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Understanding the evolution of reproductive isolation is tantamount to describing the origin of species. Therefore, a primary goal

in evolutionary biology is to identify which reproductive barriers are most important to the process. To achieve this goal, the

strength of multiple forms of isolation must be compared in an equivalent manner. However, a diversity of methods has been

used to estimate barrier strength, falling into several mathematically distinct categories. This study provides a unified method

for calculating isolation that relates the amount of gene flow experienced by taxa to random expectations in a simple linear

framework. This approach has three distinct advantages over previous methods: (1) it is directly related to gene flow, (2) it is

symmetrical, such that measures in both the positive and negative range are comparable, and (3) it is equivalent between broad

categories of reproductive isolation, allowing for appropriate comparisons. This linear formulation can be adjusted for use in all

forms of isolation, and can accommodate cases in which null expectations for con- and heterospecific gene flow differ. Additionally,

this framework can be used to calculate total reproductive isolation and the relative contributions of individual barriers.

KEY WORDS: Gene flow, reproductive barriers, reproductive isolation indexes, speciation.

Within the framework of the biological species concept

(Mayr 1942, 1963), the process of speciation involves the accu-

mulation of barriers to gene exchange leading to complete repro-

ductive isolation (Coyne and Orr 2004). Reproductive barriers can

take many forms, from prezygotic barriers such as ecogeographic

isolation and mating isolation to postzygotic barriers such as in-

trinsic hybrid inviability (Dobzhansky 1937; Mayr 1942; Poulton

1908). However, general rules governing the relative strengths

of different forms of isolation are largely unknown, and there

has been longstanding debate about which categories of isolat-

ing barriers are most important in speciation (Rice and Hostert

1993; Schemske 2000; Coyne and Orr 2004; Sobel et al. 2010). An

overlooked, but essential issue in this debate involves the methods

used to calculate the strength of reproductive barriers. To make

Online enhancements: Reproductive Isolation Calculator, Appendix.

meaningful comparisons of the strength of isolation between bar-

riers and taxa, a unified means of estimating their strength is both

required and lacking.

Early work on the nature of reproductive barriers sought

to quantify the degree to which crossing barriers prevented

hybridization or resulted in hybrid unfitness, often in an at-

tempt to discern phylogenetic relationships (e.g. Stalker 1942;

Vickery 1959; Ehrman 1965). As molecular phylogenetic meth-

ods allowed for an independent means of estimating relationships

among species, barrier strength was instead examined to discern

the forces responsible for species formation. For example, in their

highly influential study, Coyne and Orr (1989, 1997) used data

from the literature on 171 interspecific hybridization attempts

in Drosophila to compare the relative rate of evolution between

broad categories of reproductive isolation. A surge of both single

species pair studies (e.g. Ramsey et al. 2003; Matsubayashi and
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Katakura 2009; Dopman et al. 2010) and comparative data on the

strength of reproductive isolation resulted (e.g. Mendelson 2003;

Moyle et al. 2004; Bolnick and Near 2005).

These studies have provided valuable insight into the forces

responsible for species formation within groups. However, metrics

for estimating barrier strength were not standardized, resulting in

a diversity of approaches to calculate reproductive isolation. This

can be problematic within studies, but especially hinders com-

parisons across taxa and barriers (e.g. Funk et al. 2006; Lowry

et al. 2008). The lack of consensus on the methods used to cal-

culate indexes of isolation thus impedes our ability to generalize

the patterns of speciation. Therefore, our goals in this paper are

to review the most common methods used to calculate reproduc-

tive isolation by previous authors, present a simple derivation of

a single unified method, and provide examples to illustrate its

advantages. Ultimately, we hope this unification of methods will

allow researchers the opportunity to compare measures of repro-

ductive isolation among disparate forms of isolation and/or taxa,

and provide a metric of isolation that has an intuitive connection

to gene flow.

CURRENTLY USED METHODS

The purpose of calculating the strength of a reproductive isolating

barrier is to estimate how much gene flow is reduced by a barrier

(Coyne and Orr 2004). In most cases, previous workers have used

equations to describe reproductive isolation that range from 0

when there is no isolation to 1 when there is complete isolation.

However, as long as a metric satisfies this one requirement, little

attention has been paid to the relationship between the strength

of a barrier and the extent to which gene flow is reduced by it. As

a result, several algebraically nonequivalent formulas have been

proposed (Table 1).

In the case of prezygotic isolation, estimates of isolation

attempt to relate how a barrier will affect the probability of het-

erospecific zygote formation. For example, sexual barriers due to

mating preferences have been widely studied in the laboratory as

an agent of isolation (e.g. Rice and Hostert 1993; Gleason and

Ritchie 1998). The equation used to describe the relationship be-

tween mating preferences and isolation presented in Coyne and

Orr (1989) has been widely adopted, and can be expressed as:

Repro. Iso. = 1 − freq. of heterospecific matings

freq. of conspecific matings
;

which will be abbreviated as:

RI1 = 1 − H

C
. (1)

The metric indeed results in an isolation index that equals 1

when mating preferences result in no heterospecific mating and

zero when there are no preferences. Based on RI1, the relationship

between mating preference and isolation is not linear between

0 and 1, and ranges to −� in cases of disassortative mating

(Fig. 1). This lack of linearity is problematic in that measures of

isolation are not easily comparable, both due to a lack of direct

proportionality and asymmetry in the positive and negative range.

