William H James 
email: whjames@waitrose.com
  
of the combinations of the sexes within mammalian litters: Notes to mark the centenary of the problem

It is 100 years since Gini noted that in some samples of litters of mice and rabbits, the variances of the distributions of the combinations of the sexes are sub-binomial. In other words, in contrast with binomial expectation, there are too many litters in which the sexes are equally balanced, and there are too few unisexual litters. In the intervening years, this finding has been replicated in a number of further species, but no explanation has become established. Potential explanations are reviewed here, and it is suggested that the most likely cause is that, at the time of formation of the zygotes, p, the probability that a zygote will be male, varies from one zygote to another within litters, thus constituting an example of Poisson variation. And it is a standard result in probability theory that such variation causes sub-binomial variance.

Introduction

This is the third of three papers relating to the variation of p (the probability that a birth will be male) with the time of formation of a zygote within the fertile interval (that time during the cycle in which a viable zygote can be formed in a mammalian mother). Figure 1 illustrates how several propositions are logically (mathematically) related to such variation. In the first of these papers [START_REF] James | The variations of human sex ratio at birth with time of conception within the cycle, coital rate around the time of conception, duration of time taken to achieve conception, and duration of gestation : a synthesis[END_REF], I cited evidence for the following proposition :

Proposition TWC : that in women, the regression of p on time within the cycle is Ushaped (viz that zygotes formed at either end of the fertile interval are more likely to be male, and those formed in the middle are more likely to be female). There are direct data suggesting comparable phenomena in other species e.g. while-tailed deer (Verme & Ozoga 1981); Barbary macaque [START_REF] Paul | Sex ratio adjustment in a seasonally breeding primate species ;evidence from the Barbary macaque population at Affenberg Salem[END_REF]; golden hamster [START_REF] Pratt | Offspring sex ratio in hamsters is correlated with vaginal pH at certain times of mating[END_REF]; Norway rat (Hedricks & McClintock 1990); and mouse [START_REF] Jimenez | Experimental demonstration that pre-and post-conceptional mechanisms influence sex ratio in mouse embryos[END_REF]. If this proposition were also correct in women (and the direct evidence for it is strong [START_REF] James | Analysing data on the sex ratio of human births by cycle day of conception[END_REF]), then, as a consequence, we should expect three further propositions to be true viz a. Proposition CR : that the sex ratio (proportion male at birth) correlates positively with coital rate of the parents around the time of conception. (This is another proposition for which there is abundant evidence in other mammalian species. See James (1996)).

b. Proposition TTC : that the sex ratio (proportion male) of children correlates negatively with the time taken (number of cycles) by the parents to achieve conception in the absence of contraceptive measures, and c. Proposition DOG : the regression of sex ratio on duration of gestation is U-shaped. In other words, births with gestations of less than 39 weeks are predominantly male; and so inter-related, and that as a consequence, they should be treated together before rejecting any one of them. Indeed, I urged that, unless countervailing empirical data were established for any of them, then the propositions, as a whole, should be treated as true.

In the second of the papers [START_REF] James | The variations of human sex ratio at birth during and after wars, and their potential explanations[END_REF], I suggested that the above proposal (that coital rate is positively associated with offspring sex ratio) accounts for Proposition W : that the established rises in sex ratios at birth associated with some, (but not all), wars are caused by temporary rises in coital rates. Ex hypothesi, during and just after some wars, under specifiable circumstances and times, coital rates preceding conceptions in some women (mainly partners of members of the armed forces) are temporarily high, thus causing the temporary rises in sex ratio.

Does P, the Probability That a Zygote Will Be Male, Vary With Time During The

Cycle Of Polytocous Mammals?

All the work cited above relates to the proposition TWC (that p, the probability of a human zygote will be male, varies with the time of its formation within the fruitful cycle).

In the present paper, I shall consider the evidence for, and the consequences of
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Proposition SBV : that the established sub-binomial variance in the distributions of the combinations of the sexes of the litters of some polytocous mammalian species (documented later in this note) is caused by variation of p (the probability that a zygote will be male) with its time of formation within the maternal cycle of polytocous mammals (analogous to the variation, described above, in monotocous mammals). If this were correct, it would constitute an example of Poisson variation (not to be confused with Poisson distributions). In principal, such variation would be detectable as follows.

