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ABSTRACT: We inferred a step-wise pattern of changing 
ancestral demography using whole-genome sequence data 
from four domestic sheep (Ovis aries) and four wild sheep 
(O. canadensis and O. dalli). The inferred demography in-
dicates clear differences between the wild sheep and do-
mestic sheep. Furthermore we identified marked changes in 
effective population size which correspond to known histor-
ical events, including glaciation events and sheep domesti-
cation. 
Keywords: demography; effective population size; runs of 
homozygosity; sequence error correction 
 
 

Introduction 
 

Many previous studies have investigated the an-
cestral history of sheep based on mitochondrial (mt) DNA, 
non-recombining region of Y chromosome, microsatellites 
and 50K SNP chip data. However these studies have pri-
marily focused on estimates of speciation, breed divergence 
and present day effective population size (e.g., Heindleder 
(2002); Loehr et al. (2006); Kijas et al. (2012)).  

 
The focus of this pilot study was to evaluate the 

use of whole-genome sequence to infer important historical 
changes in the ancestral effective population size (Ne) with-
in distinct groups of domesticated and wild sheep. This 
information is of interest because it aids in interpreting how 
historical events such as glaciations and domestication af-
fected animal populations, as well as more recent events 
affecting present day Ne. Furthermore, knowledge of 
changes in demography is valuable for designing well cali-
brated data simulations for null models in genetic studies. 
The extent and patterns of linkage disequilibrium (LD) be-
tween loci are strongly influenced by changing Ne, therefore 
simulations with constant Ne do not adequately reflect the 
complex patterns of LD in real data and may lead to false 
conclusions. 

 
Here we infer a stepwise pattern of changing an-

cestral Ne with 2 methods, based on whole-genome se-
quence. The first method is the HHn approach (MacLeod et 
al. (2009), MacLeod et al. (2013)) which uses the distribu-
tion of observed runs of homozygosity (RoH) to infer de-
mography, and the second is the PSMC method (Li and 
Durbin (2012)) which infers past Ne from the pattern of se-
quence heterozygosity. Both methods were applied in 2 
domestic sheep breeds as well wild bighorn (O. canadensis)  
and thinhorn (O. dalli)  sheep. We chose one breed from 
Turkey, the Sakiz, because this is close to the well docu-
mented geographic centre of livestock domestication. The 

second breed, Changthangi, is generally restricted to a 
mountainous region of Northern India.  

 
Materials and Methods 

 
Animals. Whole-genome sequence was generated 

within the International Sheep Genomics Consortium’s 
sequencing project for 4 domestic sheep (O. aries), 2 from 
each of the Turkish Sakiz (SKZ1 & SKZ4) and Changa-
thangi (CHA02 & CHA05) sampled from the mountainous 
region of northern India (Kashmir). Both bighorn sheep 
(OCAN1 & OCAN2) were sampled from the Ram Moun-
tain population in Alberta, while the thinhorn sheep 
(ODAL1 & ODAL2) were sampled from populations in the 
southwest Yukon.   

 
Genotype data. For the domestic sheep 800K HD 

SNP chip genotypes (McEwan, unpublished) were generat-
ed independently from the sequence data and underwent 
strict quality control. HD SNP genotypes were discarded if 
Illumina “GenCall” scores were < 0.80 and 567,834 SNPs 
remained. In the sequence data all heterozygous SNP geno-
types of each animal were filtered based on minimum read 
depth > 4 in both reference and alternative alleles, and ratio 
of minor allele reads to total allele reads ≥ 2.5. Additional-
ly, heterozygous genotypes for which total read depth was 
more than twice the average read depth were removed.  

 
Error rate estimation. The HD SNP genotypes 

were used to estimate false positive (FP) and false negative 
error (FN) rates in the sequence, following MacLeod et al. 
(2013). In wild sheep it was not possible to use the HD SNP 
genotypes to estimate error rates due to high homozygosity. 
Therefore FP error rates were estimated from a region of 
the X chromosome. These were males so all heterozygous 
positions in this region were known to be errors. The FN 
error rates for the wild sheep sequence were  based on the 
average of estimates from 4 extra domestic sheep with HD 
SNP genotypes and similar read depth as the wild sheep. 

 
Sequence error corrections. The sequences  were 

“corrected” for the estimated FP rate (MacLeod et al. 
(2013)). We used a 10 error window (i.e., a genomic length 
with 10 errors) for correction, having tested a range of win-
dow sizes (3, 7 and 10) to decide which best restored the 
very long RoH visible in the HD SNP genotypes (supple-
mentary materials, MacLeod et al. (2013)). The remaining 
heterozygous sequence genotypes were used to estimate the 
HHn summary statistic from the RoH following MacLeod 
et al (2013). Corrected and uncorrected sequence was also 
converted for use in  PSMC, where each window of 100 



base pairs is called as a single loci which is homozygous or  
heterozygous (Li and Durbin (2012)).  

