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Summary. A Mean Correlation Response (MCR) model 
was developed to estimate the relative effectiveness of 
direct selection when other traits also respond to the 
selection. A measure of the relative effects of mean corre- 
lated response and direct response (R) and a measure of 
the relative efficiency of direct selection (IE) were applied 
to a genetic correlation matrix of 38 traits. These were 
measurements of inflorescence, receptacle and involucre, 
scape, disk florets, ray florets, and trans florets in the 
Davis population of Gerbera hybrida, Compositae. Gen- 
erally, traits with high heritability had high direct and 
mean correlated response; these were often traits measur- 
ing disk and trans florets. Traits with low heritability had 
low direct and mean correlated response; these were 
often traits measuring the inflorescence. Traits of the in- 
florescence had the lowest efficiency of direct to mean 
correlated response. 
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Introduction 

Estimates of phenotypic, genetic, and environmental cor- 
relation for 38 flower traits in generation 5 of the Davis 
population of Gerbera hybrida, Compositae, were report- 
ed in paper I of this series (Harding et al. 1990). These 
traits are morphological characteristics of the inflores- 
cence, involucre, receptacle, scape, and corolla and calyx 
of disk, trans, and ray florets. The combination of moder- 
ate to high heritability and positive or negative genetic 
correlations among these traits (Drennan et al. 1986; 
Harding et al. 1990) suggests that direct selection for 

these traits will result in correlated response. Evidence for 
correlated response has been reported for several crops 
(e.g., Miller and Rawlings 1967; Hallauer and Miranda 
1981; Gallais 1983; Troyer 1986). 

The simple correlation response model is well known 
(e.g., Falconer 1981; Wricke and Weber 1986). The pur- 
pose of this paper is to develop a model that will predict 
the Mean Correlated Response (MCR) of a large number 
of traits when direct selection is practiced on a single trait. 
The analysis is derived from the 38 x 38 genetic correla- 
tion matrix and heritability vector from paper 1 of this 
series. Mean correlated response and direct response will 
be predicted for each of the 38 traits. Estimates of (1) 
direct response to selection, (2) mean correlated response 
to selection, (3) frequency of statistically significant corre- 
lated response, (4) ratio of mean correlated response to 
direct response, and (5) an index of efficiency are used to 
predict direct and correlated response to selection on the 
38 flower traits. 

Mean correlation response model 

The model used in this study makes the following assumptions: 
(I) all genetic variance and covariance is additive, (2) residuals 
about the additive model are uncorrelated and normally distrib- 
uted, (3) selection occurs before crossing, and (4) selection is 
based on individual phenotype. The direct response to selection, 
DR 0, for a trait Xo, is given by 

DRo = ho 2 (io) (r (1) 

where i o is the selection intensity, h~ is the heritabitity, and a o is 
the phenotypic standard deviation for trait X o (e.g., Falconer 
1981). Observations for each trait were divided by their respec- 
tive phenotypic standard deviations because the traits were 
found to have different standard deviations (Drennan et al. 
1986). Thus, traits are expressed in standard deviation units, and 
an index of direct response can be computed from 

(DRo)/i o = h~ (2) 
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for any selection intensity i o. This response to direct selection 
can be placed on axis 0 in k-dimensional space. Correlated re- 
sponses are changes that occur in the dimensions associated with 
the other k - 1  traits. In dimension j, an index of correlated 
response for trait Xj is given by 

(CRoyi  o = (hi)(ho) (roj) , (3) 

where roj is the additive genetic correlation between traits X o 
and Xj, and hj is the square root of heritability for trait Xj (see 
Janssens 1979 for concept of coheritability). Since the parame- 
ters in Eq. (3) were estimated from parent-offspring regression, it 
can be shown that 

(CRoj)/i o .~ x/2/  f [r (Po, O j) + r (Pj, 00)]/2 (4) 

where the correlation of traits X o and Xj in parent and offspring 
are estimated from r(Po, O j) and r(Pj, Oo) and averaged; f =2, the 
family size. Since f is a constant, statistical significance for 
(CRoi)/i o was determined by testing the quantity [r(Po, O j )+  
,'(~, Oo)]. 

