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Supplementary Text 
 
Large sample size challenges population genetic assumptions 
 

Consideration of very large sample size violates a basic assumption underlying the theory 

employed by most population genetic analysis tools. In particular, the Standard 

Coalescent theory assumes that the sample size is much smaller than the effective 

population size (33-35). This assumption leads to there being only two possibilities in 

each generation, either no coalescence events, or a single pair of lineages that coalesce, 

but no more. However, as the sample size approaches or exceeds the population size, the 

topology of the genealogy violates these assumptions. 

 

At the tips of the genealogy, where the number of lineages is largest, the probability of 

many coalescence events is largest, including multiple mergers, which are the 

simultaneous coalescence of more than two lineages. On the other hand, for humans the 

effective population size has also been much larger recently, which reduces the 

probability of multiple mergers at the tips of the genealogy. However, since the growth of 

human populations has been so extreme and so recent, a large fraction of the many extant 

lineages will make it all the way back to when growth started.  At that point in time, only 

about 400 generation ago, the effective population size is best estimated to be at most 

10,000 (see also Table 1 in main text).  Hence, multiple mergers present a potential 

problem both at the tips of the genealogy—due to the large number of lineages—and 

before the start of growth—due to the reduced population size at that time—and similarly 

in other epochs as well.  

 

The theoretical foundation for overcoming this problem has been put forth in a 

generalized coalescent theory that considers the case of sample size larger than the 

effective population size (14). This generalization is based in turn on the Λ-coalescent 

that allows multiple mergers to occur (15-17). 

 

Another issue is the fact that multiple mergers imply immediate coancestry in a pedigree 

sense since individuals must share a parent to have alleles that coalesce the previous 
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generation. The actual pedigree relationships of a sample are likely to preclude multiple 

mergers in the first generation. Aspects of the way that the sample pedigree constrains the 

coalescent were recently considered (36), showing that basically the times of coalescence 

are being pushed back a few generations. 

 

Accounting for multiple mergers in large sample sizes also presents an interesting 

opportunity. Population genetics has been mostly concerned with the composite 

parameter θ = 4Neμ, where μ is the per-site mutation rate. However, when the sample size 

is larger than the effective population size (Ne) and multiple mergers are accounted for, it 

is possible to decouple μ and Ne and estimate them separately (14).  

 

Recent demographic modeling (18) has allowed for multiple mergers based on the Λ-

coalescent using a population genetic model similar to those of Wakeley and Takahashi 

(14) and Boyko et al. (37). This study capitalized on this framework to estimate μ 

separately from Ne and reported mutation rate estimates in ‘neutral’ sites of μ = 5.1x10-8 

and 4.9x10-8 per site for each of the two genes (18).  

 

However, we note that while their modeling allowed for multiple mergers (18), it 

provided no evidence that a model lacking multiple mergers will fail to provide an 

equally good fit to observed data. Additionally, we are not aware of any evidence 

showing that the potential problem of multiple mergers will be an actual problem in 

studying human population genetics using a large sample size. 

 

The skewed genealogical structure when the sample size exceeds the effective population 

size can also greatly affect the distribution of identical-by-descent blocks. Most notably, 

many coalescent events in very recent history, near the tips of the genealogy, leads to 

much extended identical-by-descent blocks. This phenomenon can be put to practical use 

for associating rare variants with complex disease in a large sample of whole-genome 

sequences using mapping methods that are based on identity-by-descent (38-40). 



 
 

1 
 References

          n=5           n=50           
n=500      n=5,000 

 

 
 
Fig. S1. 
The expected site frequency spectrum of the derived allele when singletons (sites with 
derived allele count of 1) are excluded and the site frequency spectrum is renormalized to 
sum up to 1. Models, simulations, and presentation are identical to Fig. 2 in main text, 
except for the exclusion of singletons, which also results in different scale of the y-axis 
from that of Fig. 2. 
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