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Effect of varying generation time and mutation rate parameters on demographic inference: 1 
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 24 
The diversity within a diploid genome (i.e. heterozygosity) reflects long-term effective 25 

population size (Ne) over evolutionary timescales, and can therefore be used to estimate 26 

species historical abundance (e.g. 1,2). Doing so requires knowledge about mutation rate (μ) and 27 

generation time (G), parameters that are challenging to estimate, that may be correlated with 28 

one another, and are often unknown for a given species. Bakker et al.3 contend that our4 use of 29 

the same G to infer ancestral Ne of California condors (Gymnogyps californianus), Andean 30 

condors (Vultur gryphus), and turkey vultures (Cathartes aura) produces unreliable results given 31 

these species’ different contemporary generation times. They further argue that inaccurate Ne 32 

estimates from these methods could adversely affect the conservation of threatened species. 33 

We agree with Bakker et al. that assumptions about G are crucial to inferring demographic 34 

history from genetic data and should be carefully considered. However, we disagree with their 35 

assertions regarding estimates of Ne that neglect the interrelatedness of G and μ, and the 36 

resulting implications. As we demonstrate below, if these closely related species share similar 37 

rates of evolution (germline mutations per generation), then the California condor was 38 

previously more abundant than the turkey vulture, regardless of G. 39 
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 40 

Our study revealed that California condors have the highest genome-wide diversity among all 41 

three species after excluding runs of homozygosity caused by recent inbreeding, which suggests 42 

they were once more abundant than Andean condors and turkey vultures4. Results from 43 

demographic inference with PSMC/MSMC1,2 support this conclusion when the same μ and G 44 

are used for all three species. The G parameter rescales time from generations into years, and 45 

solely affects the timescale of the inference (x-axis), whereas μ affects both the timescale and 46 

Ne (y-axis). As noted previously3,4, neither parameter affects the shape of the inferred 47 

demographic trajectory. In reality, both μ and G can evolve and change over time, but only a 48 

constant value may be provided for rescaling PSMC/MSMC output. As the rate of evolution in 49 

condors and turkey vultures is unknown, our study provided results under multiple 50 

combinations of G and μ, and gave the rationale for our parameter choices, which were based 51 

on values from prior studies and genome-wide divergence in our dataset4. However, in the 52 

absence of information on how evolutionary rate differs between the species in our study, we 53 

did not explore the effects of varying G and μ between condors and turkey vultures. Below, we 54 

now demonstrate how violating the assumption of shared μ and G affects our inference of 55 

ancestral Ne, and that the central issue is whether these closely related species share μ per 56 

generation or per year. 57 

 58 

Per-generation mutation rates ranging from 0.20 to 1.66x10-8/site/generation have recently 59 

been estimated using counts of de novo mutations in ~20 vertebrate species5, but only one of 60 

these is from an avian species: Smeds et al.6 estimated a rate of 4.6x10-9/site/generation in the 61 

collared flycatcher (Ficedula albicollis), a passerine. A different approach uses time-calibrated 62 

phylogenies, but yields estimates of mutation rate per year, rather than per generation. Using 63 

this method, Zhang et al.7 found that avian substitution rates vary from 1.0 to 3.3x10-9 64 

substitutions/site/year, with the lowest rate in Struthioniformes (ostriches) and the highest in 65 

Passeriformes (passerines), consistent with the longstanding observation that mutation rates 66 

typically correlate with life history traits such as adult body size and generation time (e.g. 8,9). In 67 

other words, G and μ are interrelated, and changes in G may conceivably effect changes in μ, or 68 
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vice versa. California and Andean condors represent extremes among birds in terms of body 69 

size and longevity, making it difficult to extrapolate μ from earlier studies. However, the turkey 70 

vulture is less of an outlier. Zhang et al.7 estimated a substitution rate in Accipitriformes (the 71 

order including New World vultures) of ~1.4x10-9/site/year. On average, G in this group is ~7.5 72 

years10, close to the value of 7 years preferred by Bakker et al.3 for turkey vultures, yielding a 73 

rate of ~1x10-8/site/generation, squarely within the range estimated in other vertebrates5. 74 

However, multiplying 1.4x10-9/site/year by 25 years, a value of G for condors preferred by 75 

Bakker et al.3, yields a mutation rate of 3.5x10-8/site/generation, far exceeding previous 76 

estimates. Potentially, long generation times and large body size in condors may be coupled 77 

with a μ per year below what has been estimated previously7, yielding a value of μ per 78 

generation more in line with other species.  79 

 80 

Here, we demonstrate the effects of varying μ and G on our demographic inference, using 81 

values of G preferred by Bakker et al.3. Fig. 1 A and B reproduce results from our study for G=10 82 

years and two values of μ (0.65x10-9 and 1.40x10-9/site/year; see Robinson et al.4 for details). 83 

Here, all three species share the same parameter values, and the California condor has the 84 

highest ancestral Ne among all three species. Changing G while keeping μ per generation the 85 

same shifts trajectories along the x-axis, as shown in Fig. 1 C and D, but has no effect on 86 

estimates of Ne. In this scenario, California condors were still more abundant than turkey 87 

vultures at one time, but the turkey vulture becomes the most abundant species over the past 88 

100K years. In a third scenario where instead, all species share the same μ per year, changing G 89 

also affects μ per generation, as shown in Fig. 1 E and F. Here, the turkey vulture is consistently 90 

more abundant than either condor species. Thus, if these closely related species share a similar 91 

μ per generation, California condors were historically more abundant than turkey vultures 92 

>>10K years ago, regardless of G, but not if μ per generation in turkey vultures is substantially 93 

lower. Future studies of avian mutation rates may shed light on which scenario is more likely. 94 

 95 

Our PSMC/MSMC results are accessible (https://doi.org/10.5281/zenodo.4680008) so that 96 

figures can be re-plotted with different parameters, as demonstrated above. Finally, we advise 97 
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against the use of PSMC/MSMC results for setting conservation targets, partly because of the 98 

limitations of these methods, but also because ancient population sizes from >10K years ago 99 

are rarely relevant in the context of contemporary conservation. As we cautioned previously, 100 

PSMC/MSMC provides no information about Ne over recent timescales. Regardless of the 101 

values of μ and G in condors and turkey vultures, historical Ne in these species was clearly 102 

dynamic and very different from what it is today, as shown here and in our original study.  103 
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 113 

Figure Legends 114 

Fig. 1. Effect of varying G and μ parameters on demographic inference with PSMC. Generation 115 

times (in years) shown in parentheses next to each sample. Note the units of μ (per generation 116 

or per year). A, B) Results reproduced from Robinson et al.4 under μ=0.65x10-9 and 117 

1.40x10-9/site/year and G=10 years for all three species. C, D) Changing G while keeping the 118 

same per-generation μ as in (A, B) shifts trajectories along the x-axis, but has no effect on 119 

estimates of Ne. E, F) Alternatively, changing G while keeping the same per-year μ as in (A, B) 120 

causes the per-generation μ to vary between species, resulting in changes to Ne (y-axis). 121 

  122 
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