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The mode in which sexual organisms choose mates is a key evolutionary process, as it can have a profound impact on fitness and

speciation. One way to study mate choice in the wild is by measuring trait correlation between mates. Positive assortative mating

is inferred when individuals of a mating pair display traits that are more similar than those expected under random mating while

negative assortative mating is the opposite. A recent review of 1134 trait correlations found that positive estimates of assortative

mating were more frequent and larger in magnitude than negative estimates. Here, we describe the scale-of-choice effect (SCE),

which occurs when mate choice exists at a smaller scale than that of the investigator’s sampling, while simultaneously the trait

is heterogeneously distributed at the true scale-of-choice. We demonstrate the SCE by Monte Carlo simulations and estimate it

in two organisms showing positive (Littorina saxatilis) and negative (L. fabalis) assortative mating. Our results show that both

positive and negative estimates are biased by the SCE by different magnitudes, typically toward positive values. Therefore, the

low frequency of negative assortative mating observed in the literature may be due to the SCE’s impact on correlation estimates,

which demands new experimental evaluation.

KEY WORDS: Correlation bias, mate choice, mating preference, mating pairs, negative assortative mating, positive assortative

mating.

The manner in which a mate is chosen among available members

of a population remains a key aspect of reproductive success in

most sexual species. This is because mating preferences (mate

choice) can affect the probability of transmitting alleles within

a species (by mate selection), discrimination of mates among

species or both simultaneously (Lewontin et al. 1968; Coyne and

Orr 2004; Gavrilets 2004). Therefore, it has been of particular in-

terest to detect and understand the behavioral mechanisms causing

deviations from random mating in relation to traits used by the

organism for mate choice (Andersson 1994; Gray and McKinnon

2007; Jiang et al. 2013). Deviations from random mating can be

measured as a correlation (either positive or negative) between

values of a trait across the distribution of observed matings within

a particular species (Jiang et al. 2013). Positive assortative mat-

ing implies a tendency to mate preferentially among individuals

with similar trait values, while negative assortative (disassortative)

mating entails the opposite (Merrell 1950). Assortative mating in a

context of incipient (ongoing) speciation is called sexual isolation

(Coyne and Orr 2004). These different mating patterns (random,

positive, or negative) can either be the result of direct selection on

mating preferences or just a side effect of temporal, mechanical,

or physiological constraints (Gavrilets 2004; Jiang et al. 2013).

In cases of direct selection, it has been suggested that positive

assortative mating could evolve as a solution to the problem of

choosing appropriate intraspecific mates (Kirkpatrick 2000) or in

order to avoid interspecific mates (Coyne and Orr 2004), while
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negative assortative mating could evolve as a way to avoid in-

breeding (Pusey and Wolf 1996). Negative assortative mating can

also contribute to the maintenance of polymorphisms by produc-

ing patterns of negative frequency-dependent sexual selection in

relation to the preferred traits (Takahashi and Hori 2008; Field

and Barrett 2012; Holman et al. 2013). Unappreciated complex

spatial distributions of the trait among individuals in the species

could also potentially bias trait correlations between mating pairs

(Langston et al. 1997; see below).

Assortative mating was originally studied in the laboratory by

mate choice experiments (reviewed in Knoppien 1985). However,

it was quickly noticed that such an approach has limitations, as es-

timates of assortative mating in the laboratory may not necessarily

match estimates obtained in the wild (reviewed in Coyne and Orr

2004; see e.g., in Coyne et al. 2005; Llopart et al. 2005). Assor-

tative mating studies undertaken by direct field observations may

thus hold an advantage over laboratory mate choice experiments,

because they occur under evolutionarily relevant conditions.

Nonetheless, estimates of assortative mating in the wild can

be difficult. First, mating pairs are only found in high enough

numbers for sufficient experimental sampling in a few species

(Jiang et al. 2013). Second, our knowledge of the scale at which

mate decisions are made is generally poor, and may potentially

be the source of estimation bias. For example, a typical study

of assortative mating in the wild may capture dozens of mating

pairs along an extensive geographical area (which could be het-

erogeneous in trait distribution among mates at a smaller scale),

or even pool samples from different localities or time periods to

gain statistical power (see example in Cruz et al. 2004). These

sampling strategies could potentially cause different spatial or

temporal artifacts (Langston et al. 1997). It is a well-known sta-

tistical property, for example, that the pooling of heterogeneous

data prior to the estimation of correlation coefficients may result

in nonsensical and biased correlations (Hassler and Thadewald

2003; Almeida et al. 2013; Cocho et al. 2014). In short, the fun-

damental issue is that in the wild, it is difficult to know: (1) the

exact preference of an individual, and (2) the sampling done by

the individual to arrive at a mate-choice decision. Instead what

we see is only the final result of the organism’s choice and we try

to make our inference from that. However, as we will see below

such a strategy may potentially cause bias during estimation that

leads to incorrect conclusions.

The importance of the scale at which mate choice decisions

take place has been previously emphasized (Langston et al. 1997;

Gwynne et al. 1998; Cruz et al. 2004; Duraes et al. 2009; Dabire

et al. 2013), as it has for the scale of animal resource acquisition

in general (Ritchie and Olff 1999; Miller et al. 2009; Ambrosini

and Saino 2010; Taborsky et al. 2014). Nonetheless, the main

conclusion of Langston et al. (1997) still holds today: “problems

of scale probably affect studies of mate choice in avian breeding

systems in ways that, to the best of our knowledge, have not previ-

ously been investigated by behavioral ecologists.” In other words,

the biggest obstacle to correctly estimating trait correlations from

mating pairs captured in the wild is from unknowingly combin-

ing a set of samples that are heterogeneous with respect to the

studied trait (see also Hassler and Thadewald 2003). We call this

potential source of bias the scale-of-choice effect (SCE), which

we define here as the magnitude of assortative mating estimated

in the sample minus the assortative mating estimated through the

true scale-of-choice. The SCE depends on the relative trait hetero-

geneity found at the true scale-of-choice. A graphical represen-

tation of the SCE for both negative (Fig. 1) and positive (Fig. 2)

assortative mating permits visualization of what happens: hetero-

geneous samples pooled together will typically lead to inferences

of positive assortative mating, even when negative assortative

mating is occurring.