A similar equation that has been proposed relates

heterospecific-mating frequency to the sum of both hetero- and

conspecific mating. This method has been used in several exam-

ples of pollination isolation (e.g. Ramsey et al. 2003; Scopece

et al. 2007), and can be abbreviated as:

RI2 = 1 − H

C + H
. (2)

RI2 can range from 0 (all heterospecific gene flow) to 0.5 (random

mating) to 1 (no heterospecific gene flow) (Fig. 1). While this

equation results in a linear relationship between isolation and

frequency of hybridization, assigning a nonzero isolation value

when mating is random is counter intuitive.

A third general form of the equation used to calculate isola-

tion was originally presented in Stalker’s (1942) study of sexual

isolation in Drosophila with the equation:

RI = % consp. females insem. − % alien females insem.

% consp. females insem. + % alien females insem.
.

Using the same notation as above, this formula can be abbreviated

as:

RI3 = C − H

C + H
. (3)

This index ranges from −1 (all heterospecific mating) to 0

(random mating) to 1 (no heterospecific mating), which is intu-

itive; yet the biological meaning of the ratio between the numer-

ator and the denominator is not clear or described. This equation

and similar derivations have been adopted by some other workers

(e.g. Merrel 1950; Mendelson 2003 Takami et al. 2007). Further

modifications of RI3 have been proposed, especially in studies

linking sexual selection and sexual isolation (e.g. Gilbert and

Starmer 1985; Rolan-Alvarez and Caballero 2000). However, RI3

has been used much less frequently than RI1 (Table 1).

Measures of postzygotic barriers have also primarily used

one of these three main base equations, with the relative fitness

of heterospecific and conspecific offspring in place of mating fre-

quencies (Table 1). However, in almost all cases, the mathematical

relationship between the probability of gene flow and the metric

of isolation has been given little if any attention.

A Simple Linear Interpretation
As described above, most agree that metrics of reproductive

isolation should be scaled to 0 when no isolation exists, and

1 when isolation is complete, but the manner in which this is

achieved can greatly affect the resulting interpretation of the value
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Table 1. Alternative methods for calculating reproductive isolation indexes.

Type of isolating Algebraic Example
Equation barriers equivalent reference

Prezygotic
(mating
preference)

Coyne and
Orr (1989)RI = 1 − frequency of heterospecific matings

frequency of homospecific matings
RI1 = 1 − H

C

Prezygotic
(pollinator
fidelity)

Ramsey et al.
(2003)RI = 1 − number of cross species foraging bouts

total number of foraging bouts
RI2 = 1 − H

H + C

Prezygotic
(mating
preference)

Stalker
(1942)RI = % conspecific females inseminated − % alien females inseminated

% conspecific females inseminated + % alien females inseminated
RI3 = C − H

C + H

Prezygotic
(flowering
time)

Martin and
Willis
(2007)

RI = 1 − observed
/

expected heterospecific matings

observed
/

expected homospecific matings
= RI1

Prezygotic
(hybridization
rate)

Brock (2009)
RI = 1 − proportion of hybrid seed

(1 − proportion of hybrid seed)
= RI1

Postpollination
(seed
production)

Ruane (2009)
RI = 1 − proportion of seeds sired by the minor donor

proportion of seeds sired by the major donor
≈ RI1

Postzygotic
(hybrid
sterility)

Bono and
Markow
(2009)

RI =
(
1 − proportion fertile hybrid males

/
proportion fertile pure males

)
2

= 1

2
RI1

Prezygotic
(mating
preference)

Hosken et al.
(2009)RI = % of successful allopatric pairings − % of successful sympatric pairings

% of successful sympatric pairings
= −RI1

Prezygotic
(habitat
isolation)

Nosil et al.
(2005)

RI = 1 − (% of trials where foreign habitat was chosen) = RI2

Prezygotic
(mating
preference)

Mendelson
(2003)RI = # of conspecific spawning events − # of heterospecific spawning events

# of conspecific spawning events + # of heterospecific spawning events
= RI3

Postzygotic (in-
compatibility)

Palmer and
Feldman
(2009)

RI = 1 − 2 × average fitness of the hybrid offspring

average fitnesses within the two allopatric populations
= RI3

Prezygotic
(mating
preference)

Takami et al.
(2007)RI = 1 − prob. mating with heterospecific male

prob. mating under random choice( = 0.5)
= RI3

obtained. The most straightforward way to achieve this goal is to

use a simple linear equation that describes the relationship be-

tween the probability of gene flow and reproductive isolation

with the following conditions: (1) if the probability of gene flow

is 0, reproductive isolation is 1, (2) if the probability of gene flow

is 0.5 (e.g. random mating), reproductive isolation is 0, (3) if the

probability of gene flow is 1 (e.g. complete disassortative mating),

reproductive isolation is −1. These conditions are satisfied by a

line with y-intercept of 1 and slope of −2 (Fig. 1), producing the

linear equation:

RI4 = 1 − 2x ; (4)

where RI4 is the reproductive isolation index and x is the proba-

bility of gene flow, P(GF).

