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Abstract

In thiswork, mate choice is modeled by means of the abstract concept of mating
propensity. This only assumes that different type of couples can have different mating
success. Thus, the model is adequate for any population where mating among distinct
typesis occurring. There is no extra assumption about particular mating scheme or
preference model. It is shown that the concept of mating propensity permits to express
the observed change in the mating frequencies as the gain in information with respect to
random mating. This information framework provides the connection between mate
choice and the exact mathematical partition of the choice effects. Namely sexual
isolation, sexual selection and a mixed effect. The sexual selection component is the
sum of the intrasexual male and female selection. Interestingly, the information partition
is composed of log-likelihood ratios providing a baseline for defining adequate null
hypotheses for the distinct aspects of the mate choice problem. The utility of the
proposed framework is shown by analyzing real datato compare previous estimates of
intraand intersexua effects. On the other hand, some toy-models are also studied
showing how different mating schemes (e.g. by similarity or by preference-display)
correspond to different proportions of intra- and intersexual selection information. We
outline that when the effect of the phenotype onto the mating propensity is
multiplicative the intersexual selection effects cannot appear. Thus, sexual isolation
occurs as a deviation from multiplicativity in the phenotypic or trait effects over mate
choice. The preference-display models are also easily interpreted in terms of
information and we have inspected models of full isolation, full intrasexual selection
and mixed effect models. It is concluded that the new framework permits testing the
different choice effects. Additionally, it provides anew setting for exploring different

mating models and their consequences.
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Introduction

Mate choiceis arguably one of the most active areas of evolutionary research. There has
been a bunch of controversy regarding this concept in part because is a significant
element for fields so diverse as population genetics, evolutionary-ecology, animal
behavior, sociology, or psychology. By other side, there has been an excess of verbal
models and imprecise terminology regarding different aspects of mate choice (Edward,
2015). Mate choice can be broadly described as the effect of some expressed traits
leading to non-random mating. Under this broad definition there are various aspects of
mate choice that can be considered. Y et Darwin (1871) distinguishes between
intrasexual selection and intersexual selection. The first arises directly from competition
among individuals of the same sex while the second arises from choice of mates by the
other sex (Kuijper et al., 2012). Alternatively, from a genetics population point of view,
mate choiceis defined as the observed mating frequency deviation with respect to
random mating considering the population gene or phenotype frequencies. So defined,
mate choice can be partitioned into (intra)sexual selection, defined as the observed
change in gene or phenotype frequenciesin mated individuals with respect to
population frequencies, and sexual isolation (behavioral isolation or intersexual
selection), which is the deviation from random mating in mated individuals (Rolan-
Alvarez and Caballero, 2000). In thiswork | follow these definitions of mate choice,

intrasexual and intersexual selection.

The many aspects and complexity of mate choice justifies the extensive research that
has been made in the last decades producing several theoretical models and empirical

tests. Unfortunately, little effort has been made to discuss different theoretical modelsin
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48 thelight of the observations, and the empirical tests have been rarely interpreted from

49  the modeling side (Roff, 2015).

50 A related problem is the question about the adequate null hypothesis to confront the
51  evolution of mate choice. The Lande-Kirpatrick (L-K) model has been proposed as a
52  null model (Kirkpatrick, 1982; Lande, 1981; Prum, 2010; Roff and Fairbairn, 2014).
53 Thismodel assumes neutral genetic variation for the preference but the target trait can
54  beunder natural selection. Hence, L-K fails as anull model when the preferenceis by
55  amilarity (preference and target trait coincide) and the target trait is "magic" sensu
56  Gavrilets (2004) because in this case the preference trait is already under selection

57  (Hughes, 2015).

58 Therefore, thereis aneed for both null models and a general framework where the key
59  essential facts of the mate choice can be adequately described. Here, | argue that the

60 formalism provided by the information theory is the right tool to do so.

61 Theinformation theory has been already elegantly applied for describing evolutionary
62  change (Frank, 2009; Frank, 2012; Frank, 2013). The present work takes advantage of
63  that mathematical structure and appliesit for modeling the change in mating frequencies
64 dueto mate choice. Asfar as| know there is not a previous attempt of describing mate
65 choice from the point of view of the information theory. Although the potential of the
66 informational view for evolutionary ecology has been already suggested (Dall et al.,

67  2005).

68 | begin with the definition of a general model that only requires an abstract functional
69 relationship connecting the observed mating frequencies with the expected by random
70  mating from the population gene or phenotype frequencies. This suffices for developing

71  agenera information equation for mate choice that can be adequately partitioned into
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intrasexual and intersexual information components plus a mixed term provoked by the
confounding effect of the marginal frequencies when the propensity effects are
asymmetric. Interestingly, the three terms can be separately estimated from the observed
frequencies and so, the researcher can study how different models and parameters
translate into the different mate choice components. Also, it is proposed that this setting
provides the baseline for solving the mate choice null hypothesis problem since the null
model emerges naturally from the idea of zero information. Thus, the correct null

should not rely on neutral preference or trait genes but on zero information.

The utility of this framework is shown by analyzing areal data example. Additionally,
some apriori defined mating functions are tested to explore the importance that the
implementation of different mating preferences can have on the intra- and intersexual
selection partition. A deeper study on the outcomes of different forms of the mating

preference functions is out of the scope of the present article and is left for future work.

Modd of Mate Choice

As mentioned above, the following model is as a particular specification of the
information theory interpretation for evolutionary models, proposed in (Frank, 2012;
Frank, 2013). The general framework developed by this author fits perfectly for the
purpose of describing the occurrence of non-random mating and the flow of information
that it provokes. Remarkably, once the basic equation for the gain in information due to
non-random mating is formalized, the relationship between mate choice and its different
evolutionary outcomes emerges naturally, providing a clear and useful picture of the

intrasexual and intersexual selection effects.
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GENERAL MODEL

Let consider a population with a number of n; females and n, males. For a given female
phenotype X with K different classes having values Xi, Xz ... X, the frequency of the
phenotype X; in the female population is py = nix; / Ny, i.e. the number of females with
that phenotypic value divided by the total number of females. Similarly for the male

phenotype Y with K' classes the frequency of Y; in the male population is py = Ny / Ny.

