedigree (full-sib) and the combined marker-pedigree

estimates. The marker-based relationship method produced
high correlations when individual site data were analyzed. In
contrast, the marker-based relationship method resulted in a
significant decrease in both variance estimation and their stan-
dard errors which were in concordance with earlier published
results; however, no estimates were produced when across-site
analyses were attempted. We concluded that the combined
pedigree method is the best approach as it represents the histor-
ical (pairwise) and contemporary (pedigree) relationships
among the tested individuals, a situation that cannot be attained
by any of the used methods individually. This method is depen-
dent on the number and informativeness of the markers used.

Keywords Marker-based pairwise relationship . Combined
pedigree–marker-based relationship . Quantitative genetic
parameters . Scots pine

Introduction

Most tree improvement recurrent selection programs en-
compass a traditional sequence of activities, namely, selec-
tion, breeding, and testing leading to the identification of
elite genotypes for further breeding as well as their inclusion
in production populations (Namkoong et al. 1988; White et
al. 2007). For example, in the Czech Republic, the Scots
pine (Pinus sylvestris L.) breeding program was initiated by
the establishment of several first-generation seed orchards,
which was followed by progeny testing from orchards’
produced open-pollinated offspring (Kaňák et al. 2009).
The original plan was to evaluate all open-pollinated prog-
eny following a half-sib model assumption and select a set
of parents for incorporation in controlled mating scheme for
further advanced generations’ selection. This strategy was
altered for two reasons. First, in the data analysis phase of
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open-pollinated progeny trials, several important assump-
tions must be invoked, namely, parents are unrelated and
noninbred, members of an open-pollinated family are equiv-
alent to half-sib family with individuals sired by a large
number of male parents, and absence of selfing. It is well
known that these assumptions could not be fulfilled and thus
the estimated additive genetic variance could be substantial-
ly inflated resulting in erroneous ranking of plus trees (see
below and Squillace 1974; Namkoong et al. 1988; Askew
and El-Kassaby 1994). The second reason was to take
advantage of a novel approach in quantitative genetic data
analyses, which uses molecular markers’ pairwise relation-
ship among individuals to estimate genetic parameters
(Visscher et al. 2006).

Porth et al. (2013) utilized the marker-based relationship to
convert trials with unknown (provenance testing) to full-
fledged tests for estimating genetic parameters such as herita-
bilities and genetic correlations. Furthermore, Bömcke and
Gengler (2009) introduced the concept of combining the mo-
lecular markers’ relationship and pedigree in one analysis. The
combined molecular marker–pedigree model is very effective
as combining DNA fingerprinting data helps in providing
historical information on co-ancestry with contemporary com-
plete and/or incomplete parent/pedigree knowledge. This ap-
proach is unique as the combination of historical co-ancestry
and contemporary pedigree could not be attained by the pedi-
gree or marker-based relationship approaches individually.
Thus, we expect the accuracy of genetic parameters to progres-
sively increase from (1) open-pollinated to half- and full-sib
families to (2) those based onmarkers’ relationship estimates to
(3) those combining genetic marker’s relationship and pedigree
information. This situation should change if a large number of
loci are used, and the marker-based relationship should surpass
all the listed approaches. It is noteworthy to mention that the
often ignored Mendelian sampling term in structured pedigree
is precisely accounted for with the use of molecular markers.

In this paper, we compared the genetic variance components,
including heritability, and individuals’ breeding value estimates
generated from sibship composition (pedigree) generated using
nine microsatellite markers (SSRs) to those based on molecular
markers’ pairwise relationship as well as the combined use of
pedigree and marker information. Comparing these three
methods is expected to provide insight on the best approach
for assessing the Czech Republic’s Scots pine progeny trials
and to aid in the selection of elite genotypes for the second-
generation breeding cycle as well as the establishment of ad-
vanced generations’ production populations (seed orchards).