This SCE could challenge the core conclusion of a recent

metaanalysis of assortative mating (see Jiang et al. 2013). Therein

a trend toward positive correlations was observed using 1116

trait correlation coefficients from 254 species and was interpreted

as evidence that negative assortative mating may be rare in na-

ture. However, this interpretation could be unreliable if a factor

(such as the SCE) systematically biased estimates of positive and

negative assortative mating in the same direction. In fact, esti-

mates of assortative mating in the wild are typically undertaken

assuming that the scale of mate choice (mating preference) is

similar to the scale of sampling chosen by investigators (Jiang

et al. 2013), which could be incorrect, especially for low mobility

organisms.

In the present work, we first describe the consequences of the

SCE on assortative mating by means of Monte Carlo simulations.

Second, we estimate the SCE in two marine snails that display

dissimilar patterns of mate choice: positive assortative mating

between ecotypes of Littorina saxatilis and negative assortative

mating in relation to the shell colors of L. fabalis. We obtain the

estimates in L. saxatilis from previously published statistics and

by carrying out a reanalysis of published data. In L. fabalis, we

provide a reanalysis of previously published data (1990 and 2011

samples) and an analysis of new shell color data (2012 and 2013

samples) (including reflectance spectra in 2013) of mating pairs

captured in the wild. To the best of our knowledge, this is the first

time that the SCE has been experimentally estimated. Our results

provide clear evidence that it biases both positive and negative

assortative mating estimates toward positive values. We review

the dataset of Jiang et al. (2013) in order to test a basic prediction

of this mechanism at a spatial level. Specifically, inferential bias

obscuring the detection of negative cases should preferentially

affect low mobility organisms.
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Figure 1. Description of the SCE for negative assortative mating. Each pair of circles represents a mating pair (black, male; gray, female)

type. Different sizes represent different trait values. The upper scheme represents two different populations (Pop 1 and Pop 2), each with

a pattern of negative assortative mating. That is, within populations, matings involve more frequent pairings of different sizes (4) than

those of similar sizes (2; IPSI = –0.33). The lower scheme shows what happens after pooling these two heterogeneous populations (Pop

1 + Pop 2). Although each original subgroup exhibits negative assortative mating, the large differences between them after pooling

produces an estimate of assortative mating that is positive (IPSI = +0.2). The difference between Pooled IPSI minus the Averaged IPSI

is named the scale-of-choice effect (SCE = 0.2 – (–0.33) = 0.53). All statistics have been calculated by introducing the corresponding

population mating (2/4) frequencies in JMATING using 2 × 2 tables (Pop 1 or Pop 2) or 4 × 4 tables (Pop 1 + Pop 2) (Carvajal-Rodrı́guez

and Rolán-Alvarez 2006).

Material and methods
ASSORTATIVE MATING CONCEPT AND ESTIMATION

Random mating occurs when each male has an equal chance of

mating with any other female in the population. This implies

that the overall frequency of mating pairs is equal to the product

of frequencies of these types in the population (Gavrilets 2004;

p. 279). Deviations from random mating can result in different

evolutionary phenomena: like mate selection (a component of

sexual selection) and/or assortative mating (Gavrilets 2004). As-

sortative mating (either positive or negative) in itself does not

necessarily affect population gene frequencies and so it has been

estimated using mating pairs exclusively (ignoring all other infor-

mation about unmated specimens; reviewed in Jiang et al. 2013;

but see our proposal below). Under certain circumstances, how-

ever, sexual isolation (an estimate of assortative mating for qual-

itative traits) can be biased by mating propensity and population

trait frequencies (Gilbert and Starmer 1985; Casares et al. 1998;

Rolán-Alvarez and Caballero 2000).

Different statistics have been proposed to assess assortative

mating. For quantitative traits, Pearson’s correlation (r) coefficient

(in a range from –1 to 1; with –1 corresponding to a maximum

of negative assortative mating, 0 to random mating, and 1 to a

maximum of positive assortative mating) is used preferentially

(reviewed in Jiang et al. 2013). Whereas for qualitative traits,

different statistics (I, Yule’s Q, Yule’s V, YA, IPSI; all in a range

from –1 to 1) have been introduced mainly in a context of sex-

ual isolation between incipient species (Gilbert and Starmer 1985;

Rolán-Alvarez and Caballero 2000). All of these statistics (includ-

ing r) measure the same phenomenon: a tendency to observe an

excess of similar (positive) or dissimilar (negative) mating types

compared to the random mating pattern. Nonetheless, estimator

IPSI has so far been the most suited for the analysis of qualitative

(polymorphic) traits, in part due to its usefulness for evaluating

assortative mating unbiased by population trait frequencies and

mating propensity (Rolán-Alvarez and Caballero 2000). In ad-

dition, it has robust estimation properties with respect to both

laboratory and wild datasets (Pérez-Figueroa et al. 2005). The

IPSI index has been successfully applied to different model organ-

isms (e.g., see Nosil et al. 2002; Cruz et al. 2004; Coyne et al.

2005; Matsubayashi et al. 2013). Having been described in detail

elsewhere (Rolán-Alvarez and Caballero 2000), it will only be

briefly summarized here:

IP SI = (P SIaa − P SIab − P SIba + P SIbb)

(P SIaa + P SIab + P SIba + P SIbb)
, (1)

EVOLUTION JULY 2015 1 8 4 7
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Figure 2. Description of the SCE for positive assortative mating. The upper scheme represents two different populations (Pop 1 and Pop

2), each with a pattern of positive assortative mating. That is, within populations, matings involve less frequent pairings of different sizes

(2) than those of similar sizes (4; IPSI = 0.33). The lower scheme shows what happens after pooling these two heterogeneous populations

(Pop 1 + Pop 2). Both original subgroups and pooled samples exhibit positive assortative mating. The difference between Pooled IPSI

minus the Averaged IPSI is the scale-of-choice effect (SCE = 0.71 – 0.33 = 0.38). Statistics calculated as in Figure 1.

where PSIaa, PSIab, PSIba, and PSIbb are the deviations (ob-

served/expected) with respect to random mating (from mated

specimens) taking into account the four possible classes of mating

types (male–female combinations) tabulated in a mating contin-

gency table of a qualitative trait that comprises two values (a/b,

RB/SU, or brown/yellow). In this study, we have estimated two

cases of assortative mating based on qualitative traits: two eco-

types in L. saxatilis and two classes of shell color in L. fabalis.