Theoretical Background

In a polytocous mammal, the probability p that a zygote will be male is potentially subject to two forms of variation that will now be defined.

Lexis Variation

Here p is constant within a given mother, but varies across mothers.

Poisson Variation

Here p varies across the zygotes within a litter but has the same mean for all mothers.

Standard results in probability theory are that :

1. Poisson variation is associated with a lower variance than the binomial with the same mean and that 2. Lexis variation is associated with a higher variance than the binomial with the same mean. (e.g. [START_REF] Edwards | The meaning of binomial distribution[END_REF]).

If p is simultaneously subject to both these forms of variation, then the distributions of the combinations of the sexes within litters will be super-binomial or sub-binomial, according to 1. The absolute magnitudes of the two forms of variance, and 2. The size of the litter.
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The Empirical Evidence Here evidence will be cited that there is sub-binomial variance in some samples of some species, and it will be argued that this is because p varies within litters from one zygote to another. Sub-binomial variance was first mentioned by Gini (1908) in regard to litters of rabbits, and by [START_REF] Boldrini | Variabilita del rapporto dei sessi alla nascita nelle covate di alcuni mammiferi pluripari[END_REF] in regard to litters of mice. This was followed by the work of [START_REF] Parkes | Studies on the sex ratio and related phenomena[END_REF] on pigs. He showed, for example, that (especially in pig litters of exactly size 8), as contrasted with binomial expectation, there are too many litters containing exactly (or almost exactly) equal numbers of male and female piglets. I searched the literature for further evidence on this point in these and other polytocous mammalian species [START_REF] James | The distributions of the combinations of the sexes in mammalian litters[END_REF]. I concluded that the evidence is overwhelming in some samples of pig litters, good in some samples of mouse litters, and moderate in regard to rabbit litters.

The evidence in regard to some other species did not support the suggestion of subbinomial variance (hare, cat, farm mink and deer mouse). Subsequent data suggests that there is no such phenomenon either in the moose (Nygren & Kojala 1997), or the common marmoset [START_REF] Rothe | Sex ratio and mortality in a laboratory colony of the common marmoset (Callithrix jacchus)[END_REF]. In contrast there has been confirmation of the suggestions in regard to the pig [START_REF] Brooks | Modelling sub-binomial variation in the frequency of sex combinations in litters of pigs[END_REF] and the mouse [START_REF] Krackow | Sex ratio manipulation in wild house mice : the effect of fetal resorption in relation to the mode of reproduction[END_REF](Krackow , 1997 a) a); and fresh data supporting the suggestion in the rat [START_REF] Blumberg | Facultative sex ratio adjustment in Norway rats : litters born asynchronously are female biased[END_REF][START_REF] Hornig | Sex ratios are multiply determined : a reply to James[END_REF], the sheep [START_REF] James | The combinations of the sexes in twin lambings[END_REF]-though see Skjervold 1979), in some hamster litters [START_REF] Clark | Nonrandom sex composition of gerbil, mouse and hamster[END_REF], the spotted hyena [START_REF] Hofer | Skewed offspring sex ratios and sex composition of twin litters in Serengeti spotted hyenas (Crocuto crocuta) are a consequence of siblicide[END_REF][START_REF] James | A note on sex ratios and sex combinations in Serengeti spotted hyenas : siblicide and sub-binomial variance[END_REF] and in roe deer [START_REF] Macdonald | Sex ratio variation and mixed pairs in roe deer : evidence for control of sex allocation?[END_REF]. Thus there can be no doubt that in some species, and under some circumstances, this variance is sub-binomial.

What is the explanation for this? Sub-binomial variance is most unusual in Nature : Gini (1951) commented that the present type of data 'furnishes the unique examples so
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far known of a subnormal dispersion in statistical series'. It should be noted that the cause, whatever it is, has overwhelmed two obvious causes of supernormal variance viz 1. Monozygotic twinning. This is known to occur in e.g. pigs and mice (for references see [START_REF] James | The distributions of the combinations of the sexes in mammalian litters[END_REF]). It may be acknowledged that the magnitude of this effect cannot be great if MZ twinning is as rare in other species as in human births (viz about one pair of MZ twins to 300 non-twin individuals), and 2. Lexis variation. In some species, there exists a powerful source of super-binomial variance (viz variation between individual dams in the propensity to produce male pups).

