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1.1.   Introduction 

The mechanisms underlying speciation form one of the most controversial topics in 
evolutionary biology. Numerous possible routes to speciation have been proposed, but 
their relative likelihood remains unclear [see reviews by Via 2001; Gavrilets 2003, 
2005; Doebeli et al. 2005]. For complexity theory, speciation is interesting because it 
illustrates module formation in a complex system [Sadedin 2005]. In this paper, I apply 
agent-based simulation models to examine speciation in hybrid zones, geographic areas 
where two genetically distinct populations meet and interbreed. Understanding 
speciation in hybrid zones helps to address the question of how complex modular 
systems can evolve to a point where their internal components (genes) are effectively 
insulated from direct interactions with the components of other modules (species).   

The simulation results presented here show that self-organization, positive feedback, 
criticality and adaptation each play significant roles in speciation in hybrid zones. The 
interactions between these processes help to explain some puzzling empirical patterns 
in natural populations, and may be useful for understanding and controlling module 
formation in other complex systems.  

1.1.1.   Speciation theory 

Exactly what a species is continues to be disputed. However, most theorists equate 
speciation with reproductive isolation: that is, members of one species cannot 
interbreed with members of another. The problem of speciation is how failure to 
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interbreed can evolve in the face of selection which should always favor genes that 
replicate themselves more. In complexity theory, this question can be rephrased as: how 
does genetic connectivity break down within a population such that discrete 
evolutionary modules can form? 

Two general mechanisms for speciation — geographic isolation and mate choice 
system evolution — have been explored in theoretical models [Via 2001; Gavrilets 
2003; Doebeli et al. 2005]. The most widely accepted mechanism is geographic 
isolation [Mayr 1942], where interbreeding between populations is limited by 
environmental barriers or gradients. Restricted interbreeding allows the populations to 
acquire incompatible genetic features without major fitness costs.  

A second possible mechanism is speciation via the evolution of divergent mating 
behavior or fertilization systems (prezygotic isolation). Models show that in some 
conditions evolution of prezygotic isolation can lead to speciation without geographic 
isolation (sympatric speciation; see Via [2001]; Doebeli et al. [2005]). However, these 
conditions are restrictive [Gavrilets 2005], and empirical evidence suggests that 
geographic factors play a role in most speciation events. In particular, most closely 
related and incipient species are parapatric: that is, they occupy ranges that are adjacent, 
but do not overlap [Gavrilets et al. 2000]. Parapatric populations often hybridize at their 
interface, implying that speciation is frequently incomplete [Barton & Hewitt 1985]. 

Parapatric hybridization could have several different outcomes: hybridizing 
populations may merge, become extinct, continue to hybridize indefinitely, or proceed 
to speciation. These outcomes can be influenced by many factors, including hybrid 
disadvantage, mate choice system evolution, and ecological and spatial dynamics. 
Previous models have examined how each of these factors works in isolation. However, 
in real hybrid zones all of them are present simultaneously, and they may interact in 
complex non-linear ways.  Here, I use agent-based simulation modeling to examine 
these interactions and their impact on speciation. 

1.1.2.   Spatial dynamics and self-organization in hybrid zones 

Most natural hybrid zones are thought to be tension zones: narrow hybrid zones 
which are maintained by a balance between dispersal and selection against hybrids 
[Barton & Hewitt 1985]. Individuals who disperse across the zone are unlikely to find a 
mate from their own population. Consequently, immigrants on both sides of the zone 
are selected against. Such hybrid zones can persist indefinitely and form a strong barrier 
to the spread of neutral variation [Barton & Hewitt 1985]. Populations separated by 
tension zones could eventually speciate via either genetic drift or differential selection. 
However, most research has focused on a controversial self-organizing process termed 
reinforcement [Dobzhansky 1937; Spencer et al. 1986; Coyne & Orr 2004]. 