The total correlated response in the k - 1  traits to selection 
for trait X o is 

k - 1  

CRo = ioho Z h~roj . (5) 
j = l  

Mean correlated response of the k -  1 traits could be obtained by 
dividing Eq. (5) by k -  1. However, correlations can vary from 
- 1 to + 1 with positive and negative estimates canceling each 
other. This was corrected by the use of absolute values (% = 
[rij I), giving a mean absolute genetic correlation (MGC) of 

1 / : - 1  
MGC - (6) o - ( k -  1) ho j__Z h~ aoj ,  

where 
1 k - 1  

h-~ = ( k -  1) j~l  hj (7) 

and h- o is the mean of the square roots of all heritabilities except 
h o. Therefore, MGC o is proportional to the sum of absolute 
genetic correlations weighted to square roots of heritabilities. An 
index of mean correlated response for trait X o (MCRo) is ob- 
tained by dividing Eq. (5) by k -  1, and replacing roj with aoj, 

(MCRo)/i o = h o h- o (MGCo). (8) 

The frequency of statistically significant correlated respons- 
es for trait X o is 

C~ (9) 
Qo - ( k -  1) ' 

where C o is the number of (CRo~)/i o (] r  that are statistically 
significant using Eq. (4). Qo will be underestimated because stan- 
dard errors do not permit detection of all differences. Nonethe- 
less, comparisons of Q for different traits are useful. 

The relationship of direct to correlated response can be 
investigated by two approaches: Indirect Selection, in which the 
purpose is to improve a trait by selecting for one or several other 
traits, and Correlated Response, in which the purpose of selec- 
tion is to obtain direct response in the selected trait while realiz- 
ing a minimum of correlated response in other traits. 

The ratio of correlated/direct response has been used to 
measure the relative efficiency of indirect selection for the two- 
trait case (Falconer 1981; Searle 1965). Large values indicate 
that indirect selection will be more effective. This approach can 
also be applied to the mean correlated response model with 

MCRo (10) 
Ro =-  DR ~ , 

where R o is the ratio of mean correlated response to direct 
response to selection on trait X 0. Higher values for R o indicate 
that selection will be accompanied by greater correlated re- 
sponse. MCR o was chosen instead of total correlated response 
because the latter is dependent on the arbitrary number of traits 
studied. This model could also be used to measure the effective- 
ness of selection on several traits to produce an indirect response 
in a particular trait. 

The Index of Efficiency defines the proportion 

DRo 
IE o - (11) 

(DR0 + MCR0) 

Larger values indicate that a higher proportion of total response 
is direct response for the selected trait; lower values indicate that 
a higher proportion is correlated response. Since IE o and R o are 
related by 

1 

IE~ = ( l+Ro)  

they only represent different ways of viewing the same informa- 
tion. 

R e s u l t s  

DR/i ,  M G C ,  and M C R / i ,  es t imated f rom Eqs. (2), (6), and 

(8), respectively,  are presented  in Table  1 for traits 1 16 

and  in Table 2 for traits 17 -38 .  Each  trait  is p laced in one 

of the fo l lowing categories:  inflorescence, receptacle / in-  

volucre,  scape, disk floret, ray floret, or  t rans floret  (for 

Table  1. Index of Direct Response (DR/i), Mean Genetic Corre- 
lation (MGC), Index of Mean Correlated Response (MCR/i), 
and Frequency of Significant Correlated Response (Q) for traits 
1-16 

Trait DR/i MGC MCR/i Q 

Inflorescence 
1 0.26 0.29 0.10 0.08 
2 0.55 0.44 0.22 0.35 
3 0.12 0.35 0.08 0.00 
4 0.21 0.38 0.12 0.03 
5 0.16 0.55 0.15 0.11 
6 0.16 0.41 0.11 0.05 