We have provided for convenience both qualitative and quantita-

tive statistics on the traits to show that they ultimately estimate

the same phenomenon.

SCALE-OF-CHOICE EFFECT DESCRIPTION

Human investigators concerned with mate choice often have to

arbitrarily select a scale at which to conduct their sampling. This

scale may or may not match in reality the scale at which the study

organisms make their mate choices. This leads to the so called

SCE, herein described as the difference between the assortative

mating that occurs at the sample scale chosen by a researcher and

the actual assortative mating estimated at the true scale of choice.

Due to the SCE, estimates of assortative mating will be biased

if the scale of choice is smaller than the sampling scale (neces-

sary condition), also if at such a (choice) scale some spatial (or

temporal) heterogeneity in the distribution of the trait among indi-

viduals in the population being studied is present (sufficient con-

dition; see representative examples in Figs. 1 and 2). Therefore, an

alternative to minimize the SCE is to estimate assortative mating

in pairs that, before the analysis, were grouped by trait similarity

of the mated and unmated specimens in the vicinity. Practically

speaking, this avoids the sufficient condition of the SCE and

solves the problem of working at the true scale of choice, which

is unknown in most species.

A mathematical description of the potential problems ob-

served while estimating correlation coefficients after pooling

heterogeneous samples has been given elsewhere (Hassler and

Thadewald 2003). These authors concluded that nonsensical cor-

relations can be obtained irrespective of the magnitude and di-

rection of the true correlations, due to the fact that the bias is

dependent on the existing variance between and within the pooled

samples. They also confirmed by means of Monte Carlo resam-

pling that the same process occurred at realistic sample sizes

(N = 50 and 100; Hassler and Thadewald 2003). However, the

authors did not describe a systematic bias for both positive and

negative correlations. Therefore, we performed computer simula-

tions to study the SCE for mating pairs under different biological

scenarios. The programming language was C++ and the design

of the simulations comprised the following algorithm:

1. Sample N population means μ1, μ2, . . . , μN from a normal

N(1, CV).

2. For each of the N populations generate a number of K mat-

ing pairs in which each mating consists of a pair of correlated

1 8 4 8 EVOLUTION JULY 2015
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random normal deviates N(μi, σw) where the correlation coeffi-

cient is the choice C (Press 2007).

3. For the set of mating pairs compute both Pearson’s correlation

coefficient for each population and the pooled Pearson’s correla-

tion coefficient obtained by adding up all of the populations. The

SCE is estimated as the r coefficient measured in the pooled set

of pairs across subpopulations (rpool) minus assortative mating

averaged across subpopulations (raverage; SCE = rpool – raverage).

4. Replicate this process 100 times.

We assayed different values for the number of populations

N = {10, 100}, number of mating pairs K = {20, 500}, coef-

ficient of variation CV (0–1 with increments of 0.1), intrapop-

ulation SD σw = {0.1, 0.3, 0.45} and choice C (–1 to 1 with

increments of 0.1), giving a total of 2772 combinations (see

Table 1). Simulation results and code have been deposited in

the DRYAD Digital Repository (doi:10.5061/dryad.r1h4h; URL:

http://dx.doi.org/10.5061/dryad.r1h4h).

SAMPLING DESIGN OF POSITIVE ASSORTATIVE

MATING

Details of the L. saxatilis study populations are provided in the

appendix. The dataset of Rolán-Alvarez et al. (1995a) consisted of

108 mating pairs collected in two areas of the same locality from

NW Spain (Table 2). The dataset of Rolán-Alvarez et al. (1999)

consisted of 216 mating pairs between ecotypes of L. saxatilis

from 12 populations (SI194, PED94, CEN94, SI394, AGO94,

CET94, BAR94, POR94, CAN94, ESC94, SEN94, SI494; see

raw data in Table S1) sampled in June–August of 1994. These

populations were separated by 2–5 km of rocky shore, except

for the SI samples (SI194, SI394, and SI494), which were only

separated by a few dozen meters (Rolán-Alvarez et al. 1999).

SAMPLING DESIGN FOR NEGATIVE ASSORTATIVE

MATING

Details of the L. fabalis study populations are provided in the ap-

pendix. Mating pairs accompanied by unmated specimens were

collected on Fucus vesiculosus during 4 years in the semiexposed

rocky shore of Abelleira located in the Ria of Muros-Noya (NW

Spain; 42° 48’ 0.30"N and 9° 1’ 14.87"W). Two samples (1990

and 2011) were reanalyzed from previous studies (Rolán-Alvarez

and Ekendahl 1996 and Rolán-Alvarez et al. 2012), while the re-

maining two samples are described here for the first time (2012

and 2013; see raw data displayed in Table S1). Overall, data on

a total of 918 mated and 1506 unmated specimens was collected.

Sampling was always carried out at the same shore level and area

(about 150 m2) and during the same period (1–15th July) through-

out all years, a season in which most mating takes place (Rolán-

Alvarez and Ekendahl 1996). Specimens of L. fabalis can be

anatomically distinguished from their sibling species L. obtusata

(see Reid 1996). Moreover, interspecific mating was confirmed by

diagnostic molecular markers in one sample (1990), showing that

only 1 out of 250 mating pairs involved crosses between different

species (Rolán-Alvarez et al. 1995c). Mating pairs were consid-

ered valid when the male had inserted his penis into the female

reproductive tract or had just removed it. Mating occurs during

an interval of 1–2 h or more in this gastropod species, with males

showing mate-guarding behavior (Rolán-Alvarez et al. 1995c).

For each mating pair we captured only the four closest unmated

specimens within one circular 25 cm diameter microarea. The

mated and unmated specimens from every microarea allow esti-

mation of population frequencies at the smallest sampled scale,

and are useful for grouping mating pairs a posteriori (based on

microarea frequency) in analyses to avoid SCE bias in estimates

(see below). Further details on methods have been given else-

where (Rolán-Alvarez and Ekendahl 1996; Rolán-Alvarez et al.