 According to the reinforcement hypothesis, mating preferences favoring similar 
individuals may evolve in hybrid zones because they reduce the likelihood of producing 
poorly-adapted hybrids. This feature could evolve rapidly via sexual selection [Fisher 
1930]. As mate choice systems diverged, hybrids would become increasingly 
disadvantaged in mate choice, and selection for divergent preferences and traits would 
increase. In this way, mate choice system divergence could rapidly complete speciation 
in a positive feedback cycle. However, the contribution of reinforcement to speciation 
remains unclear because hybrid zones may persist and speciate without reinforcement, 
and empirical evidence is ambiguous [Gavrilets 2003; Coyne & Orr 2004]. 
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The role of ecology has been neglected in past models of hybrid zones. The tension 
zone model assumes that populations compete for the same limiting resource [Barton & 
Hewitt 1985]. In contrast, most speciation models assume that populations are 
diverging ecologically, so that their dynamics are governed by different limiting 
resources [Dieckmann & Doebeli 1999; Sadedin & Littlejohn 2003]. Ecological models 
show that competition can sustain spatial patterns [Green & Kirley 2000], and therefore 
competition may help maintain tension zones. This paper examines how ecological 
competition and reinforcement affect speciation in tension zones.  

1.2.   Methods 

The simulation model was based on one presented previously [Sadedin and Littlejohn 
2003] and consisted of a varying number of individuals evolving on a 50 × 50 lattice 
with closed boundaries. Cells on the lattice represented locations in a landscape. 
Initially 67500 individuals were inserted at random locations. Mate choice and dispersal 
occurred within a local neighborhood corresponding to an  individual’s location and its 
eight geometric neighbors on the lattice. Multilocus trait genetics, dioecious 
populations and independent mating displays and preferences were simulated because 
they represent the most common scenarios for hybrid zone studies [Coyne & Orr 2004].  

1.2.1.   Individual properties 

Individuals were diploid, dioecious and possessed four attributes: a genome, a location 
on the lattice, a sex (male or female), and an integer age value. Age was initially zero; 
sex was random. Genomes consisted of three traits, each determined by 16 independent 
additive co-dominant biallelic loci. Alleles were represented as 1 (contributing to a 
given trait) or 0 (not contributing). Phenotypes were obtained by summing allele values 
at each locus that influenced a trait. Traits were mating preference, mating 
advertisement and “type”, a trait causing hybrid disadvantage. All alleles at mating 
preference and signal loci were initially randomly assigned. Initially individuals in the 
left half of the lattice (x < 25) were given 1 values at all type loci, while individuals in 
the right half of the grid (x ≥ 25) were given 0 values at all type loci. This gave an 
initially parapatric distribution of the two parental populations. 

1.2.2.   Update procedure 

Time-steps within the model correspond to breeding cycles with overlapping 
generations. At each time-step, each individual’s age was incremented; individuals with 
age ≥ 1 were adults. Each adult female chose a mate as follows: a) Random mating 
condition: At random from among local adult males; b) Assortative mating condition: 
She chose the male whose advertisement phenotype was nearest to her preference 
phenotype from among up to 10 randomly selected local adult males. 

Each female produced a single offspring. Offspring received one allele for each 
locus selected at random from each parent (complete recombination). Hybrid 
disadvantage occurred via reduced viability of offspring with intermediate type 
phenotypes. Probability of inviability was P(i) = d[L - abs(T - L)]/L where S was the 
strength of disruptive selection, L was the number of loci affecting the type phenotype, 
and T was the individual’s type phenotype (see detailed explanation in Sadedin and 
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Littlejohn [2003]). Viable offspring dispersed to a randomly chosen local site, and died 
if the site was crowded. A location was crowded when: a) Competition condition: it 
contained more than three individuals. In this case, all individuals used the same 
limiting resources, and therefore ecological competition persisted regardless of genetic 
divergence between incipient species. b) No competition condition: addition of the new 
individual would cause the total number of either 1 or 0 type trait alleles there to exceed 
96. This implied that the type trait determined relative use of two equally abundant 
limiting resources. Adult mortality was age-based and followed P(m) = 0.22a3 where a 
was an individual’s age  (based on empirical data for birds [Ricklefs 1998]).  