In thisway, using the frequency of the phenotype for each sex we compute the expected

mating frequencies if mating is at random

Qi = Pai % P2-
The observed mating frequencies in a given environment e can be expressed as

mj(x,y.e)

CI{j =4 (1)
M =3, qijmi; (%Y, e),

where m;(x,y,e)/M is the relative propensity linked to female phenotype X; paired with

male phenotype Y], for successfully mating in the environment e.

Therefore, the observed mating frequencies are the result of the aprioristic functions
m;(x,y,e) (hereafter noted as my;) that can be any kind of composition of the preference
of female X; for male Y;, and vice versa, in the environment e. Note that random mating
isaparticular case of the model in (1) when the propensities are equal for every mating
pair. In general, because each m; can be composed of female and male preferences,
mutual mate choice models (Bergstrom and Real, 2000) are not discarded under this

setting. These propensity functions can also represent intrasexual mating propensity, or
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indeed several kinds of functions can be defined, empirical or analytical as for example
the Gaussian-like preference functions (reviewed in Carvaja-Rodriguez and Rolan-
Alvarez, 2014). Moreover, the model should be able to account for functions describing

more complex and general mate-choice scenarios (Kuijper et a., 2012; Roff, 2015).

The standardized m; functions could also be estimated a posteriori from the data. In this
case they coincide with the pair total index (PTI Rolan-Alvarez and Caballero, 2000)
which becomes an observed realization of the relative mating propensity for the

observed phenotypes (see below).

Once we have the observed mating frequencies as defined in (1), the change with

respect to random mating is
’ mij
Ag;j = qi; — qi; = Clij(vj— 1)

The mean population change for a combined phenotype Z= X ° Y is

ij

Because the relationship in (1) is defined by ratios is more natural to express the

quantities in the logarithmic scale and so we can express m; as

7
4ij

mij =M qij

which in the logarithmic scale becomes

lij = log(m;;) = log(M) + log (Z—:)
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Thus, if we take the logarithm of the propensity as the couple combined phenotype Z
and by noting that >Aq; = 0 and that log(M) is constant through the summatory, then we

can measure the mean population change AL in relative propensity as

q{' 7
AL =¥, ;Aq;li; = X j Agqi;log (q_i) =J@. Q= It (2
which isthe Kullback-Leibler symmetrized divergence (noted as Jeffreys inFrank,
2012), that measures the gain in information when the differential mating propensity
moves the population from mating frequencies qto q' or vice versa. Note that if the
successisequal for every pairi.e. M =m; ¥ i,j then g = qsothat J = 0 which isthe

minimum information value since J cannot be negative.

From equation (1) recall that each m;/M istheratio of the frequency of the observed
types divided by the expected pair types calculated from the total frequencies. Such
ratio of frequencies is, by definition, the pair total index PTI (Rolan-Alvarez and
Caballero, 2000) and then the logarithmic termin AL is the logarithm of PTI values.
Therefore J(g',g) measures the gain in information as captured by the PTI coefficients,
confronting the hypothesis of mate choice against random mating. Hereafter we note
this J as Jpr). Interestingly enough the Jeffreys' divergence computed as Jpr (by taking
the natural logarithm and multiplying by the total number of matings) can be
approximated by a chi-square for the null hypothesis of random mating with KK'-1

degrees of freedom (Evren and Tuna, 2012).

The information obtained from Jery has been computed using the different propensities
as classes for classifying the couples (because we equated log(m) and Z), when the
classes are based upon the phenotypes rather than in propensities we are conveying a

specific meaning for the change in frequencies. Therefore, the phenotype can be viewed
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as other scale on which we can measure this information (Frank, 2013). Of course
different kinds of phenotypes can be more or less involved in mate choice and so,

different scales are more or less useful for measuring the mating choice information.

RELATIVE PROPENSITY AND PHENOTYPES

When we observe any mating pair (i,j) we need to identify that copula by agiven
characteristic since we cannot in general classify the mating by the value of the
propensity function m; or by a phenotype that matches it perfectly as we did above
(each phenotypic pair was perfectly differentiated by specific m; mating propensity).
Therefore, we may think on different traits Z that classify the mating pairs; Z can be a
composition of female trait X, e.g. preference, and male target Y, or can be any kind of
different traits or alternatively the sametrait in both sexes as size, age or color. In any

case, we measure the mean change in Z caused by differencesinm, as

Zij Z,
ApZ =% Aqi;Z;; = ij qi;(my; —M)—J_M ©)

M~ M
Note that the covariance in (3) would also account for the expected genetic correlation,
if any, between trait and preference in assortative mating cases (Lande, 1981). The
covariance cov(m,Z) is the regression £(Z,m) multiplied by the variance V(m). The
variable Z can be any desired trait including, as we assumed above, the logarithm of the
propensities. So, if we take again Z equal to the logarithm of m, then by substituting in

(3) we obtain
AL =cov(m]l) /M =a(1,mV(m) /M

remembering from (2) that AL = Jpr; then V(M) / M = Jpry / B(I,m) so that
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v(im)

AnZ = B(Z,m) ™ a.Jprr-
Theterma, = % changes the scale from mating propensity to phenotype.

From the point of view of the estimation with real data, if we cannot measure directly
the values of mthen we simply compute J based on trait Z and therefore we are really

computing

JZp1 = 02JpT) SO

Ay Z = JZpry

In this case, also note that the PTI coefficients are no longer the exact estimate of the

mating propensities.

The distinction between JZpr; and Jpr; matters because when the information produced
by mate choice is computed as JZpr, a value of zero could meansthat i) a,=0i.e. the
trait Z do not covariate with the differential propensities so that the mating is random
with regard to Z or, alternatively ii) Jery = 0 meaning that there is no differential mating
propensity at all, i.e. the mating is random independently of the trait we focused on. In
any other case, when JZpr # 0 it means that the non-random mating is correlated with

thetrait Zi.e. cov(m,Z) + 0.

