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Abstract 
 

We are living in an era of global change, where biodiversity is declining at an unprecedented 
rate. To develop countermeasures to this trend, understanding the eco-evolutionary factors 
determining biodiversity patterns is of crucial importance. Local biodiversity results from the 
interplay of speciation, extinction and migration, but the relative importance of each of these 
factors is not always well-understood. The classical biodiversity models are often based on 
outdated assumptions on the speed of evolution and the likelihood of sympatric speciation. 
Moreover, they tend to neglect processes at the individual level, while the factors shaping 
biodiversity strongly reflect individual-level decisions and events. Therefore, we here study the 
dynamics of biodiversity with a more mechanistic approach, by including interactions between 
individuals and their environment. As model systems we use marine lakes, the aquatic 
equivalent of islands. We extend an existing individual-based model for sympatric speciation 
and extinction in an aquatic environment by connecting a system of lakes by migration. In the 
model, speciation and extinction result from the interplay of diversifying selection on ecotypes 
and the evolution of assortative mating. We show that the diversity process is dynamic, with 
sporadic speciation and extinction events. Although the occurrence of speciation and 
extinctions is highly stochastic, the overall biodiversity pattern is highly predictable. We found 
that a higher number of species arises in larger lakes and lakes with more permissive 
environmental conditions, and that a surprisingly low migration rate is sufficient to 
homogenize the pattern of coexisting species in different marine lakes. The simulations show 
that the level of biodiversity strongly depends on model parameters that are difficult to 
quantify in empirical studies. It remains to be seen whether, and to what extent, the 
biodiversity patterns generated by our mechanistic, individual-based approach are compatible 
with the patterns created by the more standard phenomenological, species-level approaches. 
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1. Introduction 
 

Biologists are still amazed by the biodiversity found on earth. Even many years after Darwin’s 
work on The Origin of Species (Darwin, 1859), it remains a challenge for scientists to find 
evolutionary and ecological explanations for the diversity patterns that are found. Nowadays, 
understanding the emergence, stability and decline of biodiversity is even more important. 
The overall biodiversity is decreasing, as global warming and human activities, like overfishing 
and pollution, form a threat for terrestrial and marine ecosystems. Maintaining biodiversity is 
a prerequisite for a healthy ecosystem, to sustain itself and to maintain resilience to external 
disturbances. Therefore, understanding the evolution of biodiversity have also become 
important for conservation attempts. 

Islands are frequently used as model systems to study evolutionary processes. Most islands 
are geographically well-defined and discrete. They can be considered natural microcosms, and 
similar islands can serve as replicates. It is the variation between islands in size, degree of 
isolation and ecology, which makes it possible to investigate the different processes underlying 
biodiversity. Already in the 19th century, important insights into the ecology and evolution 
came from island studies. In particular, the theory of evolution by natural selection was 
strongly stimulated by Darwin’s work on the Galapagos Islands (Darwin, 1859) and Wallace’s 
work on the Malay Archipelago (Wallace, 1869). Similarly, Mayr’s theory of speciation by 
geographic isolation was based on biodiversity patterns found on islands (Mayr, 1942). 

The majority of these studies focussed on terrestrial systems. However, there are marine 
systems that can be considered islands as well. These so-called marine lakes are landlocked 
water bodies with connections to the adjacent sea by e.g. tunnels or cracks in the surrounding 
rocks. The degree of connectivity determines for a major part the chemical and physical 
properties of the lake. More isolated lakes maintain for example lower salinity and pH levels, 
and a higher temperature (Becking et al., 2011). There are approximately 200 marine lakes 
worldwide, sometimes found in clusters of ten or more lakes. They share many characteristics 
with the “traditional” terrestrial islands, and they have a unique biodiversity and high 
endemism (Dawson, 2006; Becking et al., 2011, and references therein; Becking et al., 2013). 
By studying these isolated systems, scientists are able to investigate the local biodiversity on 
islands, as well as the global diversity of all islands together. In this project, we studied the 
major processes determining the biodiversity in marine lakes – speciation, extinction and 
colonization – with the help of theoretical models. As the speciation process can occur rapidly 
for some marine organisms (van Doorn et al., 2001; Vacquier and Swanson, 2011), using 
marine lakes allowed us to study biodiversity on a shorter time-scale. 

Theoretical models have been very important for understanding biodiversity patterns in 
relation to a variety of underlying processes. A classic example is the Island Biogeography 
Theory (also known as the Island Equilibrium Model) of MacArthur and Wilson (1967), which 
explains the species richness of islands by the interplay of immigration and extinction. Based 
on simple assumptions, the theory predicts how local species richness is affected by the area 
of an island or the distance of an island from the mainland (figure 1). 
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Yet, the model of MacArthur and Wilson is very simplistic, as it only considers extinction and 
immigration. The authors did not include speciation, as they assumed this was a very slow and 
therefore negligible process. However, studies have shown that speciation can occur rapidly 
for some marine organisms (van Doorn et al., 2001; Vacquier and Swanson, 2011) and that 
sympatric speciation is actually quite plausible (Dieckmann and Doebeli, 