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Table S1. Definition, notation, and value of each parameter used in our models, with justification and references. Parameter values 

highlighted in bold were fixed in all runs. 

 

Parameter Notation Value Justification 

Number of adult females in the initial 

population (equals the number of adult males) 

NF0 100 Because population size is often small in amphibians, and small 

populations are likely of highest concern to conservation, we start 

with a population of 200 adults. The initial number of offspring 

and juveniles is min(N_max, NF0×fert), and sex ratio is set to 1:1 

in all age classes. The equilibrium proportions of sexes and age 

classes will stabilize during the burn-in period. 

Initial sex ratio of offspring and juveniles 

(proportion of the heterogametic sex) 

XY0; WZ0 0.5 

Maximum annual number of metamorphosed 

offspring 

N_max 2000 Larval survival is density-dependent [48]. 

Average annual number of metamorphosed 

offspring per female 

fert 200 Median clutch size: 400 [49]; density-independent survival from 

egg to metamorphosis: 0.5 [48]. 

Annual survival rate of juveniles phi_juv  0.4 Mean of published values [48,50–54]. 

Maximum life span lifespan 12 Median longevity of amphibians in the AnAge database [55]. 

Initial probability of masculinization m_masc0 0 Assuming no masculinization before 1970 and an increase to 9% 

masculinization by 2000 [16] gives b_masc=0.003; sd_masc 

reflects the SD of temperature anomalies in the Northern 

Hemisphere between 1970 and 2000 [56]. 

Yearly increase of masculinization probability b_masc 0.003 

SD of masculinization probability sd_masc 0.01 

Number of years without masculinization t_burn_in 50 The burn-in period allows the population structure to stabilize.  

Number of years with increasing 

masculinization 

t_Max 350 Following the population until masculinization rate reaches 100%. 



Number of model runs per parameter setting n_runs 100 Each scenario takes several hours to run. 

Probability of masculinization in WW 

individuals relative to WZ individuals 

p_rel_WW_masc 1 WW females can be masculinized [22,57]. 

0 WW females cannot be masculinized if Z-linked genes are needed 

for male development and/or the W chromosome has accumulated 

male-antagonistic alleles [20,58]. 

Survival from metamorphosis to first spring phi_XX,  

phi_XY;  

phi_ZZ,  

phi_WZ,  

phi_WW 

all = 0.3 Mean of published values [48,59]. No difference in survival 

between sex-reversed and normal individuals [22,60,61]. 

phi_WZ = 0.29, 

phi_XY = 0.29 

Extra mortality due to the “unguarded sex chromosome” [62]; 

based on the frequency of human X-linked recessive disorders 

[63]. 

phi_WW = 0 WW individuals are not viable in some species [22,64]. 

Age of first reproduction in males and females mat_m, mat_f both = 2 Males and females mature at the same age on average [65,66]. 

mat_m = 2, 

mat_f = 3 

Males mature earlier than females [67–69]. 

Annual adult survival rate in males and females phi_m, phi_f both = 0.5 Mean of published values (e.g. [50,70–72]). No difference in 

survival between males and females [70,71,73] or between sex-

reversed and normal individuals [60,61]. 

phi_m = 0.4, 

phi_f = 0.6 

Adult survival is lower in phenotypic males than in females [72–

74]. 



Mating success of masculinized individuals 

relative to normal males 

alpha_XX; 

alpha_WZ, 

alpha_WW 

1 Masculinized individuals reproduce as successfully as normal 

males [22,75]. 

0.75 Reproductive success of sex-reversed individuals reduced by 25% 

compared to normal males [61]. 

0.01 Sex-reversed individuals are sterile [22]. 

alpha_XX=0.01; 

alpha_WZ=0.5, 

alpha_WW=0.01 

Male reproductive success is linked to fertility genes on the Y or 

Z chromosome [58,76,77]. 