2012).

L. fabalis SHELL COLOR MEASUREMENTS

Sex and species determination were based on the reproductive

organs after having removed the soft part from the shell. Color

detection was exclusively based on shell appearance, having been

determined in at least one sample independently by both visual

inspection and reflectance spectrometry. All of the specimen’s

variables were scored under a blind design before undertaking the

statistical analysis.

We determined shell color by visual inspection using a

printed color model (see Fig. S1). Shell colors were scored ac-

cording to the eight phenotypic classes present in this locality

(Rolán-Alvarez and Ekendahl 1996): brown (Brw), olive (Oli),

yellow (Yel), orange (Ora), and corresponding shell band col-

ors (showing two parallel and longitudinal bands over the former

colors): Brw2, Oli2, Yel2, and Ora2. Since the banded pattern

is produced by a single gene in the sibling species L. obtusata

(Kozminskii 2011) and the trait does not show any significant

effect on mate choice (Rolán-Alvarez et al. 2012), we proceeded

to pool similar banded and unbanded colors. We then focused our

analysis on the two most common colors: brown (Brw+Brw2)

and yellow (Yel+Yel2), which represent more than 90% of the

sampled population snails (Rolán-Alvarez et al. 2012). Raw data

are shown in Table S1. Use of different color classes (8, 4, or 2)

during the analysis, however, did not alter qualitatively the ob-

served pattern with respect to assortative mating or sexual selec-

tion estimates (Rolán-Alvarez et al. 2012; verified for the new

data but not shown).

QUALITATIVE TRAIT VALIDATION

The qualitative traits assessed in both L. saxatilis (RB and SU

ecotypes) and L. fabalis (brown and yellow shells) could in prin-

ciple be influenced by the researcher’s ability to discriminate

EVOLUTION JULY 2015 1 8 4 9
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Table 1. Results of pooling heterogeneous samples in a simulation of assortative mating.

Parameters simulated Results from simulation

N K SDwithin SD of averaged r ± SD Pooled r ± SD Averaged r ± SD SCE ± SD

10 20 0.1 0.048 ± 0.025 0.513 ± 0.211 0.000 ± 0.001 0.513 ± 0.211
0.3 0.048 ± 0.025 0.344 ± 0.199 0.000 ± 0.001 0.345 ± 0.199
0.45 0.048 ± 0.024 0.258 ± 0.176 0.000 ± 0.001 0.258 ± 0.175

500 0.1 0.009 ± 0.005 0.506 ± 0.206 0.000 ± 0.001 0.506 ± 0.206
0.3 0.009 ± 0.005 0.348 ± 0.201 0.000 ± 0.001 0.348 ± 0.201
0.45 0.009 ± 0.005 0.259 ± 0.179 0.000 ± 0.001 0.259 ± 0.179

100 20 0.1 0.015 ± 0.008 0.527 ± 0.207 0.000 ± 0.001 0.527 ± 0.207
0.3 0.015 ± 0.008 0.363 ± 0.206 0.000 ± 0.001 0.363 ± 0.206
0.45 0.015 ± 0.008 0.282 ± 0.183 0.000 ± 0.001 0.282 ± 0.183

500 0.1 0.003 ± 0.002 0.527 ± 0.206 0.000 ± 0.001 0.527 ± 0.206
0.3 0.003 ± 0.002 0.363 ± 0.207 0.000 ± 0.001 0.363 ± 0.207
0.45 0.003 ± 0.002 0.279 ± 0.185 0.000 ± 0.001 0.279 ± 0.185

N = number of subgroups considered, K = number of mates within a subgroup, and SDwithin = trait standard deviation within a subgroup. The standard

deviation of Averaged r (SD of Averaged r) within a scenario is averaged across the 21 correlation coefficients × 11 coefficients of variation (231 scenarios)

to show the relatively low sampling error in the study (similar to Pooled SD of r; not shown). Averaged r = mean (± SD) of the correlation coefficients across

pairs for the 11 coefficients of variation. Note that this is a very good estimator of the true correlation, as the expected mean is zero. Pooled r = estimated

correlation coefficient after pooling pairs for the 11 coefficients of variation. SCE = pooled minus averaged r across the 11 coefficients of variation. See

Figures 1 and 2 for a graphical definition of Pooled r, Averaged r, and SCE.

between classes, especially if a nonsymmetrical distribution of

specimens with intermediate values exists. With regard to the two

ecotypes of L. saxatilis, conversely, these have been objectively

described based on determined trait values (using simultaneously

the presence of ridges and bands; see Rolán-Alvarez 2007), to-

gether with molecular markers, which have allowed confirmation

of the correct ecotype classification even in the mid shore where

they hybridize (Galindo et al. 2013). In addition, to provide an ob-

jective measurement of shell color in L. fabalis, we have measured

their reflectance spectra (Andersson and Prager 2006), following

the methodology described by Bybee et al. (2012). The experi-

mental validation of our qualitative shell color classifications by

use of objective reflectance spectra is explained in an analysis in

the appendix section.

STATISTICAL ANALYSIS

The assortative mating of the qualitative traits was estimated by

means of the IPSI index (Rolán-Alvarez and Caballero 2000), with

the exception of one of the L. saxatilis SCE estimates for which

only Yule’s V statistic was available (Table 2). The significance of

IPSI was calculated by the bootstrapping method using the software

package JMATING ver 1.08 that estimates deviations of assorta-

tive mating from that of random mating (Carvajal-Rodrı́guez and

Rolán-Alvarez 2006). The statistical bootstrap test of the sampled

data works in a similar way to a standard chi-square test of associa-

tion (between the two trait values in males and females). To verify

the former approach, however, we have also calculated Pearson’s

correlation r coefficient with respect to the two color/ecotype

classes recoded into 1 and 0. In addition, we used Kendall’s tau

nonparametric coefficient to test for their significance (Sokal and

Rohlf 1995). While IPSI is the most suited estimator for assorta-

tive mating in relation to qualitative traits, the classic correlation

coefficient is provided as an independent nonspecific statistic that

does not correct for mating propensity or population frequency

(see Rolán-Alvarez and Caballero 2000). Mean statistical differ-

ences between years or subgroups were estimated by classical

t-tests. We used discriminant analysis to distinguish yellow and

brown shell colors based on the information retrieved from the

specimen’s raw spectral reflectance data (see Appendix). Clas-

sical parametric and nonparametric tests were implemented by

either the software SPSS for Windows version 19.0 or Poptools

version 3.0 (Hood 2010).

