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SUMMARY

Previous studies have reported up to double the expected rate of response to selection in breeding 
schemes based on embryo transfer, compared to conventional schemes. However, these studies ignored 
variation in family size and reduction in genetic variance in selected populations. Using Monte-Carlo 
simulation for these factors, schemes based on embryo transfer (ET) were found to give responses up to 
138 per cent greater than conventional schemes using the same number of sires and generating the same 
number of calves to go on performance test. A more realistic comparison of a conventional versus an ET 
scheme is one at the same level of inbreeding generating the same number of calves on test, in this case 
the ET scheme gave a 53 per cent advantage over the conventional scheme. Previous studies are likely to 
have overestimated absolute response by up to 50 per cent and to have underestimated rates of 
inbreeding by 150-250 per cent. In addition, assumption of constant family may have overestimated 
response by 0-11 per cent and underestimated rates of inbreeding by 11 -48 per cent.

INTRODUCTION

Land and Hill (1975) first examined the expected increase in rates of genetic improvement through the use 
of ET. They assumed a closed herd of beef cattle, selected for increased growth rate, and reported 
expected increases in genetic change of about double those possible in a conventional breeding scheme. 
More recently, Gearheart et at (1989) have examined a wider range of options, including different selection 
strategies (use of family information or two-stage selection) and embryo splitting. They reported expected 
relative improvements of +30, +60 and +80 per cent in schemes using ET for traits with heritabilities 0.1,
0.3 and 0.5 respectively, compared to conventional schemes. However, neither study accounted for the 
reduction in genetic variance due to selection and inbreeding which can substantially reduce the annual 
rate of response and may affect the choice of optimum scheme. Finally, the rates of inbreeding presented 
are only appropriate for randomly selected populations; in selected populations of the same size and 
structure rates of inbreeding have been observed up to several fold higher (Wray and Thompson, 1990). 
The combined effect of overestimating rates of response and underestimating rates of inbreeding in 
previous studies may affect decisions on the cost-effectiveness of beef ET schemes. In addition, no 
account was taken of reduced selection differentials which are expected in small populations in which the 
individual's available for selection have highly correlated estimated breeding values (Hill, 1976).

In this study we have re-examined the expected rates of response and inbreeding in ET schemes versus 
conventional schemes using Monte-Carlo simulation, thus intrinsically accounting the points raised above. 
Although good predictive methods exist (Wray and Thompson, 1990), these assume approximately equal 
sizes of family available for selection and the robustness to this assumption has not been fully tested. Field 
data on embryo collections from beef cattle (Seidel, 1981) suggests a great variability between donors, 
with the distribution of embryo yields being approximately hyperbolic in shape. Thus, via simulation the 
distribution of embryo yield can be modelled and the effect of the assumption of constant family size 
investigated.

MATERIALS AND METHODS

The phenotype (P) of animals for a trait measurable on both sexes at the end of performance test was 
simulated as P = A + E, where A = breeding value and E = environmental deviation plus non-additive 
genetic effects. E was simulated as a normally distributed random variable with mean 0 and variance cr .̂ 
In the base generation A was drawn from a normal distribution with mean 0 and variance In
subsequent generations Aj = V4 Ag + J4 Aj + m;, where subscripts i, s and d refer to the individual, the sire
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and the dam and nrij is the Mendelian sampling effect unique to i, where mj is distributed normally with 
mean 0 and variance 14(1-f) 0*3  and f is the mean inbreeding coefficient of the parents. The phenotypic 
variance (0sp) in the base population (d2a + c2e) was 1 and heritability (d2a/d2pj was 0.4. The sex of each 
animal was allocated at random with equal probability. Four types of selection scheme were considered.

(i) . Conventional scheme. In the base population equal numbers of cows aged 2, 3 and 4 were 
present. Thereafter, cows could be kept for a maximum of 6 years but were culled sequentially as soon as 
a cow with a higher estimated breeding value (EBV) was available. The probability of a cow having a calf 
survive to performance test was 0.8.

