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Abstract 
The calculation of heritabilities and genetic correlations, which are necessary for predicting evolutionary responses, requires 
knowledge about the relatedness between individuals. This information is often not directly available, especially not for 
natural populations, but can be inferred by using molecular markers such as allozymes. Several methods based on inferred 
relatedness from marker data have been developed to estimate heritabilities and genetic correlations in natural populations. 
Most methods use maximum-likelihood procedures to assign pairs or groups of individuals to predefined discrete 
relatedness classes (e.g., half sibs and unrelated individuals). The Ritland method, on the other hand, uses method of 
moments estimators to estimate pairwise relatedness among individuals as continuous values. We tested both the Ritland 
method and a maximum-likelihood method by applying them to a greenhouse population consisting of seed families of the 
herb Mi1llJlilis gtlttattls and comparing the results to the ones from a frequently used standard method based on half-sib 
families. Estimates of genetic correlations were far from accurate, especially when we used the Ritland method. However, 
this study shows that even with a few variable allozyme loci, it is possible to get qualitatively good indications about the 
presence of heritable genetic variation from marker-based methods, even though both methods underestimated it. 

A trait can respond to selection only when it has heritable 
genetic variation and is not constrained by genetic correlations 
with other traits under selection (Falconer and Mackay 1996). 
The estimation of heritabilities and genetic correlations 
requires knowledge about the relatedness between individu­
als. This information is often not directly available, especially 
not for natural populations. Therefore the classical approach 
for estimating heritabilities and genetic correlations involves 
laboratory experiments with material of known pedigree, such 
as full -sib or half-sib families, or artificial selection experi­
ments. However, as a consequence of differences in 
environmental variation between laboratory and natural 
conditions and of genotype-environment interactions, herit­
abilities and genetic correlations estimated under laboratory 
conditions may not be representative of the ones in the natural 
popu lation of origin (e.g., Roff and Simons 1997). Therefore 
methods are needed to quantify the expression of genetic 
variation and covariation in natural, nonmanipulated pop­
ulations (Mousseau 2000) . 

With the progress in molecular genetic techniques, new 
methods have been developed to study evolution in natural 
populations based on inferred relatedness among individuals. 
Most of these methods use ma.ximum-likelihood procedures 
(Thompson 1975), which classify pairs of individuals into 
discrete relationship classes such as full sibs, half sibs, and 
unrelated individuals (Mousseau et al. 1998; Thomas et al. 
2000) or reconstructs sibships (Thomas and Hill 2000). 
Several methods have been developed to calculate heritabil­
ities based on maximum-likelihood estimates of relatedness 
(Mousseau et al. 1998; Thomas and Hill 2000; Thomas et al. 
2000). However, these methods require prior information on 
the population structure, which is often not known for natural 
populations. This is particularly true for plant populations, 
where, as a consequence of open pollination, matings may 
occur between individuals that are related to different degrees, 
resulting in a population with a continuous distribution 
of relatedness ratller than one with discrete relationship 
classes. Moreover, estimates based on maximum-likelihood 
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procedures rna)' be strongly biased when there are only few 
molecular markers (Thomas et al. 2000). 

Ritland (1996a) used method of moments estimators for 
inferring the degree of relatedness among individuals along 
a continuum and incorporated this in a regression-based 
approach to estimate heritabilities and genetic correlations 
(Ritland 1996b) . Although this approach results in larger 
standard errors, the estimates are generally less biased than 
the ones based on maximum-likelihood procedures, partic­
ularly when employing pairwise comparisons (Thomas et al. 
2002). Simulation studies indicate that the accuracy of 
estimates from both marker-based methods can be opti­
mized by including more samples or using a larger number of 
variable markers (Ritland 1996b; Thomas et al. 2000). These 
requirements, however, often cannot be achieved in 
experimental studies due to time or financial constraints. 

The objective of this study was to test both the Ritland 
method and a maximum-likelihood method for estimating 
heritabilities and genetic correlations when only a relatively 
small number of variable marker loci are available. Therefore 
we grew 492 plants representing 203 seed families of Mimulus 
guttatlls in a greenhouse. On these plants we did allozyme 
analysis and measured several floral traits that are related to 
their mating system (van Kleunen and Ritlill1d 2004). Then we 
estimated heritabilities of and genetic correlations between 
these traits with both marker-based methods and compared 
them to the ones from a frequently used standard method 
based on estimating variance among half-sib families. 