For prezygotic barriers, the probability of gene flow can be

estimated by relating the number or frequency of heterospecific

matings to all possible matings. For simplicity, we use the terms

“heterospecific (H)” and “conspecific (C)” throughout, but it is

important to note that H and C could refer to comparisons be-

tween species, ecotypes, or populations depending on the appli-

cation. The probability of gene flow can most easily be expressed

as:P(G F) = H
C+H , which can be substituted for x in RI4 to give

a general method for calculating reproductive isolation as:

RI4A = 1 − 2 ×
(

H

H + C

)
. (4A)

This equation is algebraically equivalent to forms existing in

the literature (see RI3 above), and can be incorporated into meth-

ods that rely on these previous equations (e.g. Carvajal-Rodriguez
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Figure 1. Relationship between the probability of gene flow and

the measure of reproductive isolation obtained through the most

commonly used method (RI1), an alternative method (RI2), and the

proposed method (RI3). RI1 ranges from 1 at complete isolation,

through 0 at random mating (probability of gene flow = 0.5),

and to −� when gene flow is facilitated. RI2 ranges from 1 at

complete isolation, 0.5 at random mating, and to 0 when gene

flow is facilitated. RI3 ranges from 1 at complete isolation, 0 at

random mating, and −1 when gene flow is facilitated, and it is

equivalent to the simple linear solution provided as equation RI4.

and Rolan-Alvarez 2006). However, this simple linear interpre-

tation provides an intuitive connection to the probability of gene

flow, which was lacking from previous methods. The following

sections illustrate the advantages of using RI4 to calculate all

forms of reproductive isolation, and expansions on this frame-

work will exhibit its strengths in making comparisons between

barriers and taxa. Each section consists of a simplified example

that illustrates the biological basis of the value obtained using this

metric. RI1 is the most common equation used in the literature for

studies of speciation (Table 1), and has formed the basis of addi-

tional efforts (e.g. Martin and Willis 2007). Therefore, contrasts

will often be made between the values obtained using RI1 and RI4.

For congruency, all examples begin with the same hypothetical

population of 1000 females of species A. Reproductive isolation

often exhibits significant asymmetry depending on the direction

of comparison (e.g. Wirtz 1999; Tiffin et al. 2001); therefore, a

single isolation index is calculated that represents the degree to

which this single gender and species is isolated from an alternate

species B. For simplicity, each female mates only once in her life-

time, and in the case of postzygotic barriers, she produces a single

offspring.

Because barriers to gene flow act sequentially throughout

the life cycle of organisms (Ramsey et al. 2003; Schemske 2010),

it would be preferable to discuss each barrier in the sequence

in which they are experienced in nature. However, the barriers

requiring the most explanation are the earliest to act; therefore,

examples will build from simple to more complex rather than

chronologically. Ultimately, one of the primary goals in calcu-

lating the strength of multiple forms of isolation is to reveal the

relative contributions of each barrier to total isolation. Therefore,

we will conclude with a discussion of combining multiple inde-

pendent barriers within this linear framework.

DIRECT RELATIONSHIP WITH GENE FLOW

Perhaps the most important advantage of using RI4 is that iso-

lation values obtained are intuitive because they represent the

proportional reduction in gene flow relative to expectations under

random mating. In the hypothetical population of 1000 females,

a captive mating study using equal abundances of species A and

B reveals that species A females have strong mating preferences

such that there are 800 conspecific mating events and 200 het-

erospecific. In such an example, previous researchers applying

RI1 would arrive at a value of reproductive isolation of 0.75. If

mating had been random, approximately 500 conspecific matings

and 500 heterospecific matings would have been observed. Using

RI4A, a value of 0.6 is obtained which represents the proportional

decrease in hybridization relative to this null expectation (i.e. there

are 60% fewer heterospecific matings than expected by chance)

(Fig. 2A). Unlike the value obtained using RI1, this isolation met-

ric has biological significance, and therefore the impact of any

isolation value can be intuitively understood. This example also

demonstrates an alternative form of equation RI4A, which can be

expressed as:

RI5 = 1 −
(

observed hybridization

expected hybridization

)
, (5)

which also results in the value 0.6.

It is important to note that in the case of this prezygotic

example, we examine how this isolation metric is related to vari-

ation in the probability of gene flow via the impact of mating

preferences on hybridization. In nature, the formation of hy-

brids is certainly not synonymous with gene flow, as those F1’s

must not only be produced, but survive to adulthood and in-

terbreed in order for gene flow to occur. However, to estimate

the impact of a single barrier, we examine how it alone affects

the potential for gene flow. If all other barriers are assumed to

be absent, F1 hybrids will mate randomly with each other and

both parents, allowing gene flow to occur at the rate of hy-

bridization. Any nonrandom mating or fitness variation in the

F1’s represents postzygotic isolation, which would be calculated

independently.
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Figure 2. Equivalency in isolation values obtained using RI4 for different forms of isolation. A hypothetical population of 1000 females

serves as the initial population, and each female mates once giving rise to a single offspring. Two scenarios are presented with an equiv-

alent strength of isolation imposed, and the starting population experiencing mating isolation and postzygotic isolation sequentially.