 
Demographic inference. Demographic inference 

and estimates of confidence intervals followed the PSMC 
and HHn methods (Li and Durbin (2012) and MacLeod et 
al. (2013)), including scaling mutation rates to adjust for the 
FN error rates in each sequence. In the absence of direct 
estimates in sheep, we assumed constant genome-wide mu-
tation and recombination rates of 1 x 10-8 as for bovine se-
quence in MacLeod et al. (2013). The parameter settings for 
the PSMC method were as used for bovine demography 
inference in supplementary materials of MacLeod et al. 
(2013). 

  
Results and Discussion 

 
Due to space restrictions, we present here only the 

results for 1 animal of each of the 4 sheep groups. However 
we confirmed similar demographic estimates in the second 
animal from each group. A generation interval of 4 years 
has been assumed to convert scaled demographic estimates 
to real time. 

 
Sequence error corrections. Table 1 summarises 

details of the 4 sequences. The wild sheep heterozygosity is 
very low compared to the domestic sheep implying that 
they are considerably more inbred. This is not surprising 
given they are philopatric animals restricted to small flocks 
living in isolated mountainous regions (Loehr et al. (2006)). 
False positive (FP) rate (the proportion of homozygous SNP 
positions wrongly called as heterozygous in the sequence 
data) was significantly higher in CHA05 compared with 
other 3 animals. This is expected because this animal was 
sequenced at a higher read depth (~14×). MacLeod et al. 
(2013) demonstrated that FP errors disproportionately affect 
the distribution of longer RoH which are most useful for 
inferring the recent Ne, and therefore without correction, 
recent estimates of Ne will be very significantly biased up-
wards in both the HHn and the PSMC methods. We have 
therefore corrected for FP errors to avoid this bias. 

 
Table 1. Properties of the sequence data for individual 
animals 
Animal 

ID 
Mean read 

depth FP1 FN2 µs
* 

×10-9 
Single-loci 

Heterozygosity 
CHA05 14.1 1/42015 0.23 5.8 0.00208 

SKZ4 12.2 1/33894 0.36 6.4 0.00145 

OCAN2 10.5 1/29509* 0.48 5.2 0.00008 

ODAL2 11.3 1/33558* 0.39 6.1 0.00009 
1 False positive rate expressed as 1 error per x base pairs in sequence (FP)  
2 False negative rate expressed as the proportion of missed heterozygous 
genotypes (FN)  
*This is the scaled mutation rate used for demographic inference that ac-
counts for the estimated false negative rates (missed heterozygous loci). 
 

False negative (FN) rates were corrected for by 
scaling the mutation rates. We used HD SNP genotypes to 
estimate FN error rates and therefore errors in the HD SNP 
could affect our estimates. However FN errors uniformly 
affect the demographic inference, so that although the actu-

al Ne may be slightly under- or over-estimated the pattern of 
changing Ne will not be affected.  

 
Inferring demography. Figure 1 shows the HHn 

inferred demographic history of 2 domestic sheep 
(Changthangi and Sakiz breeds) and 2 wild sheep (bighorn 
and thinhorn). Also shown are the upper and lower bounda-
ries of Ne within each step-wise time period that met the 
goodness of fit threshold. These boundaries for Ne assume 
no concurrent change in any other of the step-wise Ne esti-
mates. The PSMC demographic inference for the 2 wild 
sheep and the Changthangi are shown in Fig. 2 with 100 
bootstrap inferences for each demography. The Sakiz de-
mography from PSMC is not shown because it was very 
similar to the Changthangi. 

 

 
Figure 1. HHn inferred demography for two domestic 
sheep and two wild sheep (CHA05 = Chanthangi; SKZ4 
= Sakiz; OCAN2 = O. canadensis; ODAL2 = O. dalli). 
 
 

 
Figure 2. PMSC inferred demography for O. canadensis 
(OCAN2), O. dalli (ODAL2) and Changthangi breed 
(CHA05).  

 
Wild sheep. Demographic inference using se-

quence data with both methods featured here is limited to 
the time period for which the existing segments coalesce to 
a recent common ancestor. The wild sheep genomes are 
much more homozygous than the domestic sheep and there-



fore the HHn and PSMC method could not estimate Ne 
more ancestrally than around 50,000 to 100,000 years ago. 
The inferred demography for the 2 wild sheep are very sim-
ilar which is expected because O. canadensis and O. dalli 
are closely related. Their common ancestor diverged from 
the common ancestor of domestic sheep ~5.6 million years 
ago (Hiendleder et al. 2002) and migrated from Asia into 
North America ~1,000,000 years ago (Rezaei et al. 2010). 
There is evidence from genetic studies of thinhorn popula-
tions in Alaska and bighorn in southern North America 
suggesting that the 2 modern species began to diverge more 
than 150,000 years ago, with continued gene flow between 
them prior to the last glacial maximum (Loehr et al. 2006).  