Materials and methods

Scots pine seed orchard’s open pollinated (half-sib) off-
spring was used to establish two progeny trials (see details

in Cappa et al. 2011). These progeny trials were established
in 1994 (site 1) and 1991 (site 2). The offspring source for
these progeny trials originated from a seed orchard
established in 1982 and contained 102 parents (clones). In
summary, the experiment consisted of half-sib progenies
planted in a completely randomized design with 50-tree
contiguous plots at a close spacing of 1.4×0.7 m. On aver-
age, 200 seedlings were planted per each half-sib family
with four replicates per family (the number of maternal
parents present in the two sites varied (site 1:85 and site 2:
38)). A total of 597 individuals (approximately 10 % of the
progeny trials) were selected based on their height (ht),
diameter at breast height (dbh), straightness, and branching
(self-pruning and branch size) (i.e., truncation selection).
These traits were considered as the selection criteria for
establishing the next-generation seed orchard and facilitat-
ing future breeding (see Kaňák et al. 2009, for selection
procedure details).

In the fall of 2011, dormant vegetative buds were collect-
ed from the selected 597 trees and immediately stored at
80 °C to avoid DNA degradation. DNAwas extracted using
Invisorb® Spin Plant Kit. Trees were genotyped using nine
simple sequence repeat (SSR) markers: SPAC 11.4, SPAC
11.6, SPAC 12.5 (Soranzo et al. 1998: P. sylvestris-specific
markers), LOP 1 (Liewlaksaneeyanawin et al. 2004: Pinus
taeda-specific markers), PtTX 2146, PtTX 3025, PtTX
3107, PtTX 4001, and PtTX 4011 (Auckland et al. 2002:
P. taeda-specific markers).

Pedigree method

In addition to the half-sib designation of each seedling, we
used the COLONY program (Jones and Wang 2010) to
construct the sampled trees’ full pedigree according to the
observed relationships in Supplement 1, and the COLONY
program output that determined the posterior paternal like-
lihood for each tree and full-sib families was assembled for
the subsequent sibship analysis. We assumed no selfing in
the offspring generation as Scots pine is known for its high
outcrossing rate of ≈0.987±0.005 (Burczyk 1998).

Marker-based relationship method

Four pairwise molecular relationship coefficient estimation
methods were used to generate the all possible pairwise
marker-based relationship matrices for their use in the sub-
sequent quantitative genetic analyses (Li et al. 1993; Lynch
and Ritland 1999; Queller and Goodnight 1989; Wang
2002). Pairwise relationship matrices were estimated using
SPAGeDi v. 1.3 software (Hardy and Vekemans 2002). The
details of the four pairwise relationship methods used are
described in their respective references and in the work by
Bink et al. (2008) for more details. The pairwise marker-
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based relationship matrix which was used to generate all the
possible estimators (Li et al. 1993; Lynch and Ritland 1999;
Queller and Goodnight 1989; Wang 2002) was used to
replace the average numerator relationship matrix in the
quantitative genetic analyses (see below).

Combined pedigree and marker-based relationship method

Pedigree records from the sibship analysis (i.e., full-sib
information) and molecular marker relationship were used
to estimate revised relationships combining both sources of
information (Bömcke and Gengler 2009). Briefly, the com-
bined relationship estimates are computed as weighted
pedigree-based and marker-based relatedness. The weights
are based on the number of generation-equivalents (geq),
which was computed for each individual as the sum of
(1/2)n, where n is the number of generations separating the
individual from each known ancestor (Huby et al. 2003).
The pedigree-based relationship was estimated according to
Wright et al. (1925) relationship coefficient. The molecular
relatedness was estimated as follows:

rmol;xy ¼
TAxy
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

TAxxTAyy

p ð1Þ

where TA is the total allelic identity and x and y are indexes
of individuals. The TAxy is computed, following Nejati-
Javaremi et al. (1997), as

TAxy ¼

X

L
l¼1TAxy;l

L
ð2Þ

where TAxy,l=2 fMxy,l. The coefficient of 2 defines TA as
twice the relationship coefficient (Malécot 1948) and is
analogous to the average numerator relationship based on
pedigree (Wright 1922). The fMxy,l is the molecular co-
ancestry between two individuals (Caballero and Toro
2000) and is computed from similarity of alleles between
individuals as

f mxy;l ¼
1
4
Sac þ Sad þ Sbc þ Sbd½ � ð3Þ

where l indicates a specific locus, a and b are alleles of
individual x, and c and d are alleles of individual y (Li et al.
1993). S..=1 if alleles at the allelic positions in the sub-
scripts are the same and S..=0 if they are not. The weight
based on the number of generation-equivalents (geq)
follows

wx;y ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1þ geqxð Þ 1þ geqxð Þ
p

