
7th World Congress on Genetics Applied to Livestock Production, August 19-23, 2002, Montpellier, France 

ESTIMATES OF PAST EFFECTIVE POPULATION SIZE IN CATTLE FROM A 
NEW MULTI-LOCUS MEASURE OF LINKAGE DISEQUILIBRIUM 

 
 

B. Hayes1, P. Visscher2, H. McPartlan1 and M.E. Goddard1,3 
 

1 Victorian Institute of Animal Science, Department of Natural Resources and Environment, 
Attwood, Victoria, 3049, Australia 

2 University of Edinburgh, West Mains Road, Edinburgh EH9 3JG, Scotland, UK  
 3 Institute of Land and Food Resources, University of Melbourne, Parkville,  

Victoria, 3052, Australia 
 
INTRODUCTION 
The large number of densely spaced, polymorphic genetic markers generated by modern 
genomics are a powerful tool for answering genetic questions. For instance they are being used 
to fine-map trait genes and to infer the history of the human population. The power of multiple 
markers derives from the information content of each individual marker and from  linkage 
disequilibrium (LD) among the markers. A new multi-locus measure of LD is the chromosomal 
segment homozygosity (CSH). CSH is defined as the probability that two gametes drawn at 
random from the population carry homologous chromosome segments descended from the 
same common ancestor.   
 
Values of CSH can be predicted from observed homozygosity of haplotypes (with any number 
of markers and of any length) from a sample, by adjusting the observed haplotype 
homozygosity for the probability of the observed haplotype homozygosity occurring by 
chance, a function of individual marker homozygosities. An approximate expectation for CSH 
is 1/(4N*c+1), where c is length of the haplotype in Morgans, and N is effective population 
size 1/(2c) generations ago (Hayes et al 2002). This expectation allows us to calculate N at t = 
1/2c generations ago from estimated CSH. In this paper, we use haplotypes from a dairy cattle 
population to calculate CSH, and then infer the ancestral N of the population at various times 
in the past.  
 
MATERIALS AND METHODS 
In practise, we cannot directly observe CSH. Rather, it has to be inferred from the marker 
haplotypes for segments of the chromosome. To calculate CSH, we modified the method of 
Meuwissen and Goddard (2001) to calculate the probability that two chromosome segments 
drawn at random from the population are identical by descent (IBD) given the marker 
haplotypes they carry, and the homozygosity of the markers in the population. 
 
The resource population for the dairy cattle data set consisted of four Holstein-Friesian sire 
families. Sire A had 22 daughters, Sire B 38 daughters, Sire C 74 daughters and Sire D 130 
daughters. Each daughter had a unique dam. Daughters were genotyped for sixteen micro-
satellite markers on chromosome 20. The markers were BM1225, RM310, ILSTS068, 
BMS2361, AGLA29, BM4107, ILSTS072, BMS703, BM5004, BMS3517, HEL12, RM106, 
MS1282, TGLA304 and BMS1719. The markers bracketed a length of 65cM, with various 
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spacings between the markers. As the daughters were from four sire families, the paternal and 
maternal marker haplotypes could be determined. We estimated CSH from the maternal 
haplotypes only, as CSH from the paternal haplotypes would reflect CSH in each of the four 
sires, rather than in the wider population.  Effective population size (N) at 1/2c generations in 
the past was then calculated as N = (1-CSH)/(4CSHc). 
 
RESULTS AND DISCUSSION 
The values of CSH decreased with increasing haplotype length, Figure 1.  
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Figure 1. Chromosomal homozygosity from the dairy cattle data set. Also plotted are the 
expected values of CSH when N=1000 and N=20, using the equation E(CSH) = 1/(4Nc+1) 
 
Observed CSH at short lengths of haplotype was consistent with the expectation for CSH with 
N=1000. As the length of haplotype increased, the observed CSH was more consistent with the 
expected CSH for N = 20. As CSH at short lengths of haplotype reflect N many generations 
ago, while CSH at long lengths of haplotype reflect N in the more recent past, our results 
suggest a decline in N with time. 
 
When we calculated N and t from CSH at c Morgans, the results also suggested a recent 
decline in the effective population size of dairy cattle (Figure 2). Due to the wide spacing of 
markers in our sample, there is little information on effective population size of dairy cattle 
more than 400 years in the past. The one data point that does exist certainly suggests the 
historical effective population size was much larger than the current effective population size.    
 
One possible source of error in our calculations of effective population size in the past could be 
introduced by the additional linkage disequilibrium created due to the admixture of the United 
States Holstein and Australian Friesian populations. However the Holstein and Friesian breeds 
have probably diverged only slightly and so very little LD would result from their recent 
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admixture.  Admixture may also have occurred in the more distant history of the Holstein-
Friesian but generations of recombination should have reduced its effect. 
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Figure 2. Effective population size of the dairy cattle population ancestral to the sample 
used, up to 700 years ago (one generation was considered to be four years) 
 
Farnir et al. (2000) concluded there was evidence for long range (>20cM) linkage 
disequilibrium operating in diary cattle. As Farnir et al. (2000) used the D’ statistic to measure 
LD, we cannot draw inferences from their results with regards to the change in effective 
population size in dairy cattle. Though our results agree with those of Farnir et al. (2000), in 
that we observed linkage disequilibrium at large lengths of haplotype, their conclusions with 
regards to the large amount of linkage disequilibrium only apply over large distances. As the 
length of haplotype was reduced, we observed only a small increase in the amount of LD, a 
function of the historically large effective population size. One consequence of LD at small 
distances reflecting a large past effective population size is that fine mapping of gene mutations 
using linkage disequilibrium in dairy cattle will require a higher density of markers and larger 
populations than indicated by early studies, which observed LD at large distances only.      
 
Domestication, breed formation, and artificial breeding technologies have all served to reduce 
the effective population size of the world dairy cattle population. Due to the wide spacing of 
the markers in our data set, we can only infer population sizes up to 700 years ago. Formation 
of the modern Holstein-Friesian breed is estimated to have occurred approximately two 
centuries ago (Bradley and Cunningham 1998). Our results certainly indicate that the effective 
population size of the ancestral dairy population declined between 700 and 200 years ago. The 
effective population size drops sharply between 200 years ago and the present, which is likely 
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to be reflecting the widespread use of a few elite sires, a phenomena accelerated by the 
introduction of artificial insemination. The data also contains some extremely long (0.6 M) 
haplotypes, the LD at which can be used to infer very recent effective population size. Our data 
indicates very recent effective population size to be 15 – 20.  This probably reflects the recent 
pedigree of the cows from which DNA was taken, and it is quite possible that the cows in the 
pedigree are descended from a restricted sample of sires and grandsires.  
 
CONCLUSION 
We have described a new multi-locus measure of LD, the chromosomal segment 
heterozygosity (CSH). CSH has the approximate expectation 1/(4Nc+1), where c is the length 
of the haplotype in Morgans and N is the effective population size at t=1/2c generations into 
the past.  Hence N at different times in the past can be estimated given samples of haplotypes 
of different lengths. Using a sample of haplotypes from a Holstein-Friesian population, we 
estimated a sharp reduction in N from approximately 1000, 700 years ago, to approximately 20 
in the very recent past. This decline in effective population size of the Holstein-Friesian 
population agrees with the history of the breed, reflecting events such including breed 
formation and the recent dominance of a few elite bulls worldwide by artificial insemination. 
The new multi-locus measure of LD is very general, and could easily be applied to molecular 
marker data from other livestock species or to human populations. 
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