Mean 0.24 0.40 0.13 0.10 

Receptacle/involucre 
7 0.17 0.45 0.12 0.11 
8 0.37 0.40 0.16 0.19 
9 0.25 0.37 0.12 0.24 

10 0.49 0.33 0.15 0.22 
11 0.50 0.37 0.17 0.27 
12 0.42 0.41 0.18 0.30 
13 0.33 0.45 0.17 0.24 
Mean 0.36 0.40 0.15 0.22 

Scape 
14 0.43 0.37 0.16 0.22 
15 0.39 0.40 0.17 0.24 
16 0.39 0.37 0.15 0.24 
Mean 0.40 0.38 0.16 0.23 



Table 2. Index of Direct Response (DR/i), Mean Genetic Corre- 
lation (MGC), Index of Mean Correlated Response (MCR/i), 
and Frequency of Significant Correlated Response (Q) for traits 
17-38 

Trait DR/i MGC MCR/i Q 

Disk floret 
17 0.21 0.41 0.12 0.11 
18 0.63 0.32 0.17 0.27 
19 0.44 0.36 0.16 0.11 
20 0.46 0.38 0.17 0.22 
21 0.86 0.44 0.27 0.49 
22 0.46 0.28 0.13 0.11 
23 0.76 0.40 0.23 0.35 
24 1.06 0.40 0.27 0.27 
25 1.t5 0.40 0.28 0.30 
Mean 0.67 0.38 0.20 0.25 

Ray floret 
26 0.28 0.37 0.13 0.11 
27 0.37 0.30 0.20 0.05 
28 0.80 0.36 0.21 0.35 
29 0.24 0.36 0.12 0.08 
30 0.40 0.30 0.13 0.16 
31 0.28 0.30 0.11 0.11 
32 0.70 0.31 0.17 0.22 
Mean 0.44 0.33 0.14 0.15 

Transitional floret 
33 0.22 0.39 0.12 0.11 
34 0.81 0.37 0.22 0.32 
35 0.22 0.51 0.16 0.14 
36 0.73 0.43 0.24 0.49 
37 0.87 0.45 0.27 0.35 
38 0.86 0.44 0.27 0.30 
Mean 0.62 0.43 0.21 0.28 

descriptions of traits, see Appendix of paper  1). DR/i is 
greater than MCR/ i  for each of these traits; mean DR/i 
and mean MCR/ i  for the 38 traits are 0.47 and 0.17, 
respectively. The mean heritabili ty for the 38 traits was 
0.47; the mean of the square roots  of heritabili t ies (fro) for 
each of these traits varies from 0.65 to 0.67. 

DR/i varies from less than 0.20 for traits 3, 5, 6, and 
7 to more than 0.80 for traits 21, 24, 25, 34, 37, and 38; 
MCR/ i  varies from less than 0.10 for traits I and 3 to 
more than 0.25 for traits 21, 24, 25, 37, and 38 (Tables 1 
and 2). Mean DR/i and MCR/ i  are highest for disk and 
trans floret traits, and lowest for inflorescence traits. 
Mean M G C  is also high for trans floret traits, but  is not  
low for inflorescence traits. 

The frequency of statistically significant correlated 
responses (Q) for each trait  is also presented in Tables 1 
and 2. Trait  3 has no significant correlated response; six 
traits (1, 3, 4, 6, 27, and 29) have less than 0.10. Two traits 
(21 and 36) have frequencies of correlated response 
greater than 0.40. Mean Q is highest for trans floret traits 
and lowest for traits measuring the inflorescence. Mean 
frequency of correlated response for the 38 traits is 0.21, 
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Table 3. Estimates of the Relative Effect of Indirect Selection (R) 
and Index of Efficiency (IE), for each of the 38 flower traits 

Trait R IE 

Inflorescence 
1 0.38 0.73 
2 0.39 0.72 
3 0.68 0.60 
4 0.55 0.65 
5 0.91 0.52 
6 0.70 0.59 