(ii) Heifer ET scheme. Each heifer was flushed once by 15 months (2 year old) with a subsequent 
family size of mean 2 and distribution shown in Table 1, based on commercial results of Mr W B Christie 
(personal communication) and Seidel (1981). This scheme represents that possible for heifers at the
moment.

(iii) Adult ET scheme. Each cow could potentially have offspring at 2 and 3 years old, based on a 
single flush at 15 months, with family size distribution described in (ii) above, followed by an additional 4 
flushes up to 27 months, each resulting in an average of 2.5 live calves with distribution presented in Table
1. Each flush was sired (when possible) by a different bull to reduce inbreeding (Woolliams, 1989). The 
correlation of embryo yield between flushes was zero for each donor.

(iv) Future ET scheme. Each donor was flushed twice by age 15 months, with each flush sires by a 
different bull and with a mean family size of 2.5 calves per flush and distribution described in Table 1.

For each scheme either 5 or 15 bulls were used and all bulls were aged 2 years when their progeny were 
born. Four different herd sizes were investigated which aimed to have 50, 100, 200 or 400 calves of both 
sexes on performance test which corresponded to approximately 60, 120, 240 or 480 cows (conventional 
scheme) or recipient places. Due to the stochastic nature of the simulation these are only approximate 
sizes. Twenty to 400 replicates of simulation were run, with larger numbers for smaller herd sizes. Rates of 
response for the two largest conventional schemes were predicted using the method of Wray and Hill 
(1989) and the rate of inbreeding was assumed to be the same as in the smaller schemes with the same 
number of sires. In all cases, selection decisions were based on animal model BLUP EBVs. Simulations 
for some schemes were repeated using family sizes with the same mean but with constant family size.

TABLE 1. Distribution of family sizes - probability of each flush resulting in a given numbers of 
calves surviving to end of performance test.

No. calves per flush

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

Mean = 2 .32 .20 .20 .09 .06 .04 .03 .02 .015.or .007 .005 .003

Mean = 2.5 .30 .16 .16 .12 .07 .05 .04 .03 .02 .015 .01 .008 .006 .005 .004 .002

RESULTS

Rates of response decline each year as a consequence of the decreases in genetic variance and 
inbreeding, therefore it is more appropriate to compare cumulative responses from different schemes. In 
Figure 1 cumulative response to year 20 is presented (in original phenotypic standard deviation units) for 
simulations with 5 and 15 sires, for a trait with heritability 0.4. Rates of inbreeding per year, however, were 
found to be approximately constant with time and are presented in Table 2 as the average over years 4-20. 
For comparison, rates of inbreeding expected from randomly mated populations are presented (F = 1/8 
ML̂  + 1/8FL , where M and F are the number of males and females entering the population each year 
and L is the average generation interval).
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Compared to optimised conventional schemes of the same herd size, expected responses from the heifer 
ET scheme were from 8 per cent lower to 20 per cent higher with 5 sires. Comparable figures for herds 
with 15 sires were from 24 per cent lower to 32 per cent higher. One of the reasons for lower expected 
responses is that with current ET success rates on young animals, when variation in family size Is 
accounted for, population sizes cannot be sustained. On average, populations declined to 50-85 per cent 
of target size by year 20, and in some cases, In smaller herds, 'expired' altogether. These results 
demonstrate that a heifer scheme is not sustainable In practice with current embryo yields.

(a) 5 sires (b) 15 sires
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Figure 1. Expected cumulative responses to year 20 in conventional and ET schemes with 
various numbers of animals tested and with (a) 5 sires or (b) 15 sires used per year.

For adult ET schemes, expected responses were from 67 to 75 per cent higher than in equivalent 
conventional schemes, with 5 sires. With 15 sires, expected responses were 78 to 138 per cent higher than 
conventional schemes. For 'future' ET schemes responses were 55 to 59 per cent higher with 5 sires, and 
77 to 109 per cent higher with 15 sires.