2þ 1þ geq
� �� � ð4Þ

where geqi is defined as the number of generation-
equivalents for individual i and geq is the average

number of generation-equivalents for the analyzed pop-
ulation. Finally, the combined relationship estimates are
computed as

rcomb;xy¼wxy�rped;xy þ ð1� wx;yÞ�PICmean�rmol;xy ð5Þ

where wx,y is the above defined weight, rped,xy is the
pedigree-based relationship between individuals x and y,
PICmean (obtained from Cervus software; Kalinowski et
al. 2007) is the average polymorphic information con-
tent coefficient (Botstein et al. 1980) (Supplement 1) for
markers used for molecular relatedness calculations, and
rmol,xy is the molecular relatedness between individuals x

and y.
Molecular marker-based relationship estimates often pro-

duce not positive definite (PD) matrices due to internal
inconsistencies; thus, we applied the “nearPD” function
implemented in the R package “Matrix” to compute the
nearest positive definite matrix and use it in the subsequent
analyses (i.e., marker-based and combined methods) (Cheng
and Higham 1998; Higham 2002; Knol and Tenberge 1989).
The modified matrices were checked to be positive definite
and the function nearPD in the R package Matrix was used
to modify them as positive definite (Porth et al. 2013).

Data analyses

The phenotypic data were normalized and standardized to
overcome issues related to variance heterogeneity across
sites (Cappa et al. 2011). Variance component estimates,
heritability, and individuals’ breeding values and their level
of precision (SE) were estimated with the restricted maxi-
mum likelihood animal model (Kruuk 2004) in ASReml v.
3.0 (Gilmour et al. 2002) as follows:

y ¼ Xβ þ Zu þ e ð6Þ

where X and Z are the incidence matrices relating the fixed
effect in vector β (population mean and site) and random
effects in u (individual breeding values) to measurements in
vector, y and e is vector of residuals following e~N(O,σe

2).
Vector of breeding values followsVar(u) = Aσa

2 , where σa
2 is

additive genetic variance and A is (1) the average numerator
relationship matrix in the pedigree method based on both half-
sib and sibship reconstruction which is considered as refer-
ence model, (2) the combined relationship matrix in the sce-
nario where coefficients of relationship are estimated on both
pedigree and marker information, and (3) the marker-based
relationship matrix in scenarios based on pairwise relation-
ships estimated with only molecular markers. This general
model (6) is valid for single site, pedigree (half-sib)-, and/or
marker-based relationshipmethods. It should be stated that the
pedigree reconstruction has created a situation where domi-
nance genetic variance can be estimated; thus, it required
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additional modification (i.e., the inclusion of the dominance
term). The dominance variance term was used when sibship
and/or combined pedigree and marker-based methods were
used. Furthermore, for across-site data analyses, an additional
genotype x site interaction term is also added (see below).

The general model narrow-sense heritability was estimat-
ed as follows:

h2 ¼
σ
2
a

σ
2
a þ σ

2
e

ð7Þ

where σe
2 is the additive genetic variance and σe

2 is the
residual variance. The above-mentioned model modifications
required adjustment of heritability estimates to account for the
dominance genetic variance and genotype × site interaction
terms for the sibship and across-site analyses, respectively.

The accuracy of the predicted breeding values across all
the studied methods was calculated as follows:

r ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1−
PEV

1þ F ið Þ þ σ
2
a

s

ð8Þ

where PEV is the “prediction error variance” of predicted
breeding values (Gilmour et al. 1995) and Fi is the inbreed-
ing coefficient for the ith individual.

Results

Since the offspring used to establish the two open-pollinated
progeny test trials originated from the same seed orchard’s
crop year, the selected individuals from both sites were used in
the sibship analysis to construct their family membership
(Supplement 2). Supplement 2 shows the formation of full-
and half-sibship composition confirming offspring authentic-
ity. The full description of familial composition at each and
across sites is summarized in Table 1. Maternal (20 vs. 13) and
paternal (62 vs. 21) distribution across the two sites, based on
the selected offspring, showed increased representation in site

1 as compared to site 2, indicating that the phenotypic selec-
tion was concentrated on fewer maternal parents (28 out of
102 present in the seed orchard from which progeny trials
originated) (Table 1). While site 1 has a greater parental
representation, the sibship distribution in site 2 is better as
indicated by greater mean full-sib family (3.5 vs. 2.6) and
mean female (0.08 vs. 0.05) and male (0.05 vs. 0.02) contri-
butions (Table 1). The number of common maternal and
paternal parents common between sites is 9 and 17,
respectively.