Mating isolation is imposed as variation in con- and heterospecific mating, and intrinsic postzygotic isolation is imposed as differential

survival in the resulting offspring. In both cases a reproductive isolation value of 0.6 is used, resulting in an equivalent departure from

the null expectation. (A) Mating isolation of 0.6 results in a probability of each mating type: P(C) = 0.8 and P(H) = 0.2. As a result of these

matings, 800 conspecific and 200 heterospecific offspring are produced. Because there is no intrinsic postzygotic isolation, both classes

of offspring have equivalent survival (ωC = ωH = 1). Therefore, 800 con- and 200 heterospecific offspring are the end result. Because

the null expectation among 1000 total offspring would be 500 of each, the isolation value obtained using RI4 = 0.6 is clearly related by

the departure from this null expectation (200 is 60% fewer hybrids than expected by chance). (B) To consider an equivalent strength of

postzygotic isolation, the same 1000 females are assumed to have mated randomly (mating isolation = 0), resulting in 500 conspecific

and 500 heterospecific offspring. Imposing survival variation such that all conspecific offspring survive (ωC = 1) and only a quarter of

heterospecific offspring survive (ωH = 0.25), RI4 again returns a value of isolation of 0.6. As a result 500 conspecific and 125 heterospecific

offspring remain after intrinsic postzygotic isolation acts. Among 625 total offspring remaining, the null expectation is 312.5 of each

category. Corroborating the isolation value obtained, 125 heterospecific offspring is 60% less than this null expectation.

LINEARITY AND SYMMETRY FACILITATE

COMPARISONS

In addition to being directly applicable to gene flow, another ma-

jor advantage of using RI4A is that it can accommodate cases of

disassortative mating or heterosis. Heterosis is relatively com-

mon among recently diverged species (e.g. Taylor et al. 2009),

and could serve to facilitate gene flow between diverging popula-

tions or taxa. However, the value obtained using equation RI1 is

not proportional to the level of gene flow facilitated by the phe-

nomenon. This is apparent in Fig. 1 as the RI1 curve approaches

negative infinity.

Because it is linear, the equation presented in RI4A does

not suffer the same difficulty in relating negative and positive

values of reproductive isolation. If the mating preferences used

above were reversed such that females of species A prefer males

of species B and mate heterospecifically 80% of the time and
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conspecifically only 20%, RI1 would yield an uninterpretable

value of −3. Because this value is impossible to relate to those in

the positive range, these data have sometimes been omitted from

comparative analysis (e.g. Coyne and Orr 1989; 1997). However,

the proposed method using RI4A would instead give a value of

−0.6. The negative value indicates that female preference facili-

tates gene flow rather than confers isolation, and the magnitude

denotes that there is 60% more heterospecific mating (i.e. gene

flow) than expected by chance. Using an isolation metric that is

linear and symmetric around zero allows these data to both be

meaningfully compared to other strengths of isolation and to be

incorporated into metrics of total isolation.

Because the equation is linear, proportional relationships

between isolation metrics are clear (e.g. an isolation value of

0.6 is actually twice as strong as an isolation of 0.3, which is

not true using RI1). Similarly, meaningful average values and

variances can be calculated from estimates obtained with RI4A

when replicated measurements of isolation metrics are available.

Confidence intervals can be estimated for the parameters mea-

sured (e.g. heterospecific mating rates), and the lower and upper

limits can be used in equation RI4A to calculate the potential

range of average reproductive isolation. Alternatively, equiva-

lent values are obtained if confidence intervals are estimated

directly from final isolation values. This ease of reporting un-

certainty provides an opportunity to make comparisons between

studies, and will facilitate future meta-analysis (Morrissey and

Hadfield 2012).

EQUIVALENCY OF PRE- AND POSTZYGOTIC

ISOLATION

In the case of postzygotic isolation, the relative fitness of hybrids

can be used to calculate the probability of gene flow, again using

the general formula: P(G F) = H
C+H , but substituting fitness for

the offspring of heterospecific (H) and conspecific (C) crosses.

This results in an isolation value with an equivalent impact on

gene flow, such that values obtained from pre- and postzygotic

barriers are directly comparable. Returning to the example of

1000 species A females, the connection to gene flow is apparent

when considering a case of differential survival of con- and het-

erospecific offspring (Fig. 2B). Because we are considering this

barrier independently, it will be assumed that the 1000 species A

females mate randomly, producing 500 conspecific offspring and

500 heterospecific offspring. In this case, survival variation is im-

posed that is equivalent to the isolation example above, such that

conspecific offspring have a survival rate of 0.8 and heterospecific

offspring 0.2. The result is a population of 500 total offspring, 100

of which are heterospecific and 400 of which are conspecific. If

these survival rates are used in equation RI4A, an isolation value of

0.6 is calculated. This result can again be validated by comparing

the observed number of remaining heterospecific offspring avail-

able for hybridization to the expected null value (see equation

RI5 above). Among 500 offspring, a random expectation is that

250 would be conspecific and 250 heterospecific. The observed

number of 100 hybrids that remain after survival variation occurs

is a 60% reduction from this null expectation, exhibiting the same

intuitive connection to gene flow demonstrated above. The same

value for reproductive isolation is also obtained when relative fit-

ness is used (i.e. relative fitness of 1 for conspecifics and 0.25 for

heterospecifics).