References: 

48. Vonesh, J. R. & De la Cruz, O. 2002 Complex life cycles and density dependence: Assessing the contribution of egg mortality to 

amphibian declines. Oecologia 133, 325–333. (doi:10.1007/s00442-002-1039-9) 

49. Han, X. & Fu, J. 2013 Does life history shape sexual size dimorphism in anurans? A comparative analysis. BMC Evol. Biol. 13, 27. 

(doi:10.1186/1471-2148-13-27) 

50. Berven, K. A. 1990 Factors affecting population fluctuations in larval and adult stages of the wood frog (Rana sylvatica). Ecology 71, 

1599–1608. (doi:10.2307/1938295) 

51. Funk, W. C., Greene, A. E., Corn, P. S. & Allendorf, F. W. 2005 High dispersal in a frog species suggests that it is vulnerable to habitat 

fragmentation. Biol. Lett. 1, 13–6. (doi:10.1098/rsbl.2004.0270) 

52. Karlsson, T., Betzholtz, P. E. & Malmgren, J. C. 2007 Estimating viability and sensitivity of the great crested newt Triturus cristatus at a 

regional scale. Web Ecol. 7, 63–76. (doi:10.5194/we-7-63-2007) 

53. McCaffery, R. M. & Maxell, B. a 2010 Decreased winter severity increases viability of a montane frog population. Proc. Natl. Acad. 

Sci. U. S. A. 107, 8644–8649. (doi:10.1073/pnas.0912945107) 

54. Rothermel, B. B. & Semlitsch, R. D. 2006 Consequences of forest fragmentation for juvenile survival in spotted (Ambystoma 

maculatum) and marbled (Ambystoma opacum) salamanders. Can. J. Zool. 84, 797–807. (doi:http://dx.doi.org/10.1139/z06-056) 



55. Tacutu, R., Craig, T., Budovsky, A., Wuttke, D., Lehmann, G., Taranukha, D., Costa, J., Fraifeld, V. E. & de Magalhães, J. P. 2013 

Human Ageing Genomic Resources: integrated databases and tools for the biology and genetics of ageing. Nucleic Acids Res. 41, 

D1027–33. (doi:10.1093/nar/gks1155) 

56. Morice, C. P., Kennedy, J. J., Rayner, N. A. & Jones, P. D. 2012 Quantifying uncertainties in global and regional temperature change 

using an ensemble of observational estimates: The HadCRUT4 data set. J. Geophys. Res. 117, D08101. (doi:10.1029/2011JD017187) 

57. Chardard, D. & Dournon, C. 1999 Sex reversal by aromatase inhibitor treatment in the newt Pleurodeles waltl. J. Exp. Zool. 283, 43–50. 

(doi:10.1002/(SICI)1097-010X(19990101)283:1<43::AID-JEZ6>3.0.CO;2-G) 

58. Nakamura, M. 2013 Is a sex-determining gene(s) necessary for sex-determination in amphibians? Steroid hormones may be the key 

factor. Sex. Dev. 7, 104–114. (doi:10.1159/000339661) 

59. Altwegg, R. & Reyer, H.-U. 2003 Patterns of natural selection on size at metamorphosis in water frogs. Evolution 57, 872–882. 

(doi:10.1554/0014-3820(2003)057[0872:ponsos]2.0.co;2) 

60. Dournon, C., Houillon, C. & Pieau, C. 1990 Temperature sex-reversal in amphibians and reptiles. Int. J. Dev. Biol. 34, 81–92.  

61. Senior, A. M., Nat Lim, J. & Nakagawa, S. 2012 The fitness consequences of environmental sex reversal in fish: A quantitative review. 

Biol. Rev. 87, 900–911. (doi:10.1111/j.1469-185X.2012.00230.x) 

62. Trivers, R. L. L. 1972 Parental investment and sexual selection. In Sexual selection and the descent of man, pp. 136–179. Chicago: 

Aldine. (doi:10.1002/ajpa.1330400226) 

63. Childs, J. D. 1981 The effect of a change in mutation rate on the incidence of dominant and X-linked recessive disorders in man. Mutat. 