It is clearly shown that the utilization of the half-sib
resulted in a substantial inflation to the additive genetic
variance and subsequently height heritability compared to
its full-sib counterpart (Table 2). Such inflation of the addi-
tive genetic variance was produced on the expense of the
residual term (Table 2). Additional distinction between the
two pedigree models (i.e., half and full-sib) is our
ability to account for the dominance genetic variance
and hence estimating the heritability with greater preci-
sion (site 1, 0.53 vs. 0.09 and site 2, 0.52 vs. 0.13).
Generally, the heritability estimates of site 1 were lower
than that of site 2; this is probably due to the differ-
ences in paternal and maternal representation between
these two sites (Table 1).

The sibship analysis, which was considered as the refer-
ence model, produced similar height heritability estimates
for each site individually (0.09–0.13) as well as across sites
(0.11). The combined marker–pedigree estimator produced
similar height heritability estimates for across sites (0.13);
however, individual site’s estimates varied between 0.10 and
0.17 (Table 2). It is interesting to note that even the differ-
ences in variance components apportionment and their level
of precision, expressed by their standard errors, between the
two sites were mirrored between the twomethods (i.e., full-sib
(σe

2 0.733–0.697) and combined marker–pedigree (σe
2 0.670–

0.750)). While consistent estimates were produced for the
residual variances between the two sites, differences in the
dominance genetic variance were apparent (σd

2 0.358 vs.

Table 1 Description of familial
structure at each site separately
and across both sites (number of
planted half-sib families/site)

Parameter Site 1 Site 2 Across both sites

Number of individuals 284 313 597

Full-sib family size 1–30 1–20 1–30

Mean full-sib family size 2.6 3.5 3.0

Variance of FS size 15.376 14.071 15.122

Number of contributing females 20 (85) 13 (38) 28

Mean female contribution 0.05 0.08 0.04

Variance in female contribution 0.0013 0.0010 0.0004

Number of contributing males 62 21 66

Mean male contribution 0.02 0.05 0.02

Variance in male contribution 0.001 0.003 0.001
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0.550 ), and this was also mirrored in the combined analyses
(σd

2 0.450 vs.0.688 ), again reflecting the difference in family
composition between the two sites. Marker-based relationship
methods produced similar pattern to that of the full-sib
where the reliability of breeding value estimates of site
2 was higher (0.48–0.59 vs. 0.28–0.48) (Table 2). With
the exception of Wang’s results (r=0.45), across-site
analyses generally produced the highest reliable esti-
mates of breeding values (0.51–0.58) (Table 2). This
could be caused by either the better parental representation
or greater sample size resulting from combining the two sites
(Table 2). It should be stated that with the results obtained
from these analyses, a clear method superiority cannot be
determined based on the genetic parameters’ estimates alone.
However, it should be stated that the combined analysis offers
greater information in tracking individuals’ genetic back-
ground as it reflects both contemporary as well as historic
pedigree and the resulting genealogical relationships among
individuals could be better managed during selection.

The four pairwise relationship methods universally pro-
duced higher heritability estimates for site 2 (range 0.18–
0.26) as compared to site 1 (range 0.05–0.15), mirroring

site variation in parental contribution and additive and
environmental variances (Table 2). It should be noted that
all pairwise marker-based methods did not permit across-
site additive and/or heritability estimation (Table 2). In
these analyses (i.e., across sites), the additive variance
component was reduced to zero as across-site equiva-
lent genetic structure (i.e., clonal or family) was diffi-
cult to produce (Fig. 1). Thus, the observed additive
variance observed from single site analyses was shifted
to the G × S term (see Fig. 1).

Pearson’s product moment and Spearman’s rank correla-
tion between individuals’ breeding values were significant
for all analyses with pedigree information (half- and full-sib
and combined); however, across-site analyses produced
higher correlations and were similar between the full-
sib and combined pedigree–marker analysis (0.86 and
0.84) (Table 3, significance was determined using SAS
program). It is interesting to note that the half- and full-
sib correlations (Pearson and Spearman) were exception-
ally high (Table 3). No correlations were estimated
between the marker-based relationship and the other
pedigree-type methods.