Materials and Methods 

Study Species and Study Population 

The yellow monkey flower (Mill/uilis guttatlls; Scrophular­
iaceae) is an annual or perennial herb that is native to western 
North America and has been introduced into eastern North 
America, New Zealand, and Europe. The species occurs in 
moist habitats such as small streams, wet meadows, and on 
wet bluffs along the sea. 

Shoots of LV!. glilla/tis consist of 0.1 - 1 m high stems that 
bear two opposite 1-5 cm long egg- or hearth-shaped leaves 
at each node. Side branches and single flowers are produced 
from meristems in the axils of the leaves. Stems may layer 
and root at the nodes, resulting in vegetative reproduction. 
The yellow, funnel-shaped, zygomorphic flowers are 1-4 cm 
in length and have conspicuous red dots at the mouth and 
inside of the funnel. The flowers are in sect pollinated, and 
each fru it may produce up to 500 small seeds of about 0.02 mg. 

Plant Material and Experimental Setup 

The plant material used in this study was patt of a larger 
experiment on mating system evolu tion in a natural 
population (van Kleunen and Ritland 2004). Seeds were 
collected from 230 plants of a large population (approxi­
mately 3000 plants) growing on a wet bluff along the sea in 
Lighthouse Park (49°19' Nand 123°13' W), 10 km 
northwest of Vancouver, British Columbia. 
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On August 28, 2002, we sowed the seeds into 67 multitop 
trays, each with 36 cells (5 cm X 6 cm X 6 cm) filled with 
commercial potting compost, in a gteenhouse with addi­
tional lighting to extend the daily light period to 16 h. For 
each maternal plant (seed family), we sowed 5-10 seeds in 
each of 10 randomly chosen cells with the restriction that 
seeds of the same seed family were not sown into more than 
one cell of the same tray. During the next month, we thinned 
seedlings to one per cell. To keep the soil permanently wet 
and cool, plants were automatically flooded every 2 h during 
the daily light period. Trays were assigned to new random 
positions in the greenhouse every 2 weeks until plants were 
too large to be moved without damaging them. 

Measurements and Allozymes 

From October 27 to November 1, 2002, that is, 9 weeks after 
sowing the seeds, we measured traits on the most recently 
opened flower of three randomly chosen offspring of each of 
the 203 seed families that had germinated. Because not all 
plants reached the flowering stage, the number of measured 
plants was 492 instead of 609. Of the 203 seed families, 30 
were represented by one individual, 59 by two individuals, 
112 by three individuals, and 2 by four individuals. The 
measured floral traits were the same ones measured in 
another study on mating system evolution in this species (van 
Kleunen and Ritland 2004): corolla width, corolla length: 
width ratio, anther-stigma separation, anther length, ovary 
length, number of red dots on the corolla, and fluctuating 
asymmetry (FA) in the number of red dots. 

In October and November 2002, we collected fresh 
corollas from each measured plant for allozyme analyses 
using starch-gel electrophoresis, as described by van Kleunen 
and Ritland (2004). We scored the following eight poly­
morphic loci: aconotase (ACO), alcohol dehydrogenase 
(AD H) , isocitrate dehydrogenase (IDH), malic enzyme 
(ME), phosphoglucoisomerase (PGI), phosphoglucomutase 
(PGM), and 6-phophogluconic dehydrogenase (two loci; 
6PGDl,6PGD2). 

Analyses 

By using the known pedigree of our greenhouse population, 
we could calculate heritabilities with a standard method 
based on partitioning of the total phenotypic variance of 
each trait into the variance between seed families (&~"p) and 
the residual variance (&~). Because the number of replicates 
per seed family was unbalanced, we estimated these variance 
components with restricted maximun'l-likelihood (REML) 
analysis of variance (AN OVA) as implemented in the 
statistical software GenStat (Payne et al. 1993). We estimated 
heritabilities as 

(1) 

(Falconer and Mackay 1996). Here we assume that individuals 
of the same seed family are half sibs rather than full sibs. This 
assumption is justified by the fact that the correlation of 



outcrossed paternity (rp), which can be viewed as the 
proportion of full sibs among outcrossed progeny (Ritland 
1989), and which we estimated using the publicly available 
program MLTR (Ritland 2002, 2004b), was low for this 
population (Ii> = 0.116). 