Within each mate choice and competition condition, I systematically varied the 
strength of selection against hybrids (d) from 0 to 1 in increments of 0.1. The 
simulation was run for 3000 time-steps, with 100 replicates for each condition.  

1.3.   Results 

Definitions of species are controversial, so I measured several relevant factors. These 
include the relative frequency of different phenotypes,  the level of divergence in 
mating preferences between the two parental populations (divergence), the relative 
likelihood of conspecific matings (homogamy), and the degree of geographic overlap 
between the populations (sympatry). Together, these measurements help to build a 
coherent picture of the dynamics of the hybrid zone. 

The evolution of spatial distributions of phenotypes in the lattice was strongly 
affected by the four experimental conditions (Fig. 1). Ecological competition often  
maintained parapatric distributions. When competition was absent, populations either 
merged or become sympatric with strongly divergent mate choice systems. 

 
Competition                                 No competition

Mate choice       Random mating     Mate choice    Random mating

 

Figure 1.  Example simulation output showing final-state spatial distributions of phenotypes in 
the simulation (d = 0.5). Shading indicates trait phenotype values of individuals. 

1.3.1.   Phenotype frequency distributions 

A strong threshold effect (Fig. 2) is evident in phenotype frequency distributions with 
respect to the strength of selection against hybrids. Below the threshold, phenotype 
distributions were unimodal, Gaussian and central, implying that the populations 
merged. Above the threshold, phenotype distributions were bimodal and extreme, 
suggesting that speciation was successful. The threshold was low when populations 
competed, but increased greatly when competition was absent. Mate choice had little 
effect when populations competed, but when competition was absent, reinforcement 
often facilitated speciation. 
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Figure 2.  The number of agents (n) with each phenotype after 3000 generations graphed against 
hybrid disadvantage (d) for the four experimental conditions. Unimodal distributions indicate that 
the two populations have merged into one; bimodal distributions suggest progress towards 
speciation. The transition from unimodality to bimodality is governed by a threshold which is low 
(d<0.2) for competing populations, but high (d ~0.4-0.6) for non-competing populations. 
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Figure 3.  Three measures of speciation graphed against hybrid disadvantage d for populations 
that survived 3000 generations. Symbols indicate experimental conditions: ‘+’ = mate choice, 
non-competing; ‘×’ = mate choice, competing; ‘•’ = no choice, competing. Divergence in mating 
preferences is highest in the mate choice – non-competing condition (a), but hybridization is also 
relatively frequent in this condition (b). This occurred because parental populations migrated into 
sympatry in the mate choice – non-competing condition, but otherwise remained parapatric (c).  
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1.3.2.   Sympatry, reinforcement and homogamy 

Figure 3 shows three further measures of speciation. Divergence in mate choice system 
(Fig. 3a) indicates the occurrence of reinforcement. Reinforcement was strongly 
apparent when populations did not compete, and in this situation allowed populations to 
migrate into sympatry (Fig. 3c). However, migration into sympatry led to relatively 
frequent hybridization (Fig. 3b). When populations competed throughout the 
simulation, they remained parapatric and hybridization rates (Fig. 3b) were relatively 
low whether reinforcement was allowed or not: reinforcement (Fig. 3a) was then weak.  

1.4.   Discussion 

The results show that speciation in hybrid zones involves several processes 
characteristic of complex systems. These processes include critical thresholds in hybrid 
disadvantage, adaptive self-organization via reinforcement of prezygotic isolation, and 
interactions between spatial, ecological and genetic systems. In addition, the findings 
suggest a resolution to some longstanding problems in speciation theory. 

1.4.1.   Criticality and the fate of hybrid zones 

The findings imply that once a threshold level of hybrid disadvantage is exceeded, the 
strength of postzygotic isolation is irrelevant to the fate of incipient species. These 
critical thresholds suggest that the fate of hybrid zones may be relatively predictable. 
The observation of criticality implies that speciation represents a breakdown in 
connectivity within the genetics of a population. This finding suggests that treating 
population genetics as a network phenomenon may assist in understanding the 
processes driving speciation.  