Both IPSI and r statistics implicitly assume that mate

choice is accomplished at the same scale that encompasses the

whole sample of pooled mating pairs. As it is impossible to

undertake analysis of a single microarea with only one mating

pair, a different practical approach needs to be taken. In both

L. saxatilis and L. fabalis we have estimated assortative mating

from the pooled set of mating pairs as well as within homoge-

neous subgroups according to trait (ecotype or color) frequency.

Mated and unmated specimens within each microarea were used

for grouping microareas before embarking on the three class anal-

ysis based on the color (or ecotype) frequencies (see also Rolán-

Alvarez et al. 1995a): yellow microareas (yellow frequency �

66%), brown microareas (yellow frequency � 33%), and mixed

1 8 5 0 EVOLUTION JULY 2015
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Table 2. Summary of estimates of assortative mating and the SCE in L. saxatilis and L. fabalis.

Subgroups

Species Year Statistic Pooled Yellow/RB Mixed Brown/SU Averaged CV SCEPooled-Averaged

L. saxatilis 19911 Yule’s V 0.77∗∗∗ 0.85∗∗ 0.70∗∗∗ 0.66∗∗∗ 0.74** ± 0.100 – 0.03
L. saxatilis 19992 IPSI 0.83∗∗∗ – – – 0.86*** ± 0.100 0.19 –0.03

r 0.73∗∗∗ 0.76*** ± 0.150 –0.03
L. fabalis 19903 IPSI −0.15∗ – – – –
L. fabalis 20114 IPSI −0.06 –0.45∗ –0.36∗ –0.43∗ –0.41** ± 0.047 0.16 0.35

r −0.06 –0.19 –0.35∗ –0.14 –0.23? ± 0.110 0.17
L. fabalis 2012 IPSI −0.15 –0.32? –0.53∗∗ – –0.43 ± 0.148 0.13 0.28

r −0.14 –0.21 –0.50∗ – –0.35 ± 0.205 0.21
L. fabalis 2013 IPSI −0.12 –0.52∗ –0.19 –0.47 –0.39? ± 0.178 0.13 0.27

r −0.12 –0.37∗ –0.19 –0.25 –0.27* ± 0.092 0.15

L. fabalis Mean2011–13 IPSI −0.12∗ ± 0.042 –0.41* ± 0.146 0.30∗∗ ± 0.044
r –0.11∗ ± 0.042 –0.28* ± 0.096 0.18∗∗ ± 0.031

In L. saxatilis assortative mating is estimated for two sympatric ecotypes (ridged and banded, RB; smooth and unbanded, SU), while in L. fabalis it is estimated

for two shell colors, yellow and brown. IPSI ± SD and Pearson’s r correlation are the estimators of assortative mating while the scale-of-choice effect is

measured as SCE = statisticpooled – statisticaveraged (see Fig. 1). The analysis is presented for distinct years, both in relation to the whole set of observed

experimental data (Pooled) and in the different homogenous subgroups (using microareas categorized according to whether they are mostly yellow/RB,

brown/SU, or mixed in frequency; see text). Statistical test of IPSI was based on bootstrapping of the summarized tables (see Table appendix S1 for L. fabalis

and S2 for L. saxatilis), while the average values were tested by means of a classical Student’s t-test (using 0 as the null hypothesis). CV = coefficient of

variation of the yellow and brown shell color frequencies across microareas.

P < 0.10, ∗P < 0.05, ∗∗P < 0.01, ∗∗∗P < 0.001.
1See Table 2 in Rolán-Alvarez et al. (1995a).
2Data from Rolán-Alvarez et al. (1999) includes 12 different populations instead of microareas (see Table S2).
3Data from Rolán-Alvarez and Ekendahl (1996). This study did not include microarea information.
4Data from Rolán-Alvarez et al. (2012).

microareas (intermediate frequencies). The distribution of color

frequencies across microareas and years is shown in Figure S2.

The SCE was assessed by subtracting the assortative mating av-

eraged across the three groups that differed in frequency from

the assortative mating that was estimated from the whole set of

pairs (Table 2). For the second dataset of L. saxatilis, the SCE

was estimated as the assortative mating of the pooled popula-

tions minus the assortative mating averaged across populations

since there was no available information on microareas within

populations (see raw data in Table S2).

THE DATASET OF JIANG ET AL. REANALYZED

Jiang et al. (2013) reviewed 1116 trait correlations linked to 254

species, providing a detailed summary of the data with informa-

tion concerning the direction of assortative mating (positive; neg-

ative; none). The review omitted information about the sampling

scale or sampling heterogeneity for each species, yet provided

some data which in principle allows testing of a few basic predic-

tions about the SCE mechanism. For example, the SCE mecha-

nism, at least as it relates to the spatial level, is more likely to bias

estimates of negative assortative mating (toward positive values)

in species with relatively low adult mobility (thereby producing

mate choice at a scale smaller than that of the whole sample).

Low mobility, however, does not necessarily imply SCE; formal

tests for investigating the importance of this mechanism will be

required following the strategy outlined in Table 2. Nonetheless,

in order to check if the data published by Jiang et al. (2013) sug-

gests that this mechanism is widespread, we counted the number

of positive and negative correlations displayed by different taxa

that a posteriori were classified as either low or high mobility

organisms.