We also used REML analyses as implemented in the 
statistical software GenStat (Payne et al. 1993) ro estimate 
genetic covariances (CSF,,,) between traits (x and y), and 
calculated genetic correlations between them as 

Cs'F,.'ry ( ) 
':Ir" =, A 2 

cr J'F ,x cr.woJ 
(Falconer and Mackay 1996). Standard errors of heritabilities 
and genetic correlations were calculated from asymptotic 
standard errors of the corresponding variance and covariance 
components, which were obtained from the REML analyses. 
Significance levels were determined with a likelihood ratio test 
(Morrell 1998), which tests the change in deviation after 
removing the respective variance or covariance component 
from the model. The change in deviation is approximately chi­
square distributed (Littell et al. 1996). 

We used data of the eight allozyme loci to estimate 
heritabilities and genetic correlations with the Ritland 
method, which uses continuous values of pairwise relatedpess 
(Ritland 1996b), and with a maximum-likelihood method, 
which uses discrete relatedness classes (Mousseau et al. 1998). 
Both methods are implemented in the publicly available 
computer program Mark (Ritland 2004a). 

The Ritland method uses a method of moments 
estimator to infer the pairwise relatedness between plants 
from similarity in their allozyme phenotypes, as described in 
Ritland (1996a). Heritabilities are then estimated by re­
gression of pairwise differences in trait values between plants 
on their pairwise relatedness as 

Cl CZII 

h'lifImld = 2 V. 
r 

(3) 

(Ritland 1996b). Here, CZ II is the covariance between the 
similarity in quantitative traits (2:) and the estimated re­
latedness (I?; between paired individuals, and Vr is the actual 
variance of relatedness. Values of the squared pairwise 
relatedness outside the range -100 to 100 are excluded for the 
following reason: The Ritland method treats each pair of 
individuals as an equally informative observation, but with 
few gene loci, there is quite a lot of variabili ty among pairs in 
their information. The first improvement one can make here 
is exclusion of pairs for which these estimates fall outside 
a range, in this case - 100 to 100. That seems like an extreme 
range, but in actual datasets there are a few that fall way 
outside this range and cause enormous distortion of the 
population estimate. 

We also used the Mark computer program ro estimate 
genetic correlations as 

(4) 

(Lynch 1999; Ritland 1996b). Here, Cov( C, R) is the 
covariance between the pairwise relatedness (K) and the 
phenotypic covariances (C) between individuals (i and) for 
each trait (Cxixj and C;yiri) and a combination of traits (G~iJj) 
calculated from all possible pairs of individuals. 

The maximum-likelihood method first uses the allozyme 
data to classify pairs of individuals in predefined discrete 
relationship classes, and then combines this information with 
the quantitative trait data in a mixture model to infer 
heritabilities and genetic correlations (Mousseau et al. 1998). 
In accordance with the assumptions used in the analyses with 
the standard method, the relationship classes in our analyses 
corresponded to pairs of half sibs and pairs of unrelated 
individuals. 

Significance levels and standard errors of heritabilities 
and genetic correlations from both marker-based methods 
were determined from distributions of 1000 bootstrap 
values, in which individuals were the unit of bootstrapping. 
To test for similarity between the heritabilities estimated with 
both marker-based methods and the standard method, we 
calculated Pearson's correlations between them. We tested 
the similarity between the matrices of genetic correlations 
from the three methods with Mantel tests by using the 
Mantel software (LiecUoff 1999). 

Results 
Allozyme Variation 

Of the eight polymorphic allozyme loci, half were rather 
variable (allele frequencies, ACO: 0.776,0.224; ADH: 0.503, 
0.497; ME: 0.720,0.265,0.016; 6PGD2: 0.575, 0.425), while 
the other half were rather invariable (IDH: 0.961, 0.039; 
6PGD1: 0.954, 0.046; PGI: 0.948,0.052; PGM: 0.905,0.095). 

Inferred Relatedness 

In the analyses using the Ritland method, the mean ± 
standard error (SE) coefficient of kinship, which equals half 
the coefficient of relatedness (Ritland 1996a), between pairs 
of presumed half sibs was 0.119 ± 0.013, and was not 
statistically different from the expected value of 0.125 (t361 = 
0.423, P = .668). Moreover, it was significantly higher than 
the coefficient of kinship between pairs of presumed 
unrelated individuals, which was - 0.002 ± 0.001 (/361 = 
9.373, P < .001). 