This must follow from the fact that the offspring sex ratios of the females of some polytocous species vary with the sex(es) of their immediately adjacent litter-mates in utero. This has been established in regard to the Mongolian gerbil (Clark et al 1993) and the house mouse (Vandenbergh & Huggett 1994). And I have suggested that there is evidence to suspect the same of the pig [START_REF] James | A prediction on the sex ratios of piglets[END_REF].

So the mysterious thing is not that some samples of mammalian litters show superbinomial variance, but that some show significant sub-binomial variance. Various potential explanations will now be examined.

Potential Explanations of the Sub-binomial Variance

a. Sex-Specific Fetal Loss or Failure to Implant For this to be a sustainable explanation, fetuses of the more numerous sex in a litter would be more vulnerable. I know no evidence directly suggesting this (though see the later comments on Krackow's Hypothesis). Moreover the data of MacDowell and Lord (1925) were based only on litters that had not suffered fetal wastage. Yet those data
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suggested significant sub-binomial variance. (It should be acknowledged, however, that [START_REF] Krackow | Insights from complete-incomplete brood sex-ratio disparity[END_REF] showed that this argument is not decisive).

b. Herdbook Bias [START_REF] Mcphee | The swine herd book as a source of data for the investigation of the sex ratio and frequency of sex combinations in pig letters[END_REF] suggested that herdbook data are subject to defective reporting and the suggestion is given some support by the wording of [START_REF] Parkes | Studies on the sex ratio and related phenomena[END_REF] who noted that a stockman might wish to conceal the fact that some sows in his herd had produced litters of uneconomic size. However some of the data considered above (e.g. on mice and rabbits) were not recorded in herdbooks, and so are not subject to such bias.

c. Spatial Distribution of Sperms With a Common Origin Gini (1951) noted that in spermatogenesis, individual male-producing and femaleproducing sperms have a common origin. He proposed that those with a common origin remain spatially associated with one another. However, anyone who has watched sperms struggling across a microscope slide might wonder about the plausibility of this.

Moreover, in individual litters of e.g. rats, rabbits and mice, the zygotes are not all formed simultaneously but across a period of time [START_REF] Austin | Time relations and their significance in the ovulation and penetration of eggs in rats and rabbits[END_REF][START_REF] Braden | Fertilization of the mouse egg and the effect of delayed coitus and of hot-shock treatment[END_REF]. So I suggest that Gini's speculation does seem implausible indeed.

d. Sex-Selective Siblicide

This explanation has been invoked in the case of the spotted hyena [START_REF] Hofer | Skewed offspring sex ratios and sex composition of twin litters in Serengeti spotted hyenas (Crocuto crocuta) are a consequence of siblicide[END_REF].

I know no grounds for supposing it to be the explanation in any other species (though see the comments of [START_REF] Fraser | Behavioural perspectives in piglet survival[END_REF] on inter-sibling rivalry among piglets). The explanation is included merely for the sake of completeness.

A c c e p t e d m a n u s c r i p t e. Sex-Selective Abortion of Entire Litters

It has been reported that in the coypu, the probability of resorption seems to depend on the intra-uterine sex ratio : young females in good condition preferentially abort small allfemale litters [START_REF] Gosling | Selective abortion of entire litters in the coypu : adaptive control of offspring production in relation to quality[END_REF]). This would reduce the variance of the distributions of the sex combinations of the surviving litters. But I have no evidence that such a phenomenon occurs in any other species.

f. The Developmental Asynchrony Hypothesis (DAH) of Krackow

Briefly this author's idea may be expressed as follows. Within a litter, male and female blastocysts differ in their developmental stage on the average. Hence there is a potential for differing physiological needs as between the sexes. Whence a resource that is limiting to the faster embryos may not be limiting to the slower embryos, and vice versa. The conclusion drawn by Krackow is that there may be a higher mortality rate in the more numerous sex within the litter. Though Krackow originally constructed his hypothesis in an attempt to explain sex ratio variation, he has argued that it has the potential to explain the sub-binomial variance too. Here I shall try to outline DAH and assess its potential as such an explanation. In an attempt to reproduce this author's thinking, I shall quote directly from his papers.