Reproductive Barriers That Affect
Cooccurrence
While the simple form of equation RI4 applies to barriers affecting

cooccurrence, calculating the probability of gene flow requires

differential conditioning of these probabilities in shared regions

of a distribution (S) and unshared regions (U). To calculate the total

probability of gene flow, the independent effects of both shared

and unshared regions must be combined such that the probability

of gene flow is weighted by the proportion of shared and unshared

area. The basic structure relating the probability of gene flow is

retained, P(G F) = H
C+H ; however, it is now necessary to add

separate terms for shared and unshared time or space:

RI4B = 1 − 2 ×
(

S × P(Hmating|S) + U × P(Hmating|U )

S × P(Hmating|S) + U × P(Hmating|U ) + S × P(Cmating|S) + U × P(Cmating|U )

)
; (4B)

where S refers to the proportion of time or space that is shared

and U represents the proportion unshared. The numerator retains

focus on the frequency of heterospecific gene exchange, but it

is now the sum of the conditional probabilities of heterospecific

mating given the appropriate spatial or temporal context. This

version of the equation is unnecessarily complex under many sit-

uations, but its utility will be evident in discussion of combining

multiple barriers into composites of isolation below. To simplify,

when each species is present in equal abundances, random mat-

ing will result in both P(Hmating|S) and P(Cmating|S) having equal

values of 0.5. Unless considering the impact of immigration, the

probability of conspecific mating in allopatry is 1 while the prob-

ability of heterospecific mating is 0. Therefore, when considering

only one barrier that affects encounter rates, RI4B can ultimately

be simplified as:

RI4C = 1 −
(

S

S + U

)
. (4C)

While this equation appears superficially similar to RI2, it is

important to note that both heterospecific and conspecific matings
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can occur in sympatry (S), so this term is not equivalent to H. It is

necessary to use this form of the equation when there are shared

and unshared portions of a distribution in which interactions can

occur. These include geographic isolation, microhabitat isolation,

temporal isolation (see Appendix A), and some forms of pollinator

isolation data, such as lists of shared and nonshared pollinators

(e.g. Kay 2006).

GEOGRAPHIC ISOLATION

Geographic isolation affects the cooccurrence of species, and

should be estimated using equation RI4C. To illustrate, spatial

structure can be added to the example of 1000 species A females

used previously. If the geographic extent of species A overlaps

species B by 25%, 1/4 of the geographic range of species A is

shared with B (S), and 3/4 is unshared (U). In the unshared area,

there is no opportunity for gene flow, but in the shared area,

mating can occur at random. Under a simplifying assumption

that individuals are distributed evenly across their home ranges,

750 conspecific offspring will be produced in the unshared part

of the range. In the shared portion of the range, random mat-

ing produces 125 species A conspecific offspring and 125 A/B

heterospecific hybrids. In total 125 of the 1000 total offspring

are A/B hybrids, representing a 75% reduction in heterospecific

offspring relative to a null expectation of 500. Therefore, isola-

tion is equal to 0.75, which is the value obtained when using

RI4C. The assumption that all individuals will be evenly dis-

tributed across the range of a species will often be violated (Brown

1984), and it will therefore sometimes be necessary to incorpo-

rate this increased complexity (see temporal isolation example in

Appendix A).

In the above example, if the occupation of different geo-

graphic ranges has been demonstrated to result from intrinsic

biological differences between taxa, such as through reciprocal

translocation studies, this is considered ecogeographic isolation.

However, taxa may also occupy different ranges for purely his-

torical reasons, which also impacts gene flow. Because it does

not arise from intrinsic differences between taxa, this form of

geographic isolation is not considered an isolating mechanism

under the BSC, and the value calculated is referred to as effective

geographic isolation (see Sobel et al. 2010 for discussion). Both

of these forms of isolation can act simultaneously, and separating

their individual impacts on gene flow will require the measure-

ment of geographically based fitness variation across the ranges

of both taxa considered.

DISPERSAL AND IMMIGRANT INVIABILITY

Another instance for which it is necessary to consider the effect

of encounter rate on reproductive isolation occurs when consid-

ering the strength of immigrant inviability as an isolating barrier

(Nosil et al. 2005). In these cases, instead of making the simpli-

fying assumption that gene flow does not occur in the unshared

portion of the range (U), the term U × P(Hmating|U) can be re-

tained. The effects of dispersal rate can be considered by using

the proportion of individuals in the population that are immi-

grants, m, to adjust the probability of heterospecific mating in

allopatry. To incorporate potential immigrant inviability, a fit-

ness term, ωimmigrants, must also be multiplied. The total proba-

bility of heterospecific mating in allopatric regions is therefore:

P(Hmating|U ) × m × ωimmigrants, and the probability of conspe-

cific mating is P(Cmating|U ) × (1 − m × ωimmigrants). These terms

can be substituted for P(Hmating|U) and P(Cmating|U), respectively,

in equation RI4B to take this barrier into account.