The variance in relatedness over all pairwise combinations 
of presumed half sibs (362 pairs with a coefficient of kinship 
of 0.125) and unrelated individuals (120,424 pairs with 
a coefficient of kinship of 0) was only 0.00005. However, 
the variance of actual relatedness b'etween individuals as 
estimated from the aliozyme data with the Ritland method was 
0.009 and significant (P < .001). 

In the estimates from the maximum-likelihood method, 
2.3% of all possible pairs of individuals were assigned as half 
sibs and the remaining as being unrelated. This exceeds the 
percentage of presumed half sibs of 0.3% (P < .001 as 
determined from bootstrap distribution). 
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Table I. Heritabilities ± 1 SE of floral traits of M. gllllallls estimated with a standard method (equation 1) based on half-sib families, 
the Ritland method (equation 3), and a maximum-likelihood method based on inferred relatedness from allozyme markers 

Trait 

Corolla width 
Corolla length: width ratio 
Anther-stigma separation 
Anther length 
Ovary length 
Number of red dots 
Fluctuating asymmetry in number of red 
dots 

Standard method 

0.92 ± 0.37~-
0.47 ± 0.35' 
0.95 ± 0.37'" 
0.75 ± 0.36' '-
1.18 ± 0.38'" 
1.19 ± 0.38'" 
0.27 ± 0.34 

Ritland method 

0.21 ± 0.09 (0.07)" 
0.10 ± 0.07 (0.00)+ 
0.08 ± 0.Q7 (0.00)+ 
0.20 ± 0.09 (0.08)*' 
0.18 ± 0.08 (0.05)" 
0.24 ± 0.18 (0.09)" 
0.01 ± 0.06 (-0.08) 

Maximum-likelihood method 

0.36 ± 0.10 (0.22)"*" 
0.11 ± 0.06 (0.02) ' 
0.10 ± 0.08 (-0.01)+ 
0.32 ± 0.09 (0.19)' • 
0.20 ± 0.Q7 (0.09)*·* 
0.42 ± 0.11 (0.26)'·' 
0.00 ± 0.06 (- 0.08) 

For heritabilities estimated with the Ritland method and ti,e maximum-likelihood method, we give the lower 5% quantile of the bootstrap distribution in 
parentheses. When this value is larger than zero, the heritabili ty estimate is signi ficant (P < .05) . 

... p < .1, *p < .05, *'P < .01, *'* p < .001. 

Heritability Estimates 

Heritabilities estimated with the standard method were 
signi ficant fo r all flora l traits with the exception of fluctuating 
asymmetry in the number of red dots per flower (fable 1) . 
Heritabilities estimated with the Ritland method were about 
four times smaller than the ones estimated with the standard 
method (Figure 1, Table 1). N evertheless, most of the 
Ritland estimates were significant and positively correlated 
with the ones from the standard method (Figure 1; 1' = 0.752, 
one-sided P = .026, N = 7). Heritabilities estimated with the 
maximum-likelihood method also underestimated the herit­
abilities of the standard method, but tended to be higher than 
the ones estimated with the Ritland method, especially for 
traits that also had high Ritland estimates (fable 1). 
Heritabilities estimated with the maximum-likelihood 
method were also positively correlated with the ones from 
the standard method (Figure 1; r = 0.679, one-sided P = 
.047, N= 7). 

Estimates of Genetic Correlation 

Eight of the 21 genetic correlations between flora l traits 
estimated with the standard method based on half-sib 
families were significant or margi nally significant (fable 2, 
panel A). Three of the genetic correlations were also 
significant when estimated with the Ritland method. 
However, all genetic correlations estimated with the Ritland 
method, including the significant ones, had large standard 
errors that greatly exceeded the actual estimates (fable 2, 
panel B). Moreover, three of the nonsignificant o nes lay far 
outside of the biologically possible range of - 1 to 1 (fable 2, 
panel B). As a consequence of the inaccuracy of these 
estimates, there was no similarity between the matrix of 
genetic correlations estimated with the standard method and 
the one estimated with the Ritland method (Figure 2; r = 
- 0.354, Mantel Z = -2.755, one-sided P = .962). 