If we have an estimate or a computable proxy for the propensity function mas for
example, ameasure of distance between female and male traits |D|, or a model with
Gaussian functions (Carvaja-Rodriguez and Rolan-Alvarez, 2014) then the term a; can
be separated from Jpr. In this case we could obtain Jer; by means of J(q', g) using the
estimated mating propensities to classify the frequencies and we still can use the

phenotypes Z and our proxy for mto compute o; as theratio of the corresponding
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201 regressions. In this way, we have kept apart the information J from the scaling a.. The

202  product of information and scale gives AnZ.

203  Suppose that the estimate of Jpr; is different from zero while the scaling o, = 0, mate
204  choicedo exist but it is not linked with the phenotype Z. An interested researcher could
205 compare different traits looking for the ones having the best scaling for the information
206  Jpr. It seemsthat if we are able of having good proxies for mating propensity, this

207  could pave the way for testing the impact of different traits on mate choice.

208  Additionally, we can still compute directly AZ = Z' — Z, i.e. the difference in phenotype
209  frequencies between observed and expected by random mating. Therefore we have two
210 vaues, AnZ and AZ, for the change in Z, the discrepancy between them gives an

211  estimate of the change in Z caused by other factors than mating propensity (e.g.

212  predators) so e, = AZ - AnZ.

213  Thusthetotal changein mean Zis

214 AZ = aZ]PTI + eZ

215 The mate choice mediated by the differences in mating propensity would produce a
216  deviation from random mating. At the same time, this may cause two different effects,

217  namely sexual isolation and, sexual selection.

218

219 SEXUAL SELECTION

220  Sexua selection is defined as the observed change in gene or phenotype frequenciesin
221 mated individuals with respect to total population frequencies (Rolén-Alvarez and

222  Caballero, 2000). This change can be studied using the frequencies within each sex i.e.
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223  intrasexua selection, or considering jointly the both sexes by using the pair sexual

224 selection coefficient (PSS Rolan-Alvarez and Caballero, 2000). | will show that when
225  the PSS coefficients are aprioristically considered as the marginal propensities for the
226  mating types, the information gained due to sexual selection is the sum of the

227 information from each sex. When the focus is on the phenotypes, the above continue to
228  betrue provided that the same phenotypic scale is applied when computing PSS and the

229 intrasexua components.
230 Intrasexual selection

231  From the general model, the population frequency of the female phenotype X is p1. The
232  observed frequency of X; in the matings, p's, is computed as the sum of the frequencies

233  of matingsinvolving afemale X;

I

7 r mij Mgi
234 P = Z}nales qij = P ijz;'# = D1 1\;

235 where m'; is the marginal mating propensity for the female typei.

236  Similarly for males, the frequency of phenotypeY; is py; and the frequency for the male

237 typejis

m’mj

238 P2j = D2j =
239  wherem'y; isthe marginal mating propensity for the male typej.

240  The mean change in information due to sexual selection within each sex is, in terms of

241  thefemae margina propensity (female intrasexual selection)
’ Xi ’
242 ALy = Z{emales ApyiX; = Zij Pi(mfi - M)E =J(p1,p1) = Js1

243  and, in terms of male marginal propensity (male intrasexual selection)
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244 AmLy = Z;nales Apzjyj =] (02 p2) = Js2

245  Theterm Jshas been obtained in asimilar way as for the general caseg, i.e. by expressing
246  each marginal m's; and m'y,; in function of their respective ratio of frequencies multiplied
247 by the mean propensity M and substituting the phenotype X or Y, by the logarithm of the

248  corresponding (female or male) marginal m'.

249  The changeto the scale of phenotypes produces

250 Am)? = 2[_9“;]51 =JXs1
v _ Bym, _
251 ApY = EJSZ =JYs,

252  JXg and JYs, are the Jeffrey's divergence that expresses the gain of information due to

253 intrasexua selection measured on the combined phenotypic scale Z.
254  Pair sexual selection

255  In addition to the computation within each sex, we can compare the expected pair types

256  under random mating calculated from mates with the expected pair types from total

257  numbers (PSS, see above). Thus, PSS; = (p'1p'z) / (P1ipz) = MM / M2, The latter term
258 can beviewed as an aprioristic expression of the PSS coefficients. Again, the difference

259  between the observed and the expected distribution can be expressed as

) = J(p1P2, D1P2) = Jpss:

P1iP2j

260 Bpssl. = 5t Aupaplog (

261  where A(p1ip2) = P'1P'2 - P1iPy-

262  Inthescale of phenotypes

~7 ﬁZ SS
263 ApssZ = ﬁl_;S]PSS = JZpgs
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The change in the phenotype due to sexual selection is driven by the aprioristic
definition of PSSand is expressed in term of the information accumulated and rescaled

from PSSto Z.

Intrasexual selection and pair sexual selection

The relationship between intrasexual selection and pair sexual selection measured by

PSSis, in terms of the information

Jpss = Ja1 + I

Recall that Jpssis the sum of products A( p1ip2) x 0g((p'1 P'z)/ (P1iP2))- Then note that

log((p'1iP'2)) / (P1iP2))) = log(p'1i / Pui) + log(p'z / pz)

and that

ZiA( puPz) = Zij(P'1P'z - P1iP2) = Zip'1 ZjP'2) - ZiPai Zjpg = 0

because each summatory is 1. Then, after some algebraic rearrangement we obtain

Jpss = ZijA(P1ip2)l0g((P'up'2)/ (PuP2)) = Zip'ul0g(p'u/Pw) - Zipul 0g(p's/Pu) +

Zip'al09(p'2i/P2) - Zip2log(p'z/pz) = Ja + I

And in the scale of phenotypesis

IZpss = X1 + e (4)

provided that the same phenotypic scale appliesin the pair sexual selection statistic and
in the intrasexual components (i.e. the criteria utilized for classifying the different

couplesis the same).