Table 2 Variance components (additive, dominant, genotype
× site (G × S), residual, and total phenotypic and their standard
errors) and comparison of heritability estimates among pedigree

(half- and full-ship), combined marker and pedigree information,
and all marker-based pairwise relationships as well as the accu-
racy of the predicted breeding values (r)

Method Additive Dominance G × S Residual Phenotypic Heritability r

Variance components – site 1

Pedigree Half-sib 0.546 (0.295) N/A – 0.483 (0.242) 1.028 (0.103) 0.531 (0.256) 0.506

Full-sib 0.211 (0.166) 0.358 (0.368) – 0.733 (0.122) 1.033 (0.099) 0.087 (0.088) 0.438

Combined 0.324 (0.172) 0.450 (0.358) – 0.670 (0.104) 1.106 (0.122) 0.102 (0.080) 0.502

Marker-based relationship Li et al. 0.053 (0.074) N/A – 0.946(0.105) 0.999 (0.086) 0.054 (0.073) 0.284

Wang 0.117 (0.097) N/A – 0.886 (0.114) 1.003 (0.087) 0.116 (0.095) 0.386

Lynch and Ritland 0.108 (0.087) N/A – 0.893 (0.107) 1.000 (0.087) 0.108 (0.085) 0.371

Queller and Goodnight 0.148 (0.081) N/A – 0.844 (0.097) 0.992 (0.087) 0.150 (0.079) 0.478

Variance components – site 2

Pedigree Half-sib 0.530 (0.294) N/A – 0.489 (0.237) 1.019 (0.102) 0.520 (0.256) 0.485

Full-sib 0.199 (0.150) 0.550 (0.324) – 0.697 (0.106) 1.033 (0.099) 0.133 (0.075) 0.440

Combined 0.118 (0.121) 0.688 (0.345) – 0.750 (0.088) 1.040 (0.100) 0.165 (0.079) 0.363

Marker-based relationship Li et al. 0.175 (0.083) N/A – 0.818 (0.091) 0.993 (0.084) 0.176 (0.079) 0.507

Wang 0.200 (0.095) N/A – 0.797 (0.099) 0.997 (0.084) 0.200 (0.090) 0.483

Lynch and Ritland 0.214 (0.084) N/A – 0.773 (0.087) 0.987 (0.048) 0.217 (0.078) 0.500

Queller and Goodnight 0.258 (0.099) N/A – 0.750 (0.093) 1.008 (0.088) 0.256 (0.089) 0.593

Variance components – both sites

Pedigree Half-sib 0.340 (0.240) N/A 0.204 (0.187) 0.479 (0.175) 1.022 (0.074) 0.332 (0.224) 0.595

Full-sib 0.226 (0.112) 0.443 (0.219) 0.000 (0.000) 0.698 (0.080) 1.034 (0.073) 0.107 (0.052) 0.595

Combined 0.213 (0.119) 0.567 (0.236) 0.024 (0.105) 0.702 (0.068) 1.081 (0.082) 0.131 (0.053) 0.560

Marker-based relationship Li et al. 0.000 (0.000) N/A 0.129 (0.057) 0.869 (0.067) 0.997 (0.060) 0.000 (0.000) N/A

Wang 0.000 (0.000) N/A 0.167 (0.068) 0.833 (0.074) 1.000 (0.061) 0.000 (0.000) N/A

Lynch and Ritland 0.000 (0.000) N/A 0.175 (0.061) 0.820 (0.067) 0.995 (0.060) 0.000 (0.000) N/A

Queller and Goodnight 0.000 (0.000) N/A 0.195 (0.064) 0.803 (0.067) 0.998 (0.061) 0.000 (0.000) N/A

N/A not available
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Discussion