On the other hand, 9 of the 21 genetic correlations 
estimated with the maximum-likelihood method were 
significant or marginally significant, and had much smaller 
standard errors than the ones from the Ritland method 
(fable 2, panel B). Six of the significant genetic correlations 
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Figure I . Correlations between heritabilities of seven floral 
traits (fable 1) of M. gllttatm estimated with a standard method 
based on half-sib families (x-axis) and those estimated with the 
Ritland method (closed symbols; r = 0.752, P = .026, N = 7) 
and a maximum-likelihood method (open symbols; l' = 0.679, 
P = .047, N = 7) based on inferred relatedness from aUozyme 
markers (y-axis). 

were also significant when estimated with the standard 
method (fable 2, panel A). Moreover, even though the 
genetic correlations estimated with the maximum-likelihood 
method were smaller in magnitude than the ones estimated 
with the standard method, they were positively correlated 
(Figure 2; r = 0.734, Mantel Z = 1.851, one-sided P = .002). 

Discussion 
Estimates of Heritability 

O ne of the main constraints in using the Ritland method for 
estimating heritabilities is that it requires variation in the 



Table 2. G~netic correlations ± SE between floral traits of M gtlttattls estimated with (panel A) a standard method (equation 2) based on half-sib families (panel A), and the Ritland 
method (equaoon 4; above the diagonal) and a maximum-likelihood method (below the diagonal) based on inferred relatedness from allozyme markers (panel B) 

Corolla length:width Anther-stigma Fluctuating asymmetry 
Corolla width ratio separation Anther length Ovary length Number of red dots in number of red dots 

Panel A 

Corolla width 
Corolla length :v.~dth - 0.40 ± 0.44 
ratio 
Anther-stigma 0.16 ± 0.23 0.13 ± 0.30 
separation 
Anther length 0.82 ± 0.45'" - 0.52 ± 0.48+ 0.28 :!: 0.28 
Ovary length 0.57 ± 0.34" 0.01 ± 0.13 0.44 :!: 0.28*' 0.53 :!: 0.33" 
Number of red dots 0.48 :!: 0.30" 0.00 ± 0.02 0.52 ± 0.29" 0.24 :!: 0.25 0.44 ± 0.26" 
Flucruating asymmetry 0.24 :!: 0.45 - 0.42 :!: 0.70 -0.07 :!: 0.35 - 0.15 :!: 0.14 -0.29 :!: 0.43 -0.32 ± 0.46 
in number of red dots 

Panel B 

Corolla ~dth 0.95 ± 10.09 0.14 ± 20.00 0.43 ± 0.60' 0.50 ± 4.28" 0.25 ± 0.82' 2.99 ± 12.18 
(- 2.32,5.02) (- 0.1 2, 2.46) (0.Q1, 1.59) (0.03, 1.33) (0.00, 1.14) (- 11.89, 14.12) 

Corolla length:width - 0.19 ± 0.07 0.29 ± 230.81 0.23 ± 3.97 1.00 ± 25.49 0.1 0 :!: 11.91 5.26 ± 46.12 

ratio (- 0.34, -0.06)" (- 6.00, 8.00) (- 1.28, 3.65) (- 7.50, 64.00) (- 1.32, 4.09) (- 23.00,32.00) 

Anther-stigma 0.13 :!: 0.08 - 0.08 :!: 0.06 0.00 :!: 15.54 0.74 :!: 39.62 0.74 :!: 12.76 0.22 :!: 16.26 

separation (- 0.03,0.31t (-0.20, 0.Q4) (- 0.37, 1.85) (- 3.50,9.60) (- 2.05,6.47) (-1 1.73, 14.53) 

Anther length 0.28 ± 0.08 - 0.08 ± 0.07 - 0.02 ± 0.07 0.00 :!: 12.20 0.00 ± 0.40 0.46 ± 7.43 
(0.13, 0.46)"" (- 0.22, 0.06) (- 0.17,0.12) (0.00, 0.94) (0.00, 0.70) (- 7.58,6.18) 

Ovary length 0.18 ± 0.08 - 0.19 ± 06 0.15 ± 0.06 0.00 ± 0.08 0.1 1 :!: 4.24 3.77 ± 34.93 

(0.03, 0.33)" (- 0.32, - 0.08)" (0.03, 0.28) " (- 0.14,0.15) (0.00, 1.11) (-1 6.60,1 8.10) 

Number of red dots 0.29 ± 0.10 -0.11 ± 0.08 0.29 ± 0.10 0.06 ± 0.09 0.17 :!: 0.08 0.17 :!: 5.11 

(0.10, 0.49)"" (- 0.28, 0.05) (0.11, 0.49) 
.. 