 
Loehr et al. (2006) also found evidence to support 

the theory that during the Wisconsinan glaciation 70,000 to 
10,000 years ago, these wild sheep survived in several 
small regions that remained ice free in North America. This 
appears to be confirmed by both HHn and PSMC inference 
showing a marked decline in the Ne from ~100,000 years 
ago to a minimum at ~10,000 years ago when Ne fell to 
~2,000. In the PSMC inference there is a subsequent small 
increase in the Ne which could be a result of post-glacial 
expansion, perhaps due to an increase in suitable montane 
habitats following the retreat of the glaciers. The PSMC 
method may be more sensitive than the HHn approach to 
small changes such as this because it uses all the data se-
quentially to infer Ne while the HHn method uses a sum-
mary statistic. However in simulated data, the PSMC meth-
od sometimes predicted a small rebound in Ne after a steep 
decline in Ne when in fact Ne had remained constant post 
decline (Li & Durbin (2012)). The HHn method infers a 
further decline to a present day estimate of Ne = 700 for the 
bighorn. The Ram Mountain population from which these 
individuals originated is isolated from the main range of the 
Rocky Mountains by 50km of unsuitable forested habitat. 
The further decline in Ne some 1,000 to 2,000 years ago 
could be attributed to increasing naturally occurring habitat 
fragmentation due to forest encroachment during the recent 
warmer period. The thinhorn showed a short bottleneck 
between ~800-400 years ago during which time the popula-
tion fell to 400, but then recovered to Ne = 1,100 at present, 
a pattern also inferred in the second sequenced thinhorn 
animal. The recent recovery of Ne in thinhorn sheep may 
reflect increasing availability and connectivity of suitable 
habitat in the southwest Yukon.  

 
Domestic sheep. The demography of the domestic 

sheep differs markedly from the wild sheep featured here 
with much higher ancestral Ne. This is expected because 
these two groups diverged well before the most recent 
common ancestor inferred here. The PSMC predicts an ex-
pansion in demography at around 100,000 years ago while 
the HHn inference is flat over this period. Again this could 
be better sensitivity of the PSMC method, although the 
bootstrap estimates do indicate that there is less confidence 
around this peak. Both the PSMC and HHn method, predict 
a steep decline beginning 35,000 to 40,000 years ago, pos-
sibly due to glaciation restricting habitat. Over this period 
of decline there is no clear difference between the Sakiz and 
Changthangi Ne (given predicted lower boundaries calculat-
ed for the HHn method). The boundaries for the  inference 

of the Chanthangi were narrower than the Sakiz,  probably 
reflecting better quality data because CHA05 was se-
quenced at a higher read depth. The decline reaches a min-
imum at around 10,000 years ago in the PSMC demography 
(and plateaus in HHn) which coincides with the generally 
accepted timing of domestication events. There is therefore 
no evidence here to support the hypothesis that the wild 
ancestors of these two breeds were different populations or 
were domesticated in different regions.  

 
The HHn method inferred a further drop to present 

day Ne of 600 from both Sakiz sequences and present day 
Ne of 2,000 from both Changthangi sequences. This drop 
from the time of domestication is likely to be due to breed 
formation. Although the Chanthangi breed is restricted to 
mountainous regions, it is likely that these sheep graze 
communal land with no physical barriers to ram mating 
across flocks. This may therefore help in keeping the Ne 
reasonably high although it is not a numerous breed. These 
present day estimates of Ne are higher than those estimated 
using pairwise LD estimates in 50K SNP chip data, where 
estimated present day Ne for Sakiz was 165 and in 
Changthangi was 684 (Kijas et al. 2012). There are two 
potential explanations for these differences: the first is that 
our animals were less inbred than the average of the 22 to 
29 animals used by Kijas et al (2012), resulting in our esti-
mates being higher. A second explanation is that 50K SNP 
chip data represent a biased set of SNP with higher than 
average allele frequencies and therefore they also tend to be 
in higher LD with each other than just a random sample of 
SNP. This would bias downwards their estimate of Ne com-
pared to our sequence data.  
 

Conclusion 
 

We have demonstrated that use of sequence data 
with both the HHn and PSMC demographic inference 
methods can reveal changes in demographic history which 
correspond to important historical events. Although the 
PSMC method is not always able to infer demography for 
the most recent time period, we were able to estimate recent 
Ne using the HHn approach. A further study will use the 
same methods with sequence data to estimate recent diver-
gence times between these and other sequenced sheep 
breeds.  
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