Res. 83, 145–158. (doi:10.1016/0027-5107(81)90079-8) 

64. Devlin, R. H. & Nagahama, Y. 2002 Sex determination and sex differentiation in fish: An overview of genetic, physiological, and 

environmental influences. Aquaculture 208, 191–364. (doi:10.1016/S0044-8486(02)00057-1) 

65. Cogalniceanu, D. & Miaud, C. 2003 Population age structure and growth in four syntopic amphibian species inhabiting a large river 

floodplain. Can. J. Zool. 81, 1096–1106. (doi:10.1139/z03-086) 

66. Miaud, C., Guyetant, R. & Faber, H. 2000 Age, size, and growth of the alpine newt, Triturus alpestris (Urodela: Salamandridae), at high 

altitude and a review of life-history trait variation throughout its range. Herpetologica 56, 135–144.  

67. Gibbons, A. M. M. & McCarthy, T. K. 1984 Growth, maturation and survival of frogs Rana temporaria. Holarct. Ecol. 7, 419–427.  

68. Hemelaar, A. 1988 Age, growth and other population characteristics of Bufo bufo from different latitudes and altitudes. J. Herpetol. 22, 

369–388.  



69. Francillon-Vieillot, H., Arntzen, J. W. & Géraudie, J. 1990 Age, growth and longevity of sympatric Triturus cristatus , T. marmoratus 

and their hybrids (Amphibia, Urodela ): a skeletochronological comparison. J. Herpetol. 24, 13–22.  

70. Alho, J. S., Herczeg, G. & Merilä, J. 2008 Female-biased sex ratios in subarctic common frogs. J. Zool. 275, 57–63. 

(doi:10.1111/j.1469-7998.2007.00409.x) 

71. Hagström, T. 1979 Population ecology of Triturus cristatus and T. vulgaris (Urodela) in SW Sweden. Ecography 2, 108–114. 

(doi:10.1111/j.1600-0587.1979.tb00688.x) 

72. Muths, E., Scherer, R. D. & Bosch, J. 2013 Evidence for plasticity in the frequency of skipped breeding opportunities in common toads. 

Popul. Ecol. 55, 535–544. (doi:10.1007/s10144-013-0381-6) 

73. Muths, E., Scherer, R. D. & Lambert, B. A. 2010 Unbiased survival estimates and evidence for skipped breeding opportunities in 

females. Methods Ecol. Evol. 1, 123–130. (doi:10.1111/j.2041-210X.2010.00019.x) 

74. Fominykh, A. S. & Lyapkov, S. M. 2012 The formation of new characteristics in life cycle of the marsh frog (Rana ridibunda) in 

thermal pond condition. Biol. Bull. Rev. 2, 211–225. (doi:10.1134/S2079086412030036) 

75. Senior, A. M., Johnson, S. L. & Nakagawa, S. 2016 Sperm traits of masculinized fish relative to wild-type males: A systematic review 

and meta-analyses. Fish Fish. 17, 143–164. (doi:10.1111/faf.12096) 

76. Cooke, H. J. 1999 Y chromosome and male infertility. Rev. Reprod. 4, 5–10. (doi:10.1111/j.1439-0272.2005.00693.x) 

77. Bachtrog, D. 2013 Y-chromosome evolution: emerging insights into processes of Y-chromosome degeneration. Nat. Rev. Genet. 14, 

113–24. (doi:10.1038/nrg3366) 

 

 



Table S2. Model predictions for each scenario: the slope of change in ASR over 60 years and 

its 95% confidence interval in XX/XY and ZZ/ZW systems, and the slope’s difference 

between the two systems with FDR-corrected p-values. Slopes and differences that differ 

significantly from zero are highlighted in bold. ASR is expressed as percentage of males in 

the adult population to avoid very small model parameter values. 