Estimating Total Reproductive
Isolation
An important goal in speciation studies is to assess the rel-

ative contribution of each barrier to the total isolation expe-

rienced between taxa (Ramsey et al. 2003; Schemske 2010;

Sobel et al. 2010). The most widely used method for doing so

was developed by Coyne and Orr (1989) and involves discounting

late acting barriers by barriers that have already acted. The simple

mathematical expression proposed by Coyne and Orr (1989) was:

RItotal= pre + (1 − pre) × post;

where the total reproductive isolation (RItotal) experienced is the

linear sequential sum of prezygotic (pre) and postzygotic (post)

isolation. This approach has been expanded to include any num-

ber of barriers measured (Ramsey et al. 2003), which has been

very useful in revealing which forms of isolation have con-

tributed most to speciation (e.g. Ramsey et al. 2003; Dopman

et al. 2010; Schemske 2010). However, this straightforward for-

mulation is accurate when combining certain combinations of

barriers, but inaccurate when combining others. To illustrate, we

provide two examples below where a barrier affecting cooccur-

rence is combined with an additional prezygotic or postzygotic

form of isolation. For simplicity, the same individual strengths of

isolation will be used as in the independent assessment of individ-

ual barriers presented above. In both cases, the barrier affecting

cooccurrence will be ecogeographic isolation, with an individual

isolation value of 0.75. We will contrast the effect of adding

mating isolation versus intrinsic postzygotic isolation, both with

an individual strength of 0.6. Using the framework above, either

of these combined examples would result in total isolation of 0.9.

The example below will show that this estimate is correct when

combining ecogeographic isolation and mating isolation, but not

when adding intrinsic postzygotic isolation. Finally, while incor-

porating these issues, a general formula for estimating both total

isolation and relative contributions of barriers will be given.

EVOLUTION MAY 2014 1 5 1 7



J. M. SOBEL AND G. F. CHEN

COMBINING ECOGEOGRAPHIC AND MATING

ISOLATION

The above derivation of equation RI4C demonstrates the issues

in combining different barriers into a single measure of total

isolation. When both shared (S) and unshared (U) regions of space

or time exist, additional barriers that contribute to total isolation

can only be manifested in the shared area. In simplifying equation

RI4B to RI4C, random mating expectations were substituted for

the probability of heterospecific and conspecific mating in shared

areas; P(Hmating|S) and P(Cmating|S), respectively. These terms can

instead be retained, with observed mating frequencies used in

place of random expectations. Using a strength of ecogeographic

isolation of 0.75 gives U of 0.75 and S of 0.25, and a mating

isolation value of 0.6 means that P(Hmating|S) and P(Cmating|S) are

equal to 0.2 and 0.8, respectively. Substituting these values for

variables in equation RI4B returns a total isolation strength of 0.9,

as would be found using the previous method (Fig. 3A).

COMBINING ECOGEOGRAPHIC AND INTRINSIC

POSTZYGOTIC ISOLATION

When combining ecogeographic isolation with an equivalent

strength of intrinsic postzygotic isolation, the result is slightly

different. As above, the shared part of the geographic space is S =
0.25 and the unshared is U = 0.75, and there are again 1000 evenly

dispersed single-offspring producing females. If ecogeographic

and intrinsic postzygotic isolation are the only barriers acting, ran-

dom mating is assumed in the region of contact. This results in 125

conspecific and 125 heterospecific offspring (Fig. 3B). Adding

the 750 conspecific offspring from the unshared geographic re-

gion results in a total of 875 conspecific and 125 heterospecific

offspring. If we impose an intrinsic postzygotic isolation of 0.6 in

the form of survival variation, then 80% of conspecific offspring

survive and only 20% of heterospecifics. The result is a total of

700 conspecific and 25 heterospecific offspring after this barrier

acts. With a total of 725 individuals in the combined population,

the null expectation is that 362.5 would be conspecific with an

equal number of hybrids. The 25 heterospecifics observed in the

example is a 93.1% reduction in gene flow; therefore, a total

isolation value of 0.931 is biologically correct.