Results
NUMERICAL DESCRIPTION OF THE SIMULATED SCE

We simulated the SCE under a set of biologically realistic sce-

narios (Table 1). The averaged Pearson’s r coefficient estimated

within the N (10 or 100) groups, for the K (20 or 500) pairs,

and the three levels of intragroup variation (0.1, 0.3, or 0.45; the

last coincides with the intragroup SD observed in L. fabalis) al-

ways yielded a value close to zero (Table 1). This means that the

averaged r estimate did not show any systematic bias during the

estimation process. However, the pooled r showed an important

bias in all cases: always toward positive values (Table 1). It is
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Figure 3. Description of the SCE from simulations. (A) Relationship between the Pooled r and the Averaged r coefficients obtained

through simulating (N = 10, K = 20, and SDwithin = 0.3; see Table 1 and text). The different curves represent the relationship between

variables for a set of simulated coefficients of variation (CV). The sampling error of each simulation was low (see Table 1), as each point

was averaged across 100 simulations (see text). Results falling above the 1:1 line (CV = 0) indicate positive bias, while results falling below

the 1:1 line indicate negative bias. (B) Biplot of the SCE (Pooled r – Averaged r; see graphic definitions in Fig. 1) and Averaged r values

estimated on simulated mating pairs. Larger SCE values are produced at intermediate correlations for the simulated set of conditions.

noteworthy that averaged r (and also pooled r, but not shown)

showed relatively low sampling error across the 100 replicated

simulations (see column “standard deviation of r”). By contrast,

the bias estimated by the SCE (rpool – raveraged) was typically

large and, while not affected very much by the number of pairs

(K) or the number of subgroups (N), was severely affected by

the level of intragroup variability (SDwithin; Table 1). Both the

SCE and the pooled r (see corresponding columns) showed rel-

atively high standard deviations across all scenarios, due either

to the trait’s coefficient of variation across subgroups (CV) or to

the simulated level of assortative mating. Pearson’s pooled r was

plotted against the averaged r for distinct CV (for N = 10; K = 20;

SDwithin = 0.3; Fig. 3A). For any given CV > 0 the pooled estimate

of assortative mating was typically positively biased. For the same

conditions, the SCE was plotted against the averaged r (Fig. 3B),

and usually showed a larger bias under negative assortative mating

(SCE = 0.466 ± 0.453) than under positive assortative mating

(SCE = 0.316 ± 0.280; see DRYAD simulation data and Fig. 3).

While the magnitude of the effect can be influenced by the relative

sizes of the intragroup and intergroup variances (SDwithin and CV

from Table 1), the outcome will always lead to an inference of

positive assortative mating, even when the opposite is true.

L. saxatilis AND L. fabalis SCE ESTIMATES

SCE values in L. saxatilis were estimated based on the published

ecotype assortative mating estimates, having been computed as

the difference between the pooled samples and the mean across

the homogenous subgroups using the 1991 dataset (SCE = 0.03;

first row in Table 2). In addition, the SCE was also estimated

by undertaking a reanalysis of previously published data derived

from 12 populations sampled in 1994 (SCE = –0.03; CV = 0.2;

second row in Table 2). The simulated SCE for Pearson’s r pro-

cessed under similar conditions (N = 10; K = 20; CV = 0.2;

SDwithin = 0.45; r = 0.8) yielded 0.043 (see DRYAD simulation

data), displayed the same order of magnitude as the empirical

estimate.

The SCE with respect to the pattern of negative (color-based)

assortative mating exhibited by L. fabalis was estimated based on

the analysis of old and new data (Table 2). Negative assortative

mating was observed in the same population over a 4-year period

with 1990 being the only significant year (2013 was marginally

significant; Table 2), although the mean across years was signif-

icantly different from zero by a t-test (P < 0.05). Remarkably,

assortative mating estimates in relation to the homogeneous color

frequency subgroups increased on average to –0.41 compared

to the averaged pool estimate of –0.12 (see mean subgroups in

Table 2). This is the direct consequence of a large scale-of-choice

effect for each of the three years (mean 0.30; Table 2). The SCE

occurs each year with the corresponding microareas displaying a

similar coefficient of variation (ranging from 0.13 to 0.16). The

same pattern was revealed using Pearson’s correlation coefficient

and other nonparametric correlation tests (SCE = 0.18; Table 2),

which showed a similar SCE (0.12) value when simulated using
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Table 3. Jiang et al. (2013) dataset reanalyzed.

Taxon N Mobility % Negative

Bird 134 High 6.7
Insect 101 High 9.9
Fish 25 High 8
Crustacean 101 Low 0
Amphibian 36 Low 5.6
Gastropod 6 Low 0

N = number of species-trait combinations with assortative mating data.

Mobility = a qualitative descriptor of adult mobility (averaged) from each

taxon.

% Negative = percentage of negative assortative mating.

Low dispersal species should manifest a higher SCE on average, therefore

biasing disassortative mating estimates toward positive values.

similar conditions (N = 10; K = 20; CV = 0.2; SDwithin = 0.45;

r = –0.4).

JIANG ET AL. 2013 DATA REANALYZED

The Jiang et al. (2013) data were reanalyzed first by separating

organisms into high and low mobility classes and then count-

ing the number of taxa displaying negative assortative mating

(Table 3). As theory would predict for the SCE mechanism, low

mobility organisms exhibited lower frequencies of negative assor-

tative mating, since for these organisms it is more likely that the

true scale of choice is smaller than the scale of the entire sample of

mating pairs. It is important to note, however, that the possibility

that temporal variation has biased these published estimates has

not been examined and cannot be ruled out. This result therefore

provides indirect evidence for the importance of the SCE in con-

nection with complex sets of assortative mating estimates from

different organisms.

Discussion
In many organisms, studies of assortative mating in the wild may

require sampling at a much smaller scale than most investiga-

tors typically use. Otherwise, misleading conclusions might re-

sult if, at the smaller choice scale, unappreciated heterogeneity

exists. Pearson’s correlation coefficients were previously known

to produce nonsensical estimates when heterogeneous samples

are pooled (Hassler and Thadewald 2003)—a process influenced

by the relative sample sizes and variances across and within the

pooled subgroups. We have further extended this finding by es-

tablishing that such a bias may also affect other statistics used to

measure correlation such as IPSI. Our analysis reveals that under

biologically realistic scenarios of mate choice, a systematic (and

occasionally huge) bias toward positive values is always produced

irrespective of the true degree of positive or negative assortative

mating (Figs. 1 and 2). Interestingly, the SCE may bias assortative

mating estimates toward positive values even under circumstances

of extremely low sample sizes (20 mating pairs; Fig. 3). A similar

statistical bias was noticed when pooling correlation coefficients

in the context of heterogeneous microarray data (Almeida-de-

Macedo et al. 2013). More recently, the same phenomenon has

been shown to bias different statistics estimating intragenomic

correlation (Cocho et al. 2014). While our results are quite robust

under the simulated conditions, it is useful to consider our empir-

ical examples of the SCE as it affects the two dissimilar scenarios

of assortative mating in turn.