The hypothesis proposes 'that developmental asynchrony between embryos of both sexes, on the one hand, and offspring development and responsiveness of maternal reproductive organs, on the other, may result in significant sex ratio biases at birth in mammals …" [START_REF] Krackow | The developmental asynchrony hypothesis for sex ratio manipulation[END_REF]. In that paper, the author notes (pp 274-5) that his hypothesis invokes three assumptions, for each of which there is substantial empirical evidence, viz 2. "There is considerable variation in developmental pace between blastocysts … I assume that even within normal litters the implantation success in very advanced or retarded blastocysts is reduced".

"

The crucial point is that the distribution of developmental stages may not be random with respect to the sex of blastocysts. Rather, there is evidence in mice and cattle that male blastocysts develop at a higher rate than female ones prior to implantation". "Hence exceptionally delayed embryos have been shown to fail at implantation in laboratory mice … Exceptionally accelerated ones have been suggested to also face implantation failure, but no direct evidence is available … Consequently when male and female preimplantation development rates differ, sex ratios at birth potentially vary if the timeframe of relative uterine responsiveness changes" [START_REF] Krackow | Sexual-growth dimorphism dependent birth-sex ratio variation in house mice[END_REF].

So how would this developmental asynchrony hypothesis (DAH) explain the subbinomial variance? It may readily be acknowledged that computer simulation models embodying the above three features can generate sub-binomial variance (Krackow 1997 b). Moreover, further evidence has been offered for the premises underlying Krackow's hypothesis [START_REF] Krackow | Time of mating, developmental asynchrony and the sex ratio in mice[END_REF][START_REF] Krackow | Sexual-growth dimorphism dependent birth-sex ratio variation in house mice[END_REF]. So it seems fair to describe Krackow's hypothesis as providing a plausible potential explanation for (at least some of) the sub-binomial variance. However the explanation seems at present to be in limbo because it has so far proved impossible decisively to test it. Moreover, as a g. The Proposed Explanation : A Hormonal Hypothesis.

The argument to be expounded was originally given in [START_REF] James | The distributions of the combinations of the sexes in mammalian litters[END_REF]. In contrast with Krackow's hypothesis (which is dependent on post-zygotic loss), I suggest that (some of) the sex ratio variation already exists at the time that the zygotes are formed. The conventional view of sex ratio variation at birth (as offered e.g. by [START_REF] Boklage | The epigenetic environment : secondary sex ratio depends on differential survival in embryogenesis[END_REF]) may be expressed in two propositions and their conclusion viz Whence it follows that any variation of sex ratio at birth must be due to sex-selective fetal loss or failure to implant. I suggest that the argument is valid, but that the conclusion is false because proposition (b) is false. Before offering evidence to support the argument that proposition (b) is false, it is first necessary to give brief grounds for supposing that proposition (a) is substantially true. These are that 1. [START_REF] Martin | The relationship between paternal age, sex ratios and aneuploidy frequencies in human sperm as assessed by multicolour FISH[END_REF] sexed 225845 sperms from 10 normal men aged 21-52. The mean frequencies of X-and Y-bearing sperms were 50.1% and 49.0%. These authors found no correlation between paternal age and sperm Y : X ratio.
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2. [START_REF] Irving | The ratio of X-and Ybearing sperm in ejaculates of men with 3 or more children of the same sex[END_REF] failed to find a significant difference between the Y : X sperm ratios of men siring 3 + sons and 3 + daughters.

I now address the evidence that there is already variation in the probability that a zygote will be male at the time it is formed. The point was extensively treated in an earlier note [START_REF] James | Are there preconceptional determinants of mammalian sex? A response to Boklage[END_REF], so the data will only be summarised here.

It may be readily acknowledged that there are difficulties in simultaneously establishing i. the sexes of very early zygotes and ii. that no other unsexed zygotes were formed and perished before sexing. However, it is possible to arrange experimentally that there is only a short time window for fertilization and that therefore no dam had the opportunity for resorption and re-insemination. From data of this sort, several workers have (apparently inadvertently and independently) made the highly important discovery that sex ratio variation exists at the time of formation of the zygote in the golden hamster [START_REF] Pratt | Offspring sex ratio in hamsters is correlated with vaginal pH at certain times of mating[END_REF][START_REF] Huck | Litter sex ratios in the golden hamster vary with time of mating and are not binomially distributed[END_REF] Thus there are very strong suspicions that there are preconceptional determinants of the sexes of mammalian zygotes. Efforts should be made to confirm or discredit these suspicions. Meanwhile they will provisionally here be treated as true, and an explanation offered to account for the phenomenon.

Very substantial quantities of data have been adduced to support the hypothesis that the sexes of mammalian (including human) zygotes are causally associated with the otherwise unexplained presence of glycerylphosphorylcholine (GPC) in the male genital tract and its diesterase in the female genital tract [START_REF] James | A potential mechanism for sex ratio variation in mammals[END_REF]. However the truth of that hypothesis is irrelevant to the thrust of the present argument.

Ex hypothesi, high parental levels of testosterone or estrogen are associated with sons, and high levels of gonadotrophins or progesterone with daughters. It may be acknowledged that the strengths of the evidence supporting the involvement of these various hormones differ. However, the data relating to testosterone now seem practically unassailable. Forty years ago, Russian experimental stockbreeders were working on the problem of controlling offspring sex ratios (e.g. [START_REF] Babiceva | Viability and fertilizing ability of bull spermatozoa in relation to the addition of methyltestosterone to the semen diluent[END_REF][START_REF] Petrenko | Incubation of semen of farm animals with androgens and sex ratio of the progeny after artificial insemination[END_REF]Vladimirskaja 1966 a,b;Volosevic et al 1970). These authors inferred (from adding methyltestosterone and other hormones to semen of several mammalian species) that offspring sex ratios are hormonally controlled. Recently Grant and her co-workers found that the sex of bovine embryos correlates significantly with pre-ovulatory follicular testosterone concentrations, higher levels being associated with male offspring [START_REF] Grant | Follicular fluid steroid levels and subsequent sex of bovine embryos[END_REF][START_REF] Grant | Sex of bovine embryos may be related to mothers' preovulatory follicular testosterone[END_REF]. Comparable results have been reported in the field vole [START_REF] Helle | Female field voles with high testosterone and glucose levels produce male-biased litters[END_REF]; rat [START_REF] Nunez | The size of the splenium of the rat corpus callosum : influence of hormones, sex ratio and neonatal cryoanesthesia[END_REF] and the ibex [START_REF] Shargal | Fecal testosterone is elevated in high ranking female ibexes (Capra nubiana) and associated with increased aggression and a preponderance of male offspring[END_REF]. Lastly a similar phenomenon has been described in birds (Alonso-Alvarez 2006) including peafowl [START_REF] Pike | Offspring sex ratio is related to paternal train elaboration and yolk corticosterone in peafowl[END_REF]; Zebra finch [START_REF] Rutkowska | Maternal testosterone affects the primary sex ratio and offspring survival in Zebra finches[END_REF] 

Conclusion

If the forgoing argument is substantially correct, then p (the probability that a zygote will be male) varies with time across the fertile interval within polytocous mammalian species.

Ex hypothesi, this is a consequence of changing maternal hormone levels across the duration of the fertile interval together with the fact that within a litter, the zygotes are formed across a period of time [in e.g. mouse (Braden & Austin 1954;[START_REF] Robl | Penetration of mouse eggs at various intervals after insemination as influenced by concentration of sperm and strain of male[END_REF]Theiler 1989); rat and rabbit (Austin & Braden 1954); and the pig [START_REF] Hunter | Fertilization in the pig : sequence of nuclear and cytoplasmic events[END_REF]Pope 1992;[START_REF] Pope | Effect of electrocautery of nonovulated day 1 follicles on subsequent morphological variation among day 11 porcine embryos[END_REF]]. However, regardless of whether it is hormonally caused, such variation would exemplify Poisson variation -and so form an explanation of the established sub-binomial variance (as suggested by [START_REF] Edwards | The meaning of binomial distribution[END_REF] using the data of [START_REF] Parkes | Studies on the sex ratio and related phenomena[END_REF] as illustrative material). SBV. The established sub-binomial variance in the distributions of the combinations of the sexes within the litters of some polytocous mammalian species is caused by variation of p, the probability of a male zygote across the cycle. ttc. Offspring sex ratio (proportion male) varies inversely with the time taken by the parents to achieve conception in the absence of contraception. 3. Strength of the entailment between the propositions : >> indicates strong; > weak.