While the previous method fails to produce this value, it is

possible to arrive at the appropriate estimate by returning to the

RI4B equation presented above. In calculating the total probability

of gene flow, it is again necessary to include separate terms for

shared and unshared regions, with the addition of terms for the

fitness of con- P(Cpost) and heterospecific offspring, P(Hpost):

RI4D = 1 − 2 ×
(

S × P(Hmating|S) × P(Hpost|S)

S × P(Hmating|S) × P(Hpost|S) + S × P(Cmating|S) × P(Cpost|S) + U × P(Cmating|U ) × P(Cpost|U )

)
. (4D)

The primary difference between these two is related to the

U×P(C | U) term in the denominator. In the case of combin-

ing ecogeographic with mating isolation, the probability of mat-

ing conspecifically in allopatry is 1, P(Cmating|U) = 1; therefore

U×P(Cmating|U) was simplified to U. However, in the case of

postzygotic isolation, conspecific offspring in allopatry and sym-

patry are assumed not to vary in relative fitness. Therefore, the

term P(Cpost|U) is retained, and its value is equal to P(Cpost|S)

(Fig. 3C). Using this equation, the correct total isolation value of

0.931 is obtained. Once again, the same value would be found

using relative rather than absolute fitness measurements (e.g.

P(Cpost) = 1 and P(Hpost) = 0.25).

A GENERAL FORMULA FOR TOTAL ISOLATION

It is relatively intuitive to combine measures of all three types

of barriers presented above using RI4D; however, in any given

pair of taxa, multiple barriers that affect cooccurrence, prezygotic

isolation, and/or postzygotic isolation can be acting. Again, the

relative effects of shared (S) and unshared (U) space or time

must be considered first. For any number of barriers affecting

cooccurrence, the proportion of shared area for each individual

barrier is multiplied to give the total space and time over which

two taxa cooccur:

Stotal =
n∏
i

Si ;

where the total shared area Stotal is the product of each individual

shared area Si for n barriers affecting cooccurrence. The total area

of unshared space Utotal and/or time as the remaining area as:

Utotal = 1 −
n∏
i

Si .

This can be can be done for any number of barriers affecting

cooccurrence, for example allowing the simultaneous consider-

ation of ecogeographic isolation, temporal isolation, and micro-

habitat isolation. These terms can be incorporated into the basic

framework presented above as:

RI4E = 1 − 2 ×
(

Stotal × P(H |S) + Utotal × P(H |U )

Stotal × P(H |S) + Utotal × P(H |U ) + Stotal × P(C |S) + Utotal × P(C |U )

)
. (4E)

Additional forms of reproductive isolation can be included,

as the terms P(H |S), P(C |S), and P(C |U) can also be considered

multiplicative products of as many forms of isolation as necessary.

1 5 1 8 EVOLUTION MAY 2014



ESTIMATING THE STRENGTH OF ISOLATION
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conspecific (unshared)
conspecific (shared)

conspecific (total)
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875
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Figure 3. Illustration of the nonequivalent effects of pre- and postmating barriers when combined with ecogeographic isolation. The

ecogeographic ranges of a hypothetical species is shown with an oval, with the upper portion unshared with an alternate species

and the lower portion shared. The focal species exhibits 75% of its range as unshared (U = 0.75) with the alternate species, and 25%

shared (S = 0.25). The following examples will illustrate the different values obtained when adding ecogeographic isolation with either

a prezygotic (mating isolation) or postzygotic barrier (survival variation). For simplicity, the starting population of the focal species is

assumed to consist of 1000 evenly distributed females that all mate once and produce one offspring. (A) In the unshared portion of the

ecogeographic range, there is no opportunity for heterospecific mating, P(H | U) = 0; therefore all matings are conspecific, P(C | U) = 1.

This results in 750 conspecific offspring that will be added to those formed in the shared region. (B) Ecogeographic isolation + mating

isolation. In the shared region (shaded), applying a mating isolation value of 0.6 as in the previous example results in a frequency of

heterospecific matings, P(Hmating |S) = 0.2 and frequency of conspecific matings, P(Cmating |S) = 0.8. Therefore, with 250 females in the

shared region, 200 conspecific and 50 heterospecific offspring are produced. Adding the 750 conspecific offspring from the unshared

region gives a total of 950 con- and 50 heterospecific offspring, a 90% reduction in gene flow. Using equation RI4B, an isolation value of

0.9 is indeed obtained. (C) Ecogeographic isolation + postzygotic isolation. Similarly to above examples, to impose a postzygotic barrier,

it is necessary to pass through random mating in the shared region to form hybrids first. Therefore, the 250 females in sympatry produce

125 con- and 125 heterospecific offspring. Once again, a postzygotic barrier in the form of survival variation is imposed, such that all

the conspecific offspring and 0.25 of the heterospecific offspring survive. Adding the 750 offspring from the unshared region, 875 total

conspecific and 31.25 heterospecific offspring remain after this survival rate variation is imposed. This represents a 93.1% departure from

the null expectation, and RI4C provides this estimate.

It is also possible to adjust this equation to accommodate studies

of isolation that are conducted only shared time and space (see

Appendix B).

To assess the relative contribution of individual barriers to

total isolation, each barrier under consideration must first be as-

signed a position within the linear sequence of isolation. Bar-

riers that act simultaneously should be given equivalent ranks

within the sequential series, or combined multiplicatively into

a single estimate. Total isolation is first calculated using equa-

tion RI4E. To calculate the absolute contribution of a barrier

(as in Ramsey et al. 2003), the combined isolation including

the focal barrier and all preceding barriers is calculated using

RI4E. The calculation is then repeated, including all preceding

barriers, but excluding the focal. The latter is subtracted from

the former to reveal the absolute contribution of any individual

barrier:

ACi = RI[1,i] − RI[1,i−1]

where RI[1,i] denotes the combined isolation calculated by RI4E

including all barriers from the first to act (1) through the focal

barrier (i), and RI[1,i-1] denotes the same calculation omitting the

focal barrier. The relative contribution of any barrier (RCi) is sim-

ply this absolute contribution (ACi) divided by the total isolation

calculated when including all barriers (following Ramsey et al.