Mean 0,60 0.63 

Receptacle/involucre 
7 0.73 0.58 
8 0.43 0.70 
9 0,49 0.67 

10 0.31 0.76 
11 0.34 0.75 
12 0.42 0.71 
13 0.53 0.66 
Mean 0.47 0.69 

Scape 
14 0.37 0.73 
15 0.43 0.70 
t 6 0.39 0.72 
Mean 0.39 0.72 

Disk floret 
17 0.61 0.62 
18 0.27 0.79 
19 0.36 0.74 
20 0.37 0.73 
21 0.31 0.76 
22 0.27 0.79 
23 0.30 0.77 
24 0.25 0.80 
25 0.25 0.80 
Mean 0.33 0.76 

Ray floret 
26 0.46 0,68 
27 0.32 0.76 
28 0.27 0.79 
29 0,49 0.67 
30 0.31 0.76 
31 0.38 0.73 
32 0.25 0.80 
Mean 0.35 0.74 

Trans floret 
33 0.56 0.64 
34 0.27 0.79 
35 0.72 0.58 
36 0.33 0.75 
37 0.32 0.76 
38 0.31 0.76 
Mean 0.42 0.72 

i.e., about  I trait in 5 is expected to have a statistically 
significant correlated response. 

Estimates of R and IE for each trait  are presented in 
Table 3. The ratio R of mean correlated/direct  response 
varies from less than 0.25 for traits 25 and 32, to more 
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Fig. 1 a-f.  Scatter diagrams for DR/i and MCR/i for the 38 traits in the morphological categories: a inflorescence, b receptacle and 
involucre, e scape, d disk floret, e ray floret, and f trans floret traits. For descriptidns of traits, see Appendix in paper 1 of this series 

than 0.70 for traits 5, 7, and 35. IE, the ratio of direct 
response to direct plus mean correlated response, varies 
from less than 0.60 for traits 3, 5, 6, 7, and 35, to more 
than 0.80 for traits 25 and 32. Mean R and mean IE for 
the 38 traits are 0.42 and 0.71, respectively. 

Discussion 

The relationship between DR/i and MCR/i for all traits 
in the six morphological categories is illustrated in Fig. 1. 
The apparent regression in these graphs is expected be- 
cause DR/i and MCR/i are functions of heritability [Eqs. 
(2) and (8)]. Hence, higher heritability is expected to pro- 
duce greater DR/i and MCR/i; this relationship varies 
with changes in MGC. 

MCR/i is a function of heritability and mean genetic 
correlation; differences in h0 can be ignored. Consequent- 
ly, a high level of correlated response will result from high 
heritability and high MGC, but moderate levels of corre- 
lated response can result from different combinations of 
these factors. Heritability and MGC can be seen in Tables 
1 and 2; heritability is equivalent to DR/i. There is no 
correlation between MGC and heritability. 

Trait 2 is the only trait measuring the inflorescence 
(Fig. 1 a) that has relatively large estimates of direct and 
mean correlated response; the frequency of significant 
genetic correlation is 0.35. This trait, measuring the dis- 
tance from the center of the flower to the outer edges of 
the corolla lobes of trans florets, is expected to respond to 
direct selection with moderate correlated response. Traits 

1, 3, 4, 5, and 6 are not expected to have large direct or 
correlated responses to selection�9 Trait 5, the number of 
ligules per flower, has MCR/i nearly as large as DR/i, 
resulting in R > 0.9 and IE near one-half. The combina- 
tion of low heritability (0.16) and large mean genetic cor- 
relation (0.55) indicates that any selection required to 
produce a given response for this trait will also result in 
approximately equivalent responses for other traits. 