The information captured in the PSS coefficients is the sum of the intrasexual selection

within each sex.
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SEXUAL ISOLATION

Sexual isolation is defined as the deviation from random mating in mated individuals
(Rolan-Alvarez and Caballero, 2000). The pair sexual isolation statistic (PS) isthe
number of observed pair types divided by the expected pair types from mates. In terms

of our model thisis the ratio of frequencies
5ij = il (Pup'z) = (M /M) / (mismin / M?) = PSIj ®)

Theterm ¢ refers to an aprioristic (depends on the m's from the model) definition of the

PSs. Thejoint isolation index for PS can be expressed as

_ k=13 8538y
PST (k-1) X;6ii+2ij 6if

where k is the number of phenotypic classes involved in the classification of the matings

(Carvaja-Rodriguez and Rolan-Alvarez, 2006).

As with the previous pairwise statistics we may obtain the equations of change between

observed and expected pair types in terms of J.

o qL{' [N N |
ApgiL = Xy, A(pyip2j)log (#) =J(q',p1p2) = Jps1,

I
P1iP5j

where A(p'1ip'2) = dfij - p1;p2;-

In the scale of phenotypes
7 _ ﬁzﬁ _
APSIZ - B_]PSI - ]ZPSI'
16

The JZpg index provides the correct metric to express the part of change in mating

information that translates into sexual isolation. Presenting the PS's under this
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formalism alow us to contemplate some facts that are not obvious from the a posteriori
definition of coefficients estimated from data. We must realize (see equation 5) that if
the propensity of each pair is the product of the marginal types of each partner then § =
1 and so, both the values of |ps; and Jpg are zero indicating no sexual isolation at all.
Thus, in any model in which the mate propensity is multiplicative the only possible

outcome from mate choiceis intrasexual selection (see below).

Relationship between Mate Choice, Sexual Selection and Sexual Isolation

The information as captured by the PTI coefficients can be partitioned in terms of PSS

and PSl. Recall the expression (2) for Jpr
AL =%, ;Aq;5log (Z_Z) =J(q@',q) = Jpr1

The term Ag;; can be expressed as the sum of the frequency changes for sexual selection

and isolation
Adj = A(P1ipz) + AP 1P’ 2)

The logarithmic term is also partitioned in the sexual selection and isolation

components
log(PTI) = log(PSS) + log(PS).
Therefore
Jpni = Zij ([A( paipz) + A(P'1P'2)] * [10g(PSS;) + log(PSii)]) i.e.

Jpri=Jpss + Jps + Eo
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325  where Eo= Zij(A(p1ip2)!og(PSlij) + A( p'1ip’ 2)l0g(PSS;)). However, note that

326 A(p'up'2)l0g(PSS))) = 0 (see Appendix A) so

327 Eo = Zij(A(pupz)log(PSij)

328 that can aso be expressed as

329 Eo = D'ki(w, g p)

330 whichisaKullback—Leibler-like divergence with weights w;; = (PSS; - 1)/ PTl;; in the
331 observations q'. Note that contrary to the standard K-L divergence, Ey can be negative

332  depending on the weights.

333  Thetotal information is separated into the intrasexual selection, Jpss, and isolation, Jpg,
334  components plus the mixed term E,. Note that Eq appears only when both sexual

335 sdection and sexual isolation effects occur.

336  If Ep=0 thismeansthat Jpss and/or Jes capture the complete information from mate
337 choice. When E is positive it indicates that the information gathered from Jpss and Jpg
338 isnot thetotal information from mating choice. On the other side, when E is negative

339 thereis some overlap between sexual selection and sexual isolation information.

340 Inthescale of phenotypes the partition still holds provided that the same phenotypic

341 classification is applied when computing the different measures

342 JZp11= IZpss + IZps + ZEo  (6)

343  where ZE, isthe value of Eqin the phenotypic scale.

344  For any given logarithmic base, the amount of the total information, JZpr, will depend
345  on the magnitude of the differences among the population mating propensity values.

346  The higher the differences encountered in the propensities the higher the value of JZer,.
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347  Without loss of generality we consider the natural logarithm because this facilitates
348  testing against the null hypothesis of no information by means of the chi-square

349  distribution.

350 Provided that JZpr is not zero, the relationships between the quantitiesin (6) can be
351 resumed in three mating information statistics, the sexual isolation information (S1) and

352  sexual selection information (S3) measures

353 S =100 x JZPS| /JZPT| (7-8.)

354 SS| =100 x JZpsg/IZer (7-b)

355  These terms cannot be negative since they come in the form of the Jeffrey's divergence
356  whichisnon-negative. An additional mixed term that can have negative valuesis the

357  mixed sexual selection isolation information (MSSI1)

358 MSSII = 100 x ZEq /3Zem (7-0)

359  These expressions measure the proportion of information that is obtained in terms of
360 sexual isolation or intrasexual selection (recall from equation 4 that JZpss is the sum of

361 theintrasexua indexes) or the confounded effect of both.

362 If, as expected, the observations used to compute the information statistics come from
363 the same sample, the sumin (6) is exact so that the statisticsin (7) recover the whole
364 information gathered from mate choice. On the contrary, if the computations has been
365 performed using different samples, it could be aremaining part of mate choice

366 information that is non-explained by the above statistics but that can be recovered by

367 theerror term

368 Epr = 100— (Sl + S + MSSI)  (7-d)
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that gives (in %) how much information may be lost due to differencesin the
measurement of the involved phenotypes when computing from separate samples the

different information components.

Real Data Application

The mating model | have presented so far has been defined in a quite general way for
any number of male and female phenotypic classes and for any kind of mating
propensities. The application of the statistics 1, SS and MSSl| to a data sample of
dimorphic traits (two classes) is immediate. For clarity | will use the same model that
appears in the pairwise statistics origina article (Rolan-Alvarez and Caballero, 2000).
Therefore, the two phenotypic types are noted as A and B, the total number of observed
matingsist and the number of type A females (A’ in Rolan-Alvarez and Caballero,
2000) becomes, under our notation, piani, and so B' is p1ghy; the number of males A,
becomes p2an; and males B are pogn,. The observed absolute number for each pair (i)
would be gt withi,j € {A, B} (see Table 1). The total number of expected copulating
pairs from population frequencies is nin, corresponding to the quantity Sin (Rolan-

Alvarez and Caballero, 2000).