Strong (positive) assortative mating has been confirmed in

L. saxatilis between ecotypes that live in sympatry, contribut-

ing to their partial reproductive isolation (reviewed in Rolán-

Alvarez 2007). Published estimates of ecotype assortative mating

in the wild have allowed us to estimate the scale-of-choice ef-

fect (SCEsaxatilis = ± 0.03; Table 2). Positive assortative mating

between ecotypes is produced by positive size assortative mating

linked to an adaptive size divergence between the two ecotypes

present at the mid shore, where they meet in sympatry. In L. sax-

atilis, mate choice has been attributed to males following female

mucus trails in a size-dependent manner (Davies and Beckwith

1999; Johannesson et al. 2008). This phenomenon may result in

sexual isolation where the two ecotypes, differing in mean size,

meet in sympatry (Conde-Padı́n et al. 2008; Johannesson et al.

2008). Similar positive assortative mating mechanisms have also

been observed to contribute to the partial reproductive isolation of

stick-insects, cichlid fish and palms (Nosil et al. 2002; Barluenga

et al. 2006; Savolainen et al. 2006; Martin 2013) or to operate

in organisms where strong divergent selection affects the chosen

trait (Ariyomo and Watt 2013).

By contrast, negative assortative mating for shell color has

been thoroughly described in L. fabalis by evaluating the same

population over a period of different years (Rolán-Alvarez et al.

2012). Snails did show negative assortative mating during the

four years of the study. However, if mate choice is in fact pro-

duced within the range of the microareas studied, the data pooling

that yielded the former estimates could have biased them (as ex-

pected from the scale-of-choice effect). In an attempt to reduce

such a potential bias we proceeded to reanalyze the data by first

grouping homogeneous frequency classes within each microarea.

These results yielded even stronger negative assortative mating

estimates, due to a large scale-of-choice effect (0.30 on average;

Table 2). This finding supports the view that even strong negative

assortative mating at the microarea scale results in positively-

biased values when microareas that are heterogeneous for color

frequency are pooled. This fact also implies that mate choice is

made at a smaller scale than the hundreds of square meters used

for sampling.

The reflectance spectra analysis further confirmed our prior

classifications of shell color from the 2013 sample, as the SCE
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estimates were nearly identical using either reflectance spectra

variables or qualitative numerical values (see Appendix). While

we have specifically selected shell color for study, it is possible

that mate choice in L. fabalis is in fact influenced by unknown

chemicals present in the mucus or in the skin, which are tightly

correlated with shell pigment composition. Under this scenario,

mate choice would be caused by a correlative effect linked to the

color rather than due to the color itself. In other organisms, color-

based choice during mating may be the result of visual perception

directly (Handcox et al. 2010; Bybee et al. 2012). Regardless of

the mechanism, negative assortative mating based on shell color

remains a powerful force for maintaining color polymorphism

in the population (see Takahashi and Hori 2008; Holman et al.

2013). A similar contribution of negative assortative mating to

the maintenance of polymorphisms has been observed in cichlid

fish (Takahashi and Hori 2008) and maple tree populations (Field

and Barrett 2012).

We have described a new process (the scale-of-choice effect)

that could potentially bias estimates of assortative mating in the

wild. The scale-of-choice effect biases estimates only when (1) the

choice happens at a smaller scale than that of the pair sampling,

and (2) when some heterogeneity for the trait persists at such a

scale. Usually the former is unknown in most species, yet due to

the statistical properties of the SCE we are in a position to provide

a method that yields unbiased (or minimally biased) assortative

mating estimates. The same method can then be used indirectly

to estimate whether or not the SCE exists in a particular species.

By having a sample of unmated specimens surrounding every

pair, it is possible to subdivide a posteriori the mating pairs into

homogeneous subgroups based on the trait studied (in this case

we have used three frequency classes). This procedure allows

comparison of assortative mating estimates within homogeneous

groups, as has been done in Table 2. The resulting SCE estimate,

if significant, represents an indirect way of confirming that the

organism’s true scale-of-choice is in fact smaller than the sampling

scale.

A related matter is whether or not negative assortative mating

is more frequent in nature than has previously been estimated by

meta-analysis of experimental cases (Jiang et al. 2013). Definitive

corroboration of this possibility will either require new experi-

ments among the different species surveyed, or by undertaking a

more sophisticated meta-analysis that considers the possibility of

incorporating the SCE. Nonetheless, our brief reanalysis of the

frequency of negative assortative mating from the former review

suggests that low dispersal species display the lowest negative

assortative mating frequencies, in agreement with theoretical ex-

pectation under the SCE. In order to imagine the potential impact

that the SCE could have on the meta-analysis provided by Jiang

and coworkers (2013), one could simplistically assume that either

all of the estimates were moderately biased (using the averaged

SCE obtained from all of the simulated scenarios with CV = 0.1;

SCE = 0.128) or else just one out of five estimates were ran-

domly affected by a strong SCE (0.7). Correcting the correlation

coefficients reviewed by these authors accordingly (by subtract-

ing the latter estimated SCE from the observed estimates) would

generate a mean r value of 0.097 and 0.080 under the first and

second scenarios, respectively. These estimates are substantially

different from the estimate of 0.28 in Jiang et al. (2013). It would

also increase the number cases of negative assortative mating

in Jiang et al. (2013) from 19 to 38% or 37%, respectively. Of

course, we do not claim that these new “estimates” are correct;

we just want to emphasize the impressive impact that either fre-

quent and moderate or rare and high levels of SCE could have on

such a meta-analysis. Another prediction under the SCE is that

a higher percentage of negative assortative mating cases should

be detectable in the laboratory compared to the wild, as esti-

mate bias (by pooling heterogeneous samples) is not possible in

the laboratory. Although these observations remain far from be-

ing conclusive, they do suggest that the problem deserves further

study. It would be extremely unfortunate to miss an important evo-

lutionary process in the wild such as negative assortative mating

only because of an overlooked and subtle methodological error.
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Appendix
BIOLOGICAL INFORMATION OF LITTORINA SAXATILIS

Littorina saxatilis (Olivi 1972) is a North Atlantic gastropod

with a low dispersal ability that grazes directly on rocky shores

(Reid 1996). The species is dioecious, ovoviviparous with in-

ternal reproduction, and mating can be directly observed in the

wild (Rolán-Alvarez et al. 1995a; Cruz et al. 2004). A striking

adaptive polymorphism, ridged, and banded (RB) and smooth

and unbanded (SU) ecotypes, has been described in the Galician

populations associated with different shore-level microhabitats,

with the two sympatric ecotypes having evolved partial reproduc-

tive isolation (IPSI = 0.7, range –1 to 1; reviewed in Rolán-Alvarez

2007). We used previously published estimates of assortative

mating in order to calculate the scale-of-choice effect in this

species.