 
Model scenarios ASR slope (95% CI) GSD difference 

Graph 

Life 

history 

Genotype 

effects  α XX/XY ZZ/ZW t p 

“urodelan” none 1 0.007 (-0.002, 0.016) 0.016 (0.006, 0.026) -1.23 0.352 Fig.2a 

0.75 0.049 (0.041, 0.057) 0.055 (0.046, 0.064) -1.00 0.483 Fig.2b 

0.01 0.142 (0.131, 0.152) 0.153 (0.145, 0.161) -1.79 0.147 Fig.2c 

Z/Y-linked 0.142 (0.131, 0.152) 0.092 (0.083, 0.101) 7.15 <0.001 Fig.2d 

XY/ZW 

unguarded 

1 -0.004 (-0.014, 0.006) 0.017 (0.005, 0.028) -2.74 0.019 Fig.2e 

0.75 0.042 (0.033, 0.05) 0.054 (0.043, 0.064) -1.77 0.147 Fig.2f 

0.01 0.145 (0.137, 0.153) 0.144 (0.135, 0.154) 0.14 0.930 Fig.2g 

Z/Y-linked 0.145 (0.137, 0.153) 0.093 (0.084, 0.102) 8.39 <0.001 Fig.2h 

WW lethal 1 0.007 (-0.002, 0.016) 0.115 (0.106, 0.123) -16.90 <0.001 Fig.2i 

0.75 0.049 (0.041, 0.057) 0.124 (0.116, 0.132) -12.97 <0.001 Fig.2j 

0.01 0.142 (0.131, 0.152) 0.142 (0.133, 0.15) -0.04 0.967 Fig.2k 

Z/Y-linked 0.142 (0.131, 0.152) 0.129 (0.119, 0.139) 1.69 0.160 Fig.2l 

no WW 

masculinization 

1 0.007 (-0.002, 0.016) 0.011 (0.002, 0.02) -0.56 0.709 Fig.2m 

0.75 0.049 (0.041, 0.057) 0.045 (0.037, 0.054) 0.65 0.659 Fig.2n 

0.01 0.142 (0.131, 0.152) 0.144 (0.134, 0.153) -0.29 0.881 Fig.2o 

Z/Y-linked 0.142 (0.131, 0.152) 0.082 (0.074, 0.091) 8.84 <0.001 Fig.2p 

“anuran” none 1 0.017 (0.005, 0.028) 0.031 (0.019, 0.042) -1.68 0.160 Fig.S3a 

0.75 0.037 (0.027, 0.047) 0.053 (0.041, 0.065) -1.99 0.102 Fig.S3b 

0.01 0.131 (0.121, 0.141) 0.128 (0.117, 0.139) 0.35 0.862 Fig.S3c 

Z/Y-linked 0.131 (0.121, 0.141) 0.081 (0.069, 0.093) 6.36 <0.001 Fig.S3d 

XY/ZW 

unguarded 

1 0.005 (-0.006, 0.015) 0.024 (0.014, 0.034) -2.63 0.022 Fig.S3e 

0.75 0.046 (0.035, 0.057) 0.04 (0.029, 0.051) 0.76 0.597 Fig.S3f 

0.01 0.132 (0.122, 0.142) 0.126 (0.115, 0.137) 0.80 0.590 Fig.S3g 

Z/Y-linked 0.132 (0.122, 0.142) 0.074 (0.063, 0.086) 7.44 <0.001 Fig.S3h 

WW lethal 1 0.017 (0.005, 0.028) 0.097 (0.086, 0.108) -10.05 <0.001 Fig.S3i 

0.75 0.037 (0.027, 0.047) 0.124 (0.114, 0.134) -11.96 <0.001 Fig.S3j 

0.01 0.131 (0.121, 0.141) 0.129 (0.118, 0.14) 0.25 0.883 Fig.S3k 

Z/Y-linked 0.131 (0.121, 0.141) 0.111 (0.1, 0.121) 2.73 0.019 Fig.S3l 

no WW 

masculinization 

1 0.017 (0.005, 0.028) 0.016 (0.002, 0.029) 0.12 0.930 Fig.S3m 

0.75 0.037 (0.027, 0.047) 0.055 (0.043, 0.066) -2.32 0.050 Fig.S3n 

0.01 0.131 (0.121, 0.141) 0.138 (0.127, 0.149) -0.95 0.499 Fig.S3o 

Z/Y-linked 0.131 (0.121, 0.141) 0.071 (0.06, 0.081) 8.09 <0.001 Fig.S3p 

 



Figure S1. Empirical adult sex ratios in amphibian populations with XX/XY (empty symbols) 

and ZZ/ZW (filled symbols) sex-determination systems, in relation to sample size (note the 

logarithmic scale on the X axis). A mixed model assuming that variance decreases with 

increasing sample size did not fit the data better than the model in table 1 (difference in the 

deviance information criterion: 0.006); the two models yielded qualitatively identical results. 

 

 



Figure S2. The “anuran” scenarios (with sex-dependent maturation age and adult survival) 

corresponding to the “urodelan” scenarios in figure 1: model-predicted changes over 350 