TABLE 1. The mating model for two phenotypic classes identified as types A and
B. The number of observed copulating pairsist. The quantitiesin the cells

correspond to absolute numbers.

Females

P1aN:  PisM

Males paanz; qaat Oeat paat
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P gast Ogeet pPoat

piat past

pii: observed relative frequency of typeie{A, B} in population females ; n;: number of femalesin the
population; py: observed relative frequency of typeie{ A, B} in population males; n,: number of malesin
the population; p';;: observed relative frequency of typei in mating females; p'y: observed relative

frequency of typei in mating males; q;: observed relative frequency of copulating pair i, j.

The datato be analyzed correspond to the same example utilized in (Rolan-Alvarez and
Caballero, 2000) concerning a multiple-choice experiment involving two different lines
of Drosophila melanogaster so called M-like and Z-like (Hollocher et a., 1997). Rolan-
Alvarez & Caballero applied the pairwise statistics to this data and confirmed the
previous results from Hollocher et al indicating stronger sexual isolation than sexual
selection. They also suggested a fitness advantage of females versus males but were not
able of distinguishing between female mate propensity (sexual selection) and male

preference for M females.

To perform the analysis, we can express the observed data from that experiment in
terms of the information model as presented in Table 1. In doing so and noting that the
observed number of copulating pairswast = 1704 we obtain the necessary quantitiesin
terms of our model (Table 2). By convenience, the computationsin Table 2 and

hereafter were performed using the natural logarithms.

The total mate choice information obtained in JZgr, is partitioned in 89% of sexual
isolation (JZpg =0.47; lpg = 0.63), 6% of sexual selection and 5% of mixed effects
which explains the 100% of JZgr,. The information coming from sexual isolation is 14
times the intrasexual information, result that matches pretty well the outcome in (Rolan-

Alvarez and Caballero, 2000). The vaue of JZpr; multiplied by the number of matings
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can be approximated by a chi-square variable with 3 degrees of freedom under the
expectation of JZpr) = 0, the p-value obtained is below 0.00001 which indicates non-
random mating. We may now test against the JZps =0 with 1 degree of freedom and the
p-value is again below 0.00001. We may also test against JZpss =0 which is also below
0.0001 and so it makes sense to test both the intrasexual female and male cases (with
one degree of freedom each). The p-value for the female case is below 0.0001 whileis
0.77 in the males. Thus we detect significant sexual isolation and selection effects as
previously reported by (Rolan-Alvarez and Caballero, 2000). The sexual selection
component is caused by a significant intrasexual effect in females. The mixed term Epis
positive thusindicating that not all the information is recovered by the PSSand PS
coefficients. Thisis due to the confounding effect which explains as far as the 5% from

the total information.

TABLE 2. Analysis using the mate choice infor mation model (Table 1 and
equations 7) on D. melanogaster mating data from (Hollocher et al., 1997). The

number of observed copulating pairsist = 1704.

FemalesZ FemalesM

0.5 %1440 0.5 %1440

Males Z 0.5 x1440 0.3585x1704 0.145x1704 0.5035x1704

Males M 0.5 x1440 0.051x1704  0.4455x1704 0.4965x1704
0.4095x1704  0.5905x1704

IZem 0.53

Sl (3Zps , Ips)  89% (0.47, 0.63)

SSl (IXs+JYs) 6% (0.033 + 0.00005)
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MSSI| 5%

Eeni 0%

Number of femalesin the population: n; = 1440; number of males in the population: n, = 1440; From
Table 1, p'y;: observed relative frequency of typei in mating females; p',: observed relative frequency of

type i in mating males, q'j: observed relative frequency of copulating pair i, j.

Relative Propensity Mate Choice Models

In the analysis performed above we have used the information partition for testing if the
observations can be explained from random mating. Since the expectation was
computed using the population phenotypic frequencies this computation for each
copulating pair corresponds to the PTIj; statistics. Thus, each PTI;; is an estimation of
what we have called the mating propensity m/M (see equation 1). The more correlated

is the phenotype with the propensity the more precise would be the estimate.

The aprioristic modeling of mating propensity permits to interpret the deviations from
random mating as caused by some intrinsic biological property among the copulating
phenotypes. There are several ways in which these mating propensities or preferences
can be modeled (Carvajal-Rodriguez and Rolan-Alvarez, 2014; Edward, 2015;
Gavrilets, 2014). By studying the effect that different kind of functions may have on the
observed mating distribution we would gain insight on the different mechanisms of
mate choice and their consequences. In what follows we just take a brief look on some

examples though a more in deep study on mating propensitiesis left for future work.

We consider a population with equal sex ratio and equal frequencies between

phenotypes. The number of phenotypic classes was fixed to 3 just because this allow the
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inspection of aMHC (major histocompatibility complex) population genetics choice
model (p. 195 Hedrick, 2005). The relative observed frequencies are the result of the
apriorigtic definition of the corresponding mating propensity model. The different
assayed models are particular realizations of a generic model. The generic model
implies the composition © of the female acceptance (or preference) function f; with the
male acceptance function f,. For example, f1(A',B) © f2(B,A") involves the acceptance
function from female with phenotype A' for the male with phenotype B combined with

the acceptance from male B for the female A’ (Table 3).

TABLE 3. Mating propensity models. Values of m are already expressed relative to
the mean. The contribution of each phenotype to the specific modelsis noted by

lower case.