BIOLOGICAL INFORMATION OF L. FABALIS

L. fabalis (Turton 1825; former L. mariae) is a North Atlantic

gastropod with low dispersal ability and that grazes on microal-

gae and diatoms growing on different macroalgae species (Reid

1996). In NW Spain, L. fabalis typically lives on the mid-shore

tidal zone by foraging on Fucus vesiculosus (Rolán-Alvarez et al.

1995b). Negative assortative mating for shell color was detected

in one particularly stable and dense population back in 1990

(Rolán-Alvarez and Ekendahl 1996), although the same sample

also showed random mating with respect to genotypes of nine

allozyme loci (Rolán-Alvarez et al. 1995c). In addition, nega-

tive assortative mating for shell color was corroborated 21 years

later (Rolán-Alvarez et al. 2012). These studies used qualitative

descriptors of shell colors.

QUALITATIVE TRAIT VALIDATION

Description of reflectance spectra methods
The reflectance spectra of shells were estimated at a point cen-

tered at the last whorl with the snail resting on the aperture. The

probe holder (Ocean Optics RPH-1) was placed over the shell

in such a way that the axis of the illuminating and detecting

fiber (Ocean Optics R400-7-UV/VIS) was placed at an elevation

of approximately 45˚ to the plane of the shell surface. Illumi-

nation was performed by a DH-2000 deuterium-halogen lamp,

and reflectance spectra were measured with an Ocean Optics

USB2000 spectrometer. In total, we examined 495 specimens

obtaining a spectral reflectance curve from 300 to 700 nm wave-

lengths (with three readings taken between every nm), which

was further processed with MATLAB. To establish the tech-

nical error involved among the 400 reflectance values, several

specimens of different colors were measured twice (a correlation

greater than 0.99 between replicated measurements was always

observed).

Several strategies have been proposed to translate data of

reflectance spectra into biologically useful variables. One pos-

sibility is to convert the reflectance spectra into brightness (B),

saturation (S), and hue color (H) variables, depending on the par-

ticular color perception scenario assumed (Andersson and Prager

2006). We estimated B according to Andersson (1999). How-

ever, different statistics for S and H have been developed (see

Table 3.2, page 108 in Montgomerie 2006), depending on the

number of photoreceptor spectral sensitivity peaks assumed in

the species. The number of spectral sensitivity peaks used for

color vision is unknown in littorinids, but they are typically

eaten by several blennid fish species (Reimchen 1989), which

as teleosts may have between 3 and 4 spectrally distinct classes of
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photoreceptor (see Hárosi 1996). Therefore, S and H were esti-

mated in line with Saks et al. (2003), which assume four spectral

classes of photoreceptor. Briefly,

B =
∑λ700

λ300
Ri

400
. (A1)

with Ri being the reflectance intensity and λ the corresponding

wavelength (from 300 to 700 nm).

S =
√

(Br − Bg)2 + (By − Bg)2 . (A2)

H = Arc tan gent

⎛
⎝

(By−Bb)
B1

(Br −Bg)
B1

⎞
⎠ . (A3)

with Bb, Bg, By, and Br being the sum of the reflectance for the

blue (400–474 nm), green (475–549 nm), yellow (550–624 nm),

and red (625–700 nm) range, while B1 comprises the sum of the

reflectance spectra curve from 400–700 nm.

Results of the qualitative shell color validation
Each of the basic colors presented visually distinct reflectance

spectra (Fig. S1b). Discriminant analysis permitted differentia-

tion among the color classes by making use of the entire 400

spectra obtained (P < 0.0001). The cross-validation compar-

ing the a priori visual and a posteriori spectra-defined color

classes revealed a 99% overlap, thus validating our visual color

classification.

In addition we repeated our assortative mating and SCE esti-

mates using reflectance spectra. Table S3 provides the analysis of

the individual visual measurements B, S, and H, as well as for the

average of the three (BSH) and a discriminate score. Results are

compared with the available qualitative estimates (using Pearson’s

r coefficient). Although the individual variables showed some

heterogeneity, the overall means under all approaches were rather

similar. Even the SCE estimates were nearly identical in value

and typically significant. Ultimately, this analysis has demon-

strated that our qualitative measurements are a biologically valid

approximation of a more objective shell color measurement.

Supporting Information
Additional Supporting Information may be found in the online version of this article at the publisher’s website:

Supplementary Figure S1. (a) Printed color model used to determine the qualitative color classes in L. fabalis specimens. (b) Representative reflectance
spectra of the four main colors observed (brown, yellow, olive and orange).
Supplementary Figure S2. Frequency distribution of microarea colors in L. fabalis for different years: (a) 2011, (b) 2012, and (c) 2013. Each year the
distribution of microareas did not deviate from a Normal distribution by a Kolmogorov–Smirnov test (P2011 = 0.247, P2012 = 0.187, P2013 = 0.143).
The arrows divide the distribution into three equal sections that were used to define the homogeneous subgroups based on yellow frequencies (as in Table 2).

Supplementary Table S1. Data used to estimate the parameters of Table 1.
Supplementary Table S2. L. saxatilis mating type distributions among the two sympatric ecotypes (RB and SU) of 12 populations presented in
Rolán-Alvarez et al. (1999).
Supplementary Table S3. The first row (r statistics) is the average across years (2011–2013) of color assortative mating using Pearson’s correlation
coefficient (see Table 1).

EVOLUTION JULY 2015 1 8 5 7