(- 0.10,0.25) (0.01, 0.33) (- 3.62,5.13) 

Flucruating asymmetry 0.02 ± 0.08 - 0.06 ± 0.05 -0.06 ± 0.06 0.03 ± 0.06 0.08 ± 0.06 - 0.09 ± 0.08 

in number of red dots (- 0.14,0.16) (- 0.17,0.06) (- 0.18, 0.05) (- 0.10,0.15) (- 0.03,0.21) (-0.25, 0.07) 

For genetic correlations estimated with the Ritland method and the maximum-likelihood method, we give the lower and upper 2.5% quantiles of the bootstrap distribution in parentheses. \X/hen both values are 

smaller or larger than zero, the genetic correlation estimate is significantly (P < .05) negative or positive, respectively. 

+ p < .1, *p < .05, "P < .01, "*p < .001. 
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Figure 2. Correlations between genetic correlations of all 
possible pairs of seven floral rraits (fable 2) of M. gllttatlls 

estimated with a standard method based on half-sib families 
(x-axis) and those estimated with the Ritland method (closed 
symbols; ,. = -0.354, Mantel Z = - 2.755, P = .962) and 
a maximum-likelihood method (open symbols; ,. = 0.734, 
Mantel Z = 1.851, P = .002) based on inferred relatedness from 
allozyme markers (y-axis) . 

actual degree of relatedness (Ritland 1996b). Often this may 
be hard to detect with molecular markers in natural 
populations (Ritland and Ritland 1996; van Kleunen and 
Ritland 2004). Although in this study the variation in the 
actual degree of relatedness was relatively small, it was 
significant and sufficiently large to estimate heritabilities. 

The relatedness inferred from allozyme data with the 
Ritland method for pairs of presumed half sibs and unrelated 
individuals were close to the expected values, indicating that 
estimates of pairwise relatedness with the Ritland method are 
quite accurate. The variance in the actual degree of 
relatedness, however, exceeded the one based on presumed 
relatedness because there was variation in inferred re­
latedness among pairs of presumed half sibs and among 
pairs of presumed unrelated individuals. This might partly 
reflect estimation error, as indicated by negative values for 
some of the estimates. On the other hand, it may indicate 
true variation in relatedness among presumed half-sibs and 
among presumed unrelated individuals. Half sibs may have 
received, by chance, different sets of alleles from their 
mother. Further, some of the presumed half sibs may have 
a higher than expected relatedness because they actually 
share the same father (i.e., are fu ll sibs) or because their 
parents are related. The latter may also be true for some of 
the pairs of presumed unrelated individuals. Moreover, 
although they do not share the same mother, they may still 
share the same fath er (i.e., paternal half sibs). These 
arguments may also explain why the proportion of half 
sibs as estimated with the maximum-likelihood method 
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exceeded the presumed proportion of half sibs by a factor 
of 10. 

Both the Ritland and maximum-likelihood method gave 
heritability estimates that were smaller than the ones 
calculated with the standard method based on half- sib seed 
families. Simulations also showed that heritabilities estimated 
with the maximum-likelihood method that we used (i.e., the 
one developed by Mousseau et al. [1998]) are generally biased 
downward (Thomas et al. 2000), and that the ones from the 
Ritland method are usually biased upward (Ritland 1996b; 
Thomas et al. 2002), but downward when the actual variation 
in relatedness is low, as was the case in our study (Thomas et al. 
2000) . In another experimental study, heritabilities estimated 
with the Ritland method in a natural population of M. 
guttattls were also higher than the ones estimated from 
regression of greenhouse-grown offspring on field-grown 
parents (Ritland and Ritland 1996). 

Two of the seven heritability estimates from the standard 
method exceeded the biologically possible maximum value 
of one (Table 1). This suggests that part of the deviation of 
the marker-based estimates from those of the standard 
method in our study might be a consequence of over­
estimation of the true heritability by the standard method. 
The variation among maternal half-sib families may have 
been inflated by maternal carryover effects, and as 
a consequence the genetic variance may have been over­
estimated with the standard method (Falconer and Mackay 
1996). This means that the discrepancy between the 
heritability estimates from the marker-based methods and 
the true heritability might be smaller than the estimates from 
the standard method suggest. 