1.4.2.   Sympatry and the reinforcement hypothesis 

The role of reinforcement in speciation is disputed. The results presented here may help 
to explain why studies reveal apparently conflicting trends. Natural bimodal hybrid 
zones and sympatric species universally show strong prezygotic isolation [Jiggins & 
Mallet 2000; Kirkpatrick & Ravigné 2002]. Consequently, the view that reinforcement 
is influential in speciation remains popular despite unresolved theoretical concerns 
[Spencer et al. 1986] and inconsistent data [Coyne & Orr 2004].  

The current results suggest that reinforcement is important for speciation only under 
specific conditions. Reinforcement often prevented hybridizing populations merging or 
becoming extinct when they did not compete ecologically. Reinforcement allowed such 
populations to migrate into sympatry and form bimodal hybrid zones.  The results also 
suggest, however, that gene flow in such bimodal zones will be higher than in a tension 
zone between competing, randomly mating populations. This implies that 
reinforcement may be a less effective agent of speciation than ecological competition. 

In the current model, when hybridizing populations competed, they remained 
overwhelmingly parapatric. In this situation, reinforcement was weak and had little 
effect on gene flow. Reinforcement did occur at the population interface, but sexual 
selection pushed mate choice systems in opposite directions in other areas, leading to 
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inconsistent and conflicting prezygotic isolation. Overall, reinforcement seems largely 
irrelevant to the fate of populations which compete ecologically. 

1.4.3.   Adaptive radiation 

Adaptive radiations are rapid evolutionary diversification events that occur in 
ecologically depauperate environments such as novel lakes and islands. Adaptive 
radiations are usually thought to be driven by ecological character displacement, a 
process in which selection against competition drives population traits in different 
directions. However, researchers have noted that evidence for character displacement 
during adaptive radiation is surprisingly rare [Schluter 2000], and competition among 
populations undergoing adaptive radiation is common [e.g. Sturmbauer 1998; Trewick 
1998; Molbo et al. 2003].  

The results presented here suggest an explanation for this finding. As shown here, 
competition enhances spatial segregation among speciating populations and thereby 
reduces gene flow. This finding suggests that adaptive radiation should occur most 
easily when ecological competition continues throughout the speciation process, rather 
than when divergence is driven by ecological character displacement.  

1.4.4.   Implications for complexity theory 

Speciation can be seen as a self-organizing process of module formation that 
contributes to the evolution of open-ended complexity [see Sadedin 2005]. The current 
paper addresses only one small area of speciation theory. Nonetheless, the results have 
implications for several applications outside evolutionary biology.  

Several areas of artificial intelligence use a Darwinian selection mechanism to solve 
problems adaptively. A key problem in evolutionary algorithms is maintaining diverse 
solutions in the face of selection [Cantú-Paz & Kamath 2001; Fontana et al. 1989]. 
Incorporating speciation mechanisms into these algorithms may help to prevent this 
problem of premature convergence by allowing solutions in the same population to 
pursue different evolutionary paths. The findings here show that in large environments, 
direct competition among solutions may facilitate on-going exploration of state space. 

In artificial life, the ongoing evolution of diversity and complexity remains a 
challenge [Ray 1991; Adami 1994; Ofria & Wilke 2004]. Ecological niches reducing 
competition have been seen as a possible way to enhance diversity in artificial 
populations. The current results suggest that the opposite approach will yield better 
results: among sexually reproducing organisms in large spatial environments, 
ecological competition enhances diversity. 

More speculatively, it has been suggested [Green et al. in press] that the evolution 
of open-ended complexity may result from a dual-phase process where perturbations 
repeatedly push a system across a critical threshold. The current results imply that 
provided units compete for space in the system, even relatively brief phase changes 
resulting in slight adaptive differences among isolated systems can provide the basis of 
long-term evolutionary divergence and module formation. 
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