Across the world, traditional forest tree breeding historically
relied on open-pollinated (OP) testing scheme for its great
simplicity. Simply, to evaluate the genetic worth (breeding
value) of selected parents, one can proceed with collecting
wind-pollinated seed from desirable parents (plus trees) and
establish half-sib progeny trials, where a particular parent’s
breeding value is calculated as the mean deviation of the
progeny from the population mean (Falconer and Mackay
1996). It should be understood that the actual merits of the
OP testing scheme (low cost, logistical ease) are associated
with significant limitations: (1) departures from “true” ran-
dom mating of female parents with all male parents in the
population (i.e., equal parental representation and close-to-
zero correlation among mates in the selection criterion), (2)
it is impossible to evaluate the impact of nonadditive gene
actions (within and among traits of interest), and (3) sample

of progenies from different families (different mother trees)
does not necessarily guarantee the absence of half-sib relat-
edness or other types of relatedness, such as first cousin or
even selfing (White et al. 2007). The over-inflated additive
genetic variance and heritability estimates obtained from the
present study further support this notion and highlight the
caveats associated with this approach. However, it should be
stated that if OP testing is considered as a filter for rouging
inferior genotypes, then the true genetic merit of the selected
individuals could be precisely determined using either full-
sib (i.e., structured pedigree) or molecular marker pairwise
relationship approach.

The development of molecular markers, coupled with
statistical approaches to reconstruct pedigrees, made it pos-
sible to merge the advantages of traditional simple OP
testing with those of more advanced full-sib family mating
schemes. OP testing schemes with incorporating genetic
markers therefore became a competitive platform to the

Fig. 1 Box plot comparison
between combined (pedigree
and marker-based) and marker-
based relationship estimate
distribution across relatedness
classes (UR unrelated, HS half-
sib, FS full-sib)
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traditional structured-pedigree-based (half- and full-sib
crosses) breeding (see El-Kassaby and Lstibůrek 2009;
El-Kassaby et al. 2011 for theoretical quantification).

The animal models were developed to facilitate classical
breeding, but lately, the generalized mixed-model framework,
combined with the use of molecular markers, has found great
advantages in evolutionary genetics (Kruuk 2004). They can
optimally accommodate variable family sizes (often found in
open-family testing) and combine data from multiple locations
and generations; furthermore, effects of nonrandom mating
and selection are accounted for. For these reasons, the
animal models provide a better platform to pedigree
reconstruction approaches, as opposed to the simple
half-sib evaluation which is based on simplified assump-
tions. Classical animal model incorporates the advantages
of connectedness in the expected relationship (pedigree)
matrix with relatedness matrix replacing the pedigree in
the analysis. Frentiu et al. (2008) reported that such an
approach, using reduced-rank relationship matrices,
resulted in better estimates of genetic variances; however,
estimating covariances remained a challenging task.

In our investigation, we combined the use of pedigree-
based relatedness (A matrix) with marker-based relationship
(G matrix) (Bömcke and Gengler 2009). This was done to

minimize the impact of variable parental representation on
marker-based relationships, which is based on only nine
SSRs. It was suggested earlier that such a combined analysis
leads to reliable ranking of individuals, when assessed by
their respective additive genetic value (Blonk et al. 2010).
Based on our results, high correlation coefficients between
the full-sib and combined analysis confirm their reasoning
as the combined analysis contains vital information from the
full-sib. On the other hand, the four marker-based estimators
used in the present study resulted in a significant decrease in
both additive variance estimation and their respective stan-
dard errors. This goes in line with earlier findings by Frentiu
et al. (2008), who discuss two major challenges when using
the marker-based approach including (1) the intrinsic vari-
ability in within-population relatedness and (2) our ability to
efficiently sample/detect these patterns. Moreover, the se-
lection procedure implemented in this study might have
reduced (i.e., downward estimates) the marker-based herita-
bility estimates as previously observed by Rodriguez-
Ramilo et al. (2007). In light of this, we investigated the
distribution of marker-based pairwise relationships across
all relatedness classes (i.e., unrelated and half- and full-sib)
and compared them to that of the combined pedigree–mark-
er relationship estimator (Fig. 1). The combined estimator

Table 3 Pearson’s product–moment (below diagonal) and
Spearman’s rank-order (above diagonal) correlations between in-
dividuals’ height breeding values among combined marker–

pedigree (combined), sibship, and all marker-based pairwise re-
lationships for site 1, site 2, and both sites (all correlations are
significant at P<0.0001)

Method Half-sib Full-sib Combined Li et al. Wang Lynch and Ritland Queller and Goodnight