years in ASR (proportion of phenotypic males) and relative frequencies of genotypes. The 

width of each curve shows the 95% confidence band from 100 runs. The average rate of 

masculinization increases from zero by 0.003 each year; α denotes the mating success of 

masculinized individuals (i.e. phenotypic males with the XX, ZW or WW genotype) relative 

to normal males. Note that the parameter settings for the XX/XY system are the same in the 

scenarios “α = 0.01” and “α Y-linked” (see table S1). 

 

 

 



Figure S3. The “anuran” scenarios (with sex-dependent maturation age and adult survival) 

corresponding to the “urodelan” scenarios in figure 2: model-predicted changes of adult sex 

ratio over the first 60 years . Black and grey polygons show the 95% confidence bands of the 

slopes in ZZ/ZW and XX/XY systems, respectively. Asterisks mark the scenarios in which 

the slopes differ significantly between the two systems (p < 0.05 after correction for false 

discovery rate). The average rate of masculinization increases from zero by 0.003 each year; α 

denotes the mating success of masculinized individuals relative to normal males. Note that the 

parameter settings for the XX/XY system are the same in the scenarios “α = 0.01” and “α Y-

linked” (see table S1). 

 

 

 



Figure S4. The rate of climate warming observed at the study locations of the 6 species. 

 

 

 

To check whether the empirical differences we found in ASR change between GSD systems 

was attributable to spatial heterogeneity in the rate of climate change, we tested whether 

extremely high temperatures became more abundant over the past 60 years at the study 

locations and whether this warming was similar across species. To this end, we collected data 

on the monthly averages of daily maximum temperatures for the geographical coordinates of 

each ASR study between 1950 and 2012 from the CRU database [78], and for each species 

and each year we calculated the mean of monthly values excluding the winter months, as the 

developmental period of the study species occurs between spring and autumn. Because global 

climate has been warming more rapidly in the more recent decades [33,78], we fitted second-

order polynomial curves to the temperature data while allowing different slopes per GSD 

(fixed factor) and species (random factor). This model showed that the interaction between 

time and GSD was not significant (F2,368 = 1.01, p = 0.366), meaning that the rate of warming 

at the locations of the studied populations did not differ significantly between XX/XY and 

ZZ/ZW systems. Then we fitted a similar model by removing GSD and using species identity 

as a fixed factor; this model also showed that the interaction between time and species identity 

was not significant (F10,360 = 1.43, p = 0.166), meaning that the 6 species were unlikely to 

experience different rates of climate warming at the study sites during the study period. 

Therefore, our finding that ASR changed differently over the years in XX/XY and ZZ/ZW 

species cannot be explained by geographically heterogeneous rates of climate change. 
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