Although the heritability estimates from the marker­
based methods were lower in magnitude than those from the 
standard method, they were positively correlated with each 
other (Figure 1). On the other hand, in the study of Ritland 
and Ritland (1996), there was no significant correlation 
between heritabilities estimated with the Ritland method and 
those estimated from offspring-parent regression (r = 
- 0.181, P = .535, N = 14). This might be due to the fact 
that the greenhouse environment of the offspring and the 
natural environment of the parents were different, or due to 

a sampling effect because only half of the plants used in the 
Ritland method were represented in the offspring-parent 
regression . Another explanation could be that heritabilities 
calculated with the Ritland method are not reliable. Our 
study shows, however, that even though heritabilities 
estimated with the Ritland method underestimate the true 
magnitude of the heritability, they give a qualitatively good 
impression of whether there is heritable genetic variation in 
a trait. 

There certainly remains a need for more accurate 
methods to estimate heritabilities and genetic correlations 
in the absence of pedigree information. However, even the 
possibility of determining the presence of heritable genetic 
variation is a big improvement for studies testing for the 
potential for evolution in natural populations. On the other 
hand, in natural populations, results from marker-based 
methods should be interpreted with even more caution than 



in our controlled experiment. When, in natural populations, 
closely related individuals tend to grow closer together than 
unrelated individuals, phenotypic resemblance may not only 
be caused by relatedness, but also by shared environments. 
This might bias estimates of heritabili ty with a marker-based 
method, as applied in our study. However, methods have 
been developed to correct for this potential bias by using 
models that either allow for a constant amount of shared 
environment or for a linear decline in shared environment 
with distance (Ritland 1996b). 

Estimates of Genetic Correlation 

Genetic correlations are notoriously difficult to estimate 
accurately because they require accurate estimates of the 
genetic variances of the traits and the genetic covariances 
between them (Lynch 1999). Genetic correlations estimated 
with the standard method based on a large number of half­
sib families had high standard errors, and only 8 of 21 were 
significant (Table 2). Genetic correlations estimated with the 
Ritland method had even larger standard errors, and several 
estimates were outside of the biologically possible range of 
- 1 to 1, which indicates that the estimates were unstable. 
The reasons for this are not clear, but may be a consequence 
of the low number of variable loci used in this study. 
Moreover, the large standard errors of the estimates may 
partly be a consequence of bootstrapping individuals instead 
of pairs of individuals. While the latter would underestimate 
the standard error, the first may overestimate it by 10- 100% 
(Thomas et al. 2002) . This, however, should also be true for 
·the heritability estimates that did not have such large 
standard errors. Nevertheless, the three genetic correlations 
estimated with the Ritland method that were significant were 
also significant when estimated with the standard method. 
This suggests that when significant genetic correlations are 
found with the Ritland method, at least the sign of the 
correlation and its significance are reliable. 

The maximum-li kelihood method performed better than 
the Ritland method in estimating genetic correlations. All its 
estimates lay within the biologically possible range and had 
relatively small standard errors. Moreover, these estimates 
were positively correlated with the ones from the standard 
method. However, the genetic correlations estimated with 
the maximum-likelihood method were smaller than those 
estimated with the standard method. This indicates that the 
estimates indicate the presence of genetic correlations, not 
their magnitude. 

Conclusion 

This study shows that the estimation of heritabilities and 
genetic correlations using molecular markers is still prob­
lematic and requires further development of more accurate 
methods. Although the Ritland and maximum-likelihood 
methods gave similar results for the heri tability estimates, the 
maximum-likelihood method appeared to perform better, 
though sti ll far from optimal, in estimati ng genetic 
correlations. Th is result, and the results of other studies 

(Thomas et al. 2000, 2002), suggests maximum-likelihood 
methods rather than the Ritland method should b e used to 
estimate quantitative genetic parameters in natural popula­
tions. However, maximum-likelihood methods can only be 
applied when there is prior knowledge of the p opulation 
structure, as was the case in our study, as well as another 
experimental study on sheep (Thomas et aI. 2002) and 
a simulation study (Thomas et al. 2000) comparing marker­
based methods. In natural populations, howe ver, the 
population structure is often not known and relatedness is 
more likely to span a continuum rather than consist o f 
discrete relatedness classes. Therefore the Ritland method 
seems to be the best choice for inferring the presence of 
heritable genetic variation in natural populatio ns, even 
though the estimates are not accurate, at least not when 
only a few variable marker loci are available. 
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