With 5 sires, rates of inbreeding were found to be 2-6 times higher in schemes based on ET compared to 
conventional schemes. The difference in rates of inbreeding with 15 sires are even greater but the use of 
15 sires in conventional schemes is probably unnecessarily high, unless these are dependent on natural 
mating. The rates of inbreeding predicted using the standard equation assuming random mating and 
Poisson distribution of family size underestimate true rates by up to 250 per cent.

Choosing the basis for comparing different breeding schemes is always difficult. The results above refer to 
schemes with the same population size, and the same number of sires used. Perhaps a more useful 
comparison is of schemes of the same size which result in similar levels of inbreeding. Of the schemes 
examined, a conventional scheme with 5 sires and an adult ET scheme with 15 sires result in fairly similar 
levels of inbreeding. The expected extra response from ET is then 38-53 per cent, depending on herd size.

To examine the consequences of ignoring variation in family size, in predictions of response and 
inbreeding, simulations were repeated for all schemes, assuming a herd size of 120 cows with fixed family 
sizes. Expected responses were overestimated by 0-11 per cent depending on the scheme, when 
variations in family size were ignored. More importantly, levels of inbreeding were underestimated by 11 to 
48 per cent.
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TABLE 2. Rates of inbreeding (% per year) in conventional and ET schemes for a trait with 
heritability 0.4. For comparison rates of inbreeding expected under random mating 
are presented in parentheses.

No.
calves
tested

No.
Sires

Conventional

Rate of inbreeding 

Heifer ET Adult ET Future Heifer ET

50 5 ,59(.40) 2.60 (1.50) 1.63 (0.86) 3.78 (1.88)
15 -19(. 19) 1.61 (0.67) 1.01 (0.57) 2.23(1.04)

100 5 -59(.37) 2.24 (1.38) 1.42 (0.64) 3.33 (1.56)
15 .18 (.15) 1.12 (0.54) .93 (0.36) 1.75 (0.73)

200 5 ,59*(.35) 2.11 (1.31) 1.28 (0.54) 2.99 (1.41)
15 ,18*(.13) .95 (0.48) .74 (0.25) 1.47 (0.57)

400 5 .59* (.34) 1.65 (1.28) 1.20 (0.48) 2.64 (1.33)
15 . 18*(. 12) .95 (0.45) .63 (0.20) 1.31 (0.49)

* Assumed to be equal to smaller herd sizes with same number of sires 
Standard errors for simulations ranged from .02 to .06.

DISCUSSION

Although the absolute levels of response presented here are less than those calculated by classical 
prediction methods, the extra response compared to conventional schemes is in fairly good agreement 
with previously published estimates. However, the effects of selection and variable family size on 
inbreeding have resulted in rates of inbreeding up to 2V6 times higher than previqus estimates.

At present, the variability in yield of embryos from heifers means that a heifer ET scheme is not sustainable 
in practice and inevitably it will approach the adult ET scheme in order to maintain calf numbers. Even if 
higher yields of embryos becomes possible for heifers, the simulations presented here demonstrate that 
the resulting small population generates high rates of inbreeding so that the gain in selection intensity is 
outweighed by the loss in genetic variance; hence, the response to year 20 from the currently possible 
adult scheme is greater than the future heifer scheme even though initial annual rates of response are 
lower. The results of fixed versus variable family size suggest that reducing the variation in embryo yield 
might be a higher research priority than increasing embryo yield. Alternatively, increasing embryo yield 
would permit some standardisation of family sizes, if some embryos are discarded from larger collections.

Perhaps the most relevant basis for comparing ET and conventional schemes is when the number of cows 
involved is similar (including recipients) and when levels of inbreeding are similar. On this basis adult ET 
schemes should result in up to 50 per cent extra response to selection.
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