Receptacle and involucre traits have moderate to low 
direct and mean correlated response (Fig. I b), moderate 
mean genetic correlation (0.40), and frequency of signifi- 
cant correlation between 0.11 and 0.30. Highest values for 
DR/i and MCR/i are for traits 10, 11, and 12, which 
measure diameters of receptacle, and base and top of 
involucre, respectively; lowest are for traits 7 and 9, which 
measure heights from base of involucre to disk surface 
and height of receptacle, respectively. The reason for 
higher estimates of DR/i and MCR/i for diameter than 
height traits for the receptacle and involucre is not 
known. 

The three traits measuring the scape have nearly 
equal estimates of direct and correlated response, very 
near the mean for all traits (Fig. 1 c). Each has a frequency 
of significant genetic correlation near 0.23; they are ex- 
pected to give moderate direct and correlated responses 
to selection. 

Disk floret traits (Fig. 1 d) present an array of re- 
sponses: very little response for trait 17, moderate re- 
sponses for traits 18, 19, 20, and 22, and high responses 
for traits 21, 23, 24, and 25. Direct selection will be most 
successful for length of pappus bristles (trait 21) which are 
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modified sepals, for width (trait 23) and length (trait 24) 
of outer corolla lobe, and for length of inner corolla lobe 
(trait 25); very large correlated responses are also expect- 
ed. The frequency of these responses is expected to be in 
the range of 0.3 to 0.5. Number of pappus bristles (traits 
17 and 20) and length of corolla tube (traits 19 and 22) are 
not expected to respond strongly to selection. Although 
disk floret traits may not have received as much attention 
from ornamental breeders as some other traits, they ap- 
pear to have great potential for direct and correlated 
response. 

Ray florets, on the other hand, have 5 of 7 traits with 
below average estimates of direct and correlated response 
(Fig. I e). Only traits 28, length of pappus bristles, and 32, 
length of inner corolla lobe, have high values for DR/i  
and MCR/i; trait 28 also has a high estimate of Q (0.35). 
Length of inner corolla lobes of ray florets has a marked 
effect on the appearance of the center of the gerbera 
flower. These results also indicate that intense selection 
will be required to produce either direct or correlated 
response in traits 30 and 31, the width and length of 
ligules, although each has received much attention from 
breeders. As a group, ray floret traits have low values for 
mean genetic correlation, with mean MGC of 0.33. How- 
ever, in paper I the length and width of corolla lobes of 
ray florets were found to have important negative genetic 
correlations with traits of trans florets. 

The trans floret traits (Fig. If)  are divided into two 
distinct groups; traits 33 and 35 with low estimates, and 
traits 3, 36, 37, and 38 with high estimates of direct and 
correlated response. Traits 33 and 35 measure the number 
of pappus bristles and length of corolla tube), respective- 
ly; the latter has very high mean genetic correlation 
(0.51), but low MCR/i because its heritability is only 0.22. 
Traits 34, 36, 37, and 38 measure length of pappus bris- 
tles, width and length of outer corolla lobes, and length 
of inner corolla lobes, respectively. Traits 36 and 37 also 
have high estimates of Q=0.49 and 0.35, respectively. 
Although length and width of outer corolla lobes of trans 
florets have been selected in the development of semi- 
double and double flower types, it appears there is poten- 
tial for further response. However, these results also indi- 

cate that a high frequency of correlated responses is ex- 
pected. 

Estimates of the index of efficiency (Table 3) range 
from 0.52 to 0.80, with mean of 0.71. However, it is impor- 
tant to note that this index defines the total selection 
response as the sum of direct response and mean correlat- 
ed response, not the total of responses for all traits. We 
avoid total correlated response because it is dependent on 
number of traits, which is arbitrary. The mean of all 
estimates of IE in this study of 0.71 does not mean that 
71% of response to selection of 38 traits is direct, but that 
a 71% direct selection response will result per trait. 

The unusually high heritability responsible for high 
direct and mean correlated response for some traits (e.g., 
24, 25, 28, 34, 37, 38) suggests the possibility of major 
genes for those traits. Although family patterns have oc- 
casionally suggested such a possibility, there is as yet no 
firm evidence for single major genes for these traits. 
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