Site 1 Half-sib 1 0.904 0.680 0.414 0.485 0.441 0.360

Full-sib 0.909 1 0.674 0.397 0.427 0.399 0.310

Combined 0.737 0.737 1 0.608 0.624 0.625 0.757

Li et al. 0.518 0.485 0.661 1 0.848 0.791 0.700

Wang 0.585 0.512 0.681 0.882 1 0.740 0.703

Lynch and Ritland 0.552 0.487 0.687 0.835 0.802 1 0.698

Queller and Goodnight 0.480 0.408 0.787 0.748 0.749 0.749 1

Site 2 Half-sib 1 0.836 0.688 0.548 0.561 0.600 0.581

Full-sib 0.872 1 0.821 0.550 0.552 0.567 0.547

Combined 0.754 0.859 1 0.637 0.603 0.671 0.700

Li et al. 0.646 0.638 0.725 1 0.875 0.806 0.763

Wang 0.669 0.631 0.690 0.910 1 0.738 0.722

Lynch and Ritland 0.680 0.652 0.752 0.862 0.806 1 0.787

Queller and Goodnight 0.708 0.658 0.778 0.816 0.798 0.829 1

Both sites Half-sib 1 0.902 0.770 N/A N/A N/A N/A

Full-sib 0.909 1 0.843 N/A N/A N/A N/A

Combined 0.792 0.861 1 N/A N/A N/A N/A

Li et al. N/A N/A N/A - N/A N/A N/A

Wang N/A N/A N/A N/A - N/A N/A

Lynch and Ritland N/A N/A N/A N/A N/A - N/A

Queller and Goodnight N/A N/A N/A N/A N/A N/A -

N/A not available
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clearly produced three distinct unrelated and half- and full-
sib classes, while the four marker-based estimators produced
consistent and surprising results showing reduced mean
values for both half- and full-sibs (Fig. 1). Additionally, this
comparison also produced contrasting estimates’ variances
with reduced vs. wide variance for the combined and the
marker-based methods, respectively (Fig. 1). This could be a
reflection of the number and infomativeness of the markers
used as well as parental contribution imbalance. We suspect
that the observed lack of discrimination among relatedness
classes is the cause for our inability to estimate the additive
genetic variance when multiple sites were used (Table 2). It
should be clearly stated that the implemented preselection of
offspring prior to data analysis (i.e., restricting the analysis
to a subset of individuals from the experiment) has restricted
our ability to sample the “entire” variance and that might
have affected the within-family variance estimation.
However, this was done to maximize the genetic advance
for the selection of parents for their inclusion in the second-
generation seed orchard.

The main benefit of the marker-based approaches is their
ability to sample the entire population history as it is not
restricted by known pedigree and simplified probabilistic
description of the relatedness based on the IBD likelihood.
As there is no reference level to compare both pedigree-based
and marker-based estimates, their pairwise comparison is not
completely fair (Oliehock et al. 2006). Additionally, it should
be highlighted that the marker-based methods, in this study,
are not equivalent to their pedigree-based (full-sib) counter-
parts. The calculation of the dominance genetic variance can
only be estimated through the determination of coefficient of
fraternity which requires substantial number of markers
(Lynch and Ritland 1999). So, we feel that the number of
molecular markers used in the present study (which was 9)
does not permit the precise construction of the coefficient of
fraternity correctly; thus, we opted to avoid estimating the
dominance genetic variance for the marker-based methods.
Therefore, we combined the reconstructed pedigree with
the pairwise marker-based relationship to overcome the
drawback.

From the breeding perspective, marker-based methods, if
done with precision, should be regarded advantageous to
classical evaluation schemes as they free breeders from the
task of building structured pedigree and directly permit
genetic evaluation irrespective of genealogy. At the same
time, more research is needed to encapsulate the effect of
historical population structure (e.g., IBD vs. IBS: Powell et
al. 2010), type, number, and informativeness of markers and
sample size.

Finally, it must be clarified that the resulting offspring
structure as revealed by pedigree reconstruction is merely a
function of the number of parents participated in mating,
their respective reproductive phenology and output, as well

as the contamination level (gene flow). In case where high
gene flow occurs, the pedigree created by the sibship anal-
ysis is anchored around maternal parents and it does not
affect the quality of the maternal genetic parameters
estimated.
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