Memaemde Additive  Multiplicative Positive Negative MHC  Generic

Maa a+a axa axa 10" 1-s  fi(A"A) ° f,(AA)
Mas a+b axb 10" a'xb 1-hs fi(A',B)°f,(BA"
Mac a+c axc 10" axc 1 f1(A',C) ° f,(CA)
Mea b'+a b'xa 10" b'x a 1-s fi(B"A)°f,(A,B)
Meg b +b b'xb b'xb  10% 1-s f,(B'B)°fyB,B)
Mec b+c b'x ¢ 10" b'x ¢ 1-s f,(B',C) °f,(C,B)
Mea c+a c'xa 10% c'xa 1 f1(C,A) ° f(A,C)
Mce c+b c'xb 10" c'xb 1-hs f(C',B)°fx(B,C)
Mec c+c c'xC c¢xc 10% 1-s f(C,C)°f,(C,C)

Positive: positive assortative mating. Negative: negative assortative mating. MHC: negative assortative

female mate choice model for MHC as defined in (Hedrick, 2005).
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463 ADDITIVE AND MULTIPLICATIVE MODELS

464  Inthe additive model each phenotype adds its contributing effect to the value of m,

465  similarly under the multiplicative model each phenotype contributes multiplicatively to
466  m. In both kind of models the contribution of each phenotype does not depend on the
467  partner phenotypei.e. the contribution a’ from female A' is the same when mating with
468 maeAor B. Obvioudly, if the contribution of every phenotypeisthesame (@ =a="D’
469 =Db=c =c)thereisno deviation from random mating (JZsr; = 0). The assayed

470  contributions were a'=a= 1; b'=b=5; c'=c=10.

471  When the model is additive, the occurrence of non-random mating is detected as a
472  composition of both intrasexual selection and sexual isolation (Table 4). Under the
473  effects considered most of the information comes from sexual selection equally

474  distributed in both sexes. These proportions change if other magnitudes of effects are

475  considered (not shown).

476  On the contrary, if the model is multiplicative the deviation from random mating only
477  producesintrasexual selection whatever the phenotypic effects. This happens because
478  under this model, the PS coefficients are the product of the two margina mating

479  propensities from the phenotypes in the copula.

480 TABLE 4. Resultsin terms of mating information statisticsfor distinct mating

481 propensity models.

IZeri Sl (lps) SS (Jatls) MSSII  Eprn

Additive 030 7%(-0.13) 83%(50%+50%) 10% 0%

Multiplicative 1.8 0% (0) 100% (50% + 50%) 0% 0%
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Positive 295  48% (1) 11% (50%+ 50%)  40% 0%
Negative 148 118%(-1) 4% (50% +50%)  -22% 0%
MHC (h=0)  0.12 48%(-0.22) 54%(82%+ 18%) 2% 0%
MHC (h=0.25) 0.10 57%(-0.2) 46%(93%+7%) -3% 0%
MHC (h=0.5) 0.09 65%(-0.18) 38% (100%+0%) -3% 0%
MHC (h=0.75) 0.09 71%(-0.15) 34% (87%+ 13%) -5% 0%

MHC(h=1) 01 70%(-0.11) 36% (50%+50%) -6% 0%

482  Phenotypic effects from Table 3: a'=a= 1; b'=b=5; ¢'=c=10. MCH: s= 0.5 from (Hedrick, 2005). Epr;:

483  error dueto scaling.

484

485 ASSORTATIVE POSITIVE AND NEGATIVE MODELS

486  We have also defined two extreme assortative models with three different possible
487  mating types with asymmetric effects. The assortative positive model consists on

488  multiplicative effects except for the heterotypic crosses that have virtually 0 mating
489  acceptance (see Positive column in Table 3). From the total information recovered in
490  Jzpmi, 48% was dueto isolation while 11% was intrasexual selection and another 41%

491  was due to confounding effects. As expected the value of I was 1 (Table 4).

492  The assortative negative model (see column noted as Negative in Table 3) isalso a

493  multiplicative model except for the homotypic crosses that have virtually O mating

494  acceptance. The value of Ipg was -1 which is not surprising but the percentage of 118%
495 linked to the isolation information index was somewhat striking. The highest value of
496 thestatistic Sl isindicating that the information recovered by the PS and PSS

497  coefficientsis up biased by the confounding effect from marginal frequencies. The
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excess obtained in the S (+18) plus that in the S (+4) coefficientsis recognized in the

negative sign of the MSSl| statistic (-22).

The observed bias is expected for the PS coefficients when the mate choice is not
symmetrical (Rolan-Alvarez and Caballero, 2000). We have seen that it requires both
sexual isolation and selection effects detected. We have also seen that the sign will
depend on the weights (PSS - 1)/ PTI. In our case it disappears when we define equally
weighted mating effectsa’ =a =b'= b = ¢' = ¢ for the heterotypic crosses under the
negative model; in this case the whole information is recovered by the sexual isolation

component with null sexual selection and mixed components (S3 = MSSI = 0).

MHC-based negative assortative

So far we have studied phenotypic models; however, the proposed framework can be
applied to a general class of models including population genetic ones. Different models
have been proposed to explain the maintenance of diversity in the major
histocompatibility complex. One of the hypotheses suggests negative assortative mate
choice for MHC. Thus, it is assumed that females preferentially mate males that differ
genetically from themselves (p. 196 Hedrick, 2005). The model is defined for two
aleles giving the genotypes AjA;, AiA; and AA; that under our notation become A', B'
and C' for femalesand A, B and C for males. Therefore, we can express this model in
terms of the information equations. The default selective and dominance coefficients
weres=h = 0.5 as suggested in (Hedrick, 2005). However a range of different selective

and dominance coefficients were also checked.

The results for the different dominance coefficients are shown in Table 4. In any case,

negative assortative mating is detected (l,s € [-0.11, -0.22]) with the percentage of
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522  information expressed as intersexual selection (S1) increasing with the augment of the
523  dominance effect. The maximum information JZgr; and the maximum isolation (I,s) do
524 coincide with the case of h = 0. Note that thisis not the situation having the maximum
525  percentage on the S| statistic just because under the h = 0 scenario is also when the
526  highest female intrasexual selection occurs. In addition, the intrasexual partition also
527  varieswith h; under codominance (h = 0.5) the full intrasexual component is due to
528 females while under absolute dominance (h = 1) it is equally partitioned between both
529  sexes. The outcome of varying s (not shown) is equivalent to varying the effects

530 between phenotypes. Small simplieslessinformation but also lower confounding

531 effect. Higher sincreases the information jointly with the confounding effect.