2003):

RCi = ACi

RItotal
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Table 2. Reassessment of data from Ramsey et al. (2003) and Matsubayashi and Katakura (2009).

A. Mimulus cardinalis and M. lewisii (Ramsey et al. 2003).
Original component Reassessed component

of reproductive isolation of reproductive isolation

Isolating barriers M. lewisii M. cardinalis M. lewisii M. cardinalis

Ecogeographic isolation 0.587 0.587 0.794 0.794
Pollinator isolation 0.976 0.976 0.952 0.952
Pollen precedence 0.708 0.958 0.548 0.919
F1 seed germination 0.203 0.047 0.113 0.024
F1 survivorship 0 0 0 0
F1 percent flowering 0 0 0 0
F1 biomass −1.393 0.056 −0.410 0.029
F1 pollen viability 0.662 0.628 0.495 0.458
F1 seed mass 0.409 0.737 0.257 0.584
Total isolation 0.99744 0.99988 0.99882 0.99996

B. Henosepilachna vigintioctomaculata and H. pustulosa (Matsubayashi and Katakura 2009).
Original component of Reassessed component of
reproductive isolation reproductive isolation

Isolating barriers H. vigintioctomaculata H. pustulosa H. vigintioctomaculata H. pustulosa

Seasonal isolation 0.09333 0.02361 0.04895 0.01195
Habitat isolation 0.84358 0.87754 0.72948 0.78181
Sexual isolation 0.86667 0.77273 0.54545 0.73333
Egg hatchability 0.68875 0.98380 0.52525 0.96812
Conspecific sperm precedence1 0.00000 – 0.99172 0.00000 – 0.99666 0.00000 – 0.98358 0.00000 – 0.99334
F1 reduced fitness 0.04554 −0.20980 0.02330 −0.09494
Total isolation2 0.98701−0.99989 0.99927−1.00000 0.96377−0.99969 0.99884 – 1.00000

1Sperm precedence was reported as a range of potential values due to the unknown probability of conspecific rescue.
2Total isolation was calculated using low and high values for conspecific sperm precedence, resulting in a range of total isolation.

Additional Considerations
For the examples presented, isolation has been experienced by

a single sex within a single species. To accurately combine esti-

mates of isolation across multiple barriers, sex-specific estimates

must be maintained throughout the barriers under investigation

(see Appendix C for discussion). In addition, the presentation of

RI4 and its derivatives has been simplified by assuming equal rel-

ative abundance of individuals and gametes for the species under

consideration. As pointed out by Martin and Willis (2007), this

assumption may often be violated, requiring an adjustment to null

expectations. This can be accomplished within the framework of

the equations presented by generating unequal expected values

for each species considered (see Appendix D).

Reassessment of Previous Data
The magnitude of difference between the proposed method of RI4

compared to previously employed methods varies over the range

of possible isolation values. For example, Fig. 1 shows that RI4

will be the most similar to RI1 when isolation is either very strong

or very weak. However, these two metrics will be most different

at intermediate values and especially for negative values. Table 2

provides a comparison between RI4 and previous methods using

published data on the strength of isolation between species of

Mimulus wildflowers (Ramsey et al. 2003) and ladybird beetles

in the genus Henosepilachna (Matsubayashi and Katakura 2009).

Over the positive range of isolation, RI4 results in values that are

lower in magnitude than previously estimated, with the exception

of estimates that are exactly 0 or 1 (see Fig. 1). In the negative

range, the nonlinear equations based on RI1 result in a dispro-

portionate effect of the calculated values on combined estimates

of total isolation, especially for values below −1. Therefore, in

the examples presented, individual estimates of isolation using

the original and reassessed calculations vary considerably, while

total isolation appears superficially similar (Table 2). However, re-

gardless of the magnitude of the difference between estimates, the

most significant advantage of RI4 is that for all possible strengths
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of isolation, there is an intuitive connection between the calculated

metrics and gene flow.

Summary
One of the ultimate goals of speciation research is to uncover

which forms of reproductive isolation impact the process most.

To accomplish this objective, it is important to examine the rel-

ative contributions of each barrier to total reproductive isolation

at the time of speciation. Estimating the strength of reproduc-

tive isolation is therefore a critical step toward understanding the

origin of species; however there is currently no consensus on a

mathematical framework for doing so. We here provide a linear

interpretation of previous estimation methods with many advan-

tages for measuring the strength of individual barriers. By deriving

a metric that is directly related to gene flow, this unifying method

provides a means for making comparisons of isolation within

and between taxa that will aid greatly in answering fundamental

questions about the nature of speciation.
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