Note that the implication signs operate vertically as well as horizontally. A >> B means that in the absence of empirical evidence to the contrary, there are logical or mathematical grounds for supposing that if A were true, then B must be true.

A > B means that the relationship between the propositions is hypothesized and needs further empirical testing. Comments are now made on the two weak entailments above.

(i). twc > DOG. This entailment relationship is based on the demonstration [START_REF] James | Cycle day of insemination, sex ratio of offspring and duration of gestation[END_REF] (using a simple model) that the U-shaped regression of sex ratio on time of insemination potentially generates the established reverse-J-shaped regression of sex ratio on duration of gestation. The point needs further testing by computer modelling.

(ii). cr > w. The grounds for expressing the relationship between these two propositions as a form of entailment are given in [START_REF] James | The variations of human sex ratio at birth during and after wars, and their potential explanations[END_REF]. Briefly the argument is one of selection : if some categories of couple are to achieve pregnancy during wartime (those who do so during short wartime leaves), then their coital rates must be high (thus accounting for the rises in sex ratio). 

  reported gestations of more than 42 weeks. Those with durations of 40-42 weeks contain almost exactly equal numbers of males and females[START_REF] James | Cycle day of insemination, sex ratio of offspring and duration of gestation[END_REF]. In that paper, I argued that this phenomenon was a (much-damped) consequence (roughly nine months later) of the regression of sex ratio on time of insemination within the cycle.The strengths of the direct empirical evidence for these three propositions (taken individually in human beings) are, respectively nil, moderate and overwhelming. In my paper (James 2008 b) I suggested that the propositions are all logically (mathematically)

  uterus is prepared by the dynamics of reproductive hormones to respond to implantation signals during a specific part of the oestrus cycle. Outside this period of uterine responsiveness, the uterine environment is known to be hostile to embryonic survival"

  all sex ratio variation at birth, it seems to fail because it does not readily accommodate the established extensive variation of offspring sex ratio with paternal hormone levels (e.g.[START_REF] Sas | The sex ratio of children of fathers with spermatic disorders following hormone therapy[END_REF][START_REF] Astolfi | Paternal HLA genotype and offspring sex ratio[END_REF] and adverse paternal exposures (e.g.James 2006 a). So without wishing to impugn the DAH as an explanation of some examples of the sub-binomial variance, I now suggest another, hormonal, hypothesis.

  (a). X-and Y-bearing sperms are formed in equal numbers and (b). X-and Y-bearing sperms have equal probabilities of fertilizing the ovum.

  ; the sheep (Gutierrez-Adan et al 1999); the mouse (Tarin et al 1999; Jimenez et al 2003); the white-tailed deer (Verme & Ozoga 1981; De Young et al 2004); the American bison (Rutberg 1986); the springbok (Kruger et al 2005); domestic cattle (Gutierrez-Adan et al 1999); the Barbary macaque (Paul & Kuester 1987) and, with less certainty, the human being (See James 2006 b for references).

  and the spotless starling(Veiga et al 2004). Sociologists of science may decide what caused the delay between the finding in Russia and its re-discovery and acceptance elsewhere (misjudged reports at a time not long after the fall of Lysenko?). But the hypothesis in regard to testosterone now seems secure.

  Fig 1. Schematic Representation of the Relationship between the Propositions and

  cr. Offspring sex ratio correlates positively with parental coital rate around the time of conception.twc. The sex of a zygote varies with the time of its formation within the mother's fertile interval.DOG.The sex of offspring varies with the duration of gestation.

  strength of empirical evidence for each proposition (except SBV) considered individually in regard to human beings is indicated thus : BOLD CAPITALS : Overwhelming Bold lower case : Strong Lower case : Fair to non-existent 2. Italicised propositions are those for which there is strong evidence from other mammalian species.
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