532 From Table 4 it seems that when negative assortative mating occurs due to asymmetric
533 effects, the Ig and the mixed term signs coincide and in fact both types of values

534  correlated well (r = 0.95).

535 Finally, it should be noted that the error term Epy has always been 0 indicating that the
536 partition of the total mate choice information was exact as expected because we have

537  used the same phenotypic classification when computing all the indexes.

538

539 FEMALE PREFERENCE AND MALE DISPLAY MODELS

540 Sofar we have considered examples with the same trait in female and male. However,
541 there are several situations where the female preference is for amale display trait

542  (Pomiankowski and Iwasa, 1998). In this case the female trait is the exerted preference
543 and the male trait isthe target phenotype. In the preference-display context, the traits
544  involved are different between sexes so that the crosses cannot be classified in

545  homotypic versus heterotypic so preventing the calculation of |ps; and other similar
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546  indices. Our mating propensity model can easily capture this type of situation to express
547  the components of mate choice in terms of information. This is an improvement with
548  respect to other sexual isolation indexes that by requiring a classification in homotypic
549  versus heterotypic mates, are only applicable to mating models in which the female and

550 male phenotypeis the same (similarity/dissimilarity models).

551 In Table 5 we appreciate three examples of such preference-display models. There are
552  two types of females which have preference for males displaying phenotypic values A,
553 Bor C. The mating propensities have been defined with only three possible values,
554 namely a =1, a/2 or virtually 0 (10™"). In the first column the female preference

555  generates asituation of complete isolation; in the second column the resultant effect of
556 thefemale preferenceis of full intrasexual selection in males and the third column
557  corresponds to a mixed scenario were both sexual selection and isolation occur with a
558  mixed effect of -24%. Thus, again we appreciate that when both sexual selection and
559  strong sexual isolation (negative) appear, the sign of the mixed term indicates the

560 direction of theisolation.

561 TABLE 5. Mating propensity models of female preference for male display traits.
562 Twotypesof females‘0’ or ‘1" might have different preferencesfor males

563  presenting distinct valuesfor some secondary trait (a= 1, /2 or 10*"). Only the
564 females choose so that the generic model implies only the female acceptance (or

565 preference) function f;.

Mfemalesmale Isolation Sexual selection Mixed Generic

Moa a a a f1(0,A)

Mos al2 a2 10" f1(0,B)
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Moc 10" 10" 10" f(0,0)
Mya 10" a 10" f(1,A)
Mg al2 a2 10" f1(1,B)
Mic a 10" a f1(1,0)
IZen, 13 13 26

S| 100% 0% 75%

SS (XstdYe) 0% 100% (0% + 100%)  49% (0% + 100%)

MSSl| 0% 0% -24%

Discussion

The mate choice model defined in (1) is valid for phenotypes and genotypes and only
requires the abstract representation of any kind of relative mating propensity. At the
sametime, (1) is analogous to the Wright’ s selection equation for the change in gene
frequencies so, from the point of view of that analogy, the relative propensity would
play the role of fitness referred to each mating couple. By defining the relationship
between observed and expected mating frequencies as a function of relative mating
propensity, the choice is expressed as a potentiality which is also akey characteristic of

fitness (Wagner, 2010).

As with the fitness concept, the mate propensity faces two main aspects, namely the
measurement of differences between couples, and the intrinsic causes that provokes the
propensity values. In this work by expressing the equation of change in terms of the

choice information and its components | have focused in the first aspect.
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581 | have connected the cause of mating choice, modeled by the abstract concept of

582  propensity, with the different possible outcomes. Notably, the connection between mate
583 choice and its consequences appears in terms of information. The general equation

584  representsthe information gained by mate choice with respect to random mating. This
585 general information is the sum of the information due to sexual isolation and sexual

586  selection plus a mixed effect term that can be computed separately from the others and
587  measures the adjustment of the partition components with respect to the total mate

588  choiceinformation. In addition, the information from sexual selection is the sum of the

589 male and female intrasexual sealection information.

590 Although the model has been constructed assuming discrete phenotypesit is possible to
591 estimate the Kullback-Leiblerg divergence for the continuous case (Pérez-Cruz, 2008)
592  inorder to apply asimilar mate choice information partition for quantitative traits. This

593 hasbeen left for future work.

594  Theinformation framework also provides a baseline for defining adequate null
595  hypotheses for the distinct aspects of the mate choice problem. In fact, the information
596 termsare mean log-likelihood ratios so we can apply them for contrasting the different

597  null hypothesis about random mating, sexual selection and isolation.

598 We can perform the test against random mating by considering a chi-square distribution
599  with KK'-1 degrees of freedom (Evren and Tuna, 2012; Sokal and Rohlf, 1981), where
600 KxK'isthe number of different mating categories. The intrasexual selection

601 components correspond to K-1 and K' -1 degrees of freedom for K female and K' male
602 traits respectively. And the sexual isolation component corresponds to (K-1)(K' -1)

603  degrees of freedom. Of course, we may also use randomization tests if we prefer to rely

604  on the empirical distribution approach.


https://doi.org/10.1101/095901
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/095901; this version posted December 21, 2016. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available

605

606

607

608

609

610

611

612

613

614

615

616

617

618

619

620

621

622

623

624

625

626

627

628

under aCC-BY-NC-ND 4.0 International license.

Therefore, if we want to contrast mate choice for a given trait Z we test deviations from
zero information in JZpr; and its components. However, if we want to contrast mate
choicein general, we must test deviations from zero information in Jer; which should be

the same that testing a flat preference function across al trait values (Edward, 2015).

We have also gained some intuition about the effects of choice by defining different
preference models and studying the information outcome. In doing so, we have seen
that multiplicative effects of the phenotype onto the mating propensity function do not
generate any kind of intersexual selection. Thus, sexual isolation can be viewed as a

deviation from multiplicativity in the phenotypic or trait effects over mate choice.

Interestingly, the preference-display models are also easily interpreted in terms of
information and we have been able of inspecting models of full isolation, full

intrasexual selection and mixed effect models.

We have also seen that the asymmetry in the phenotypic effects can bias the information
within the intra- and intersexual components provoking overrated PS and/or PSS
information that becomes exposed by the negative values in the mixed component from
the total information partition. In other cases, the asymmetry provokes that the
information recovered in the intra- and intersexual components is less than the total
mate choice information. The bias disappears when the effects are symmetric. The total

mate choice information is not affected in any case.

In addition to the phenotypic models already commented we have also analyzed a
population genetic model of mate choice for MHC. Although the support for MHC-
based negative assortative mating is contentious (Hedrick, 2005), the model suffices for
showing the application of the choice information framework in the context of

population genetics. To convert the model to our framework we simply needed to


https://doi.org/10.1101/095901
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/095901; this version posted December 21, 2016. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available
under aCC-BY-NC-ND 4.0 International license.

629 consider each genotype as atype and the mating preference in the origina model as a
630 relative propensity that depends on the selective and dominance coefficients (see

631  Hedrick, 2005). The original model just try to represent female negative assortative
632 mating by favoring matings in which the males shares less alleles with the female

633 partner. Because the mating preferences are built from the side of the female

634  convenience (less shared alleles with the male partner) thereis a priori no male

635 intrasexua selection in the model. However, intrasexual selection emerges as an effect
636 inone or both sexes depending on the dominance coefficient. These different outcomes
637  simply occur because changing h is equivalent to change the relative mating propensity

638  relationships among the different couples.

639 To conclude, it is worth mention that the concept of mate choice isimportant in the
640 evolutionary theory and other disciplines. It has been approached from a diversity of
641 fields and inference methodologies, which has provoked that the terminology has not
642  aways been very precise. This may have contributed to some confusion in terms of
643  causesand effects jointly with plenty discussion (Ah-King and Gowaty, 2016; Edward,

644  2015; Janicke et al., 2016; Roughgarden et a., 2015).

645 Here, | have shown that the mean change in the mating phenotypes can be expressed as
646 theinformation gained due to mate choice. Overall, the obtained results lead to the

647  suggestion that the information interpretation of mate choice is an interesting avenue
648 that may help to improve the study of the causes as well as the effects of thisimportant

649 evolutionary phenomenon.

650

APPENDIX A

651 Proposition 1
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652 Zij A(p' 1P’ )l 0g(PSS)) =0
653 then
654 Eo= Zij(A(p1ip2)log(PSij) + A(p' 1P’ 2)l09(PSS;))) = ZijA(p1ipz)log(PS).

655  First, recall that

656 ZiA(P 1P 2)10g(PSS)) = Zij(qij - P 1P’ 2)109(PSS))

657 and aso that by definition of PSS

658 log(PSS)) = log((p 1P’ 2)) / (P1iP2 ))

659 that can be expressed as

660 log(PSS;) = log(p'1i / pai ) +10g(p’2 / P2 )

661 then by simple substitution and rearranging the terms

662 Zij A(p 1P 2)l0g(PSS)) =
663 i (o - P’ up’ 2)10g(PSS;) = Zijqilog(p’ 1/p1i ) + Zijgilog(p' 2 / pz ) -
664 Zij(p' 1P’ 2)10g(P’ 1 / P1i ) - Zij(P’ 1P’ 2)109(P’ 21 / P2i )

665 Now recall that the i subscript refers to females and subscript j to males, then the double
666 summatory isthe sum through females and males, thus by reminding that %p’ 5 = Zip’ i

667 =1 we note that

668 Zij(p’ 1P’ 25) 1og(p’ 1i/Pxi) = Zi(P' 1)l0g(p’ 1i/P1i) ZiP' 2 = Zi P’ il 0g(p’ 1i/P1i)

669 and similarly

670 Zij(P’ 1P’ 27)10g(P" 2/Pp2i) = Zj P’ 2109(P’ 21/p2i)

671 sowehave
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Zij A( P up’2)l0g(PSS;) =

Zigijlog(p’ u/psi ) + Zijdlog(p’z / Pz ) - Zip’ ulog(p’ 1/pui) - Zip' z109( (2 / Pai )

Now note that

Zijqijlog(p’ x/pai ) = Zilog(p'u/pai )Eid

and that for each femalei the sum through males of the observed mating frequencies
involving femalei is, by definition, p’4i.e. Xjqj; = p’1 and similarly for each malej we

have Ziq'ij = p’2. Then

Ziqijlog(p’ 1i/p1i ) = Zilog(p’ 1i/pai )P’ 1i

and

Ziqijlog(p’ 2 / Pz ) = Zilog(p’2i / pzj P2

therefore

ZiA(p' 1P’ 2)109(PSS;) =

Zilog(p’ 1/pai )P’ 1i - Zip’ 1ilog(p’ 1i/pi) + Zjlog(p’ 2 / P2j )P’ 2 - Zip'z109( (P'2i / p2i ) =0

and so the proposition is true

Eo= Zij(A(p1ipz)log(PSij)

Proposition 2

Eo =D'ku(w, gl p)

where
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p'=pip2

Wi = (PSSJ‘ - 1) / PT|ij

D'wc(w, g p') = Zij widjlog(dij / (0" 1iP" 2)))

From the model (1) and the partitions (4) and (5) in the main text we know that

(P1ip2) = (P'1ip'2) / PSS

(P'up'z) = dij/ PS;;

therefore

A(p1ipz) = (P'uP'2) - (PuP2) = (dij/ P - (a5 / PTliy) = qy[(Y PSy) - (1/ PTly)]

and since PTl;; = PSj; x PSS;we obtain

A(pupz) = 45(PSS; - 1) / PTlj

and so

Eo= Zij(A(pup2)log(PSij) = Zijwijqijlog(PSli)) = D'ku(w, o p')

which is Kullback—Leibler-like divergence with weights w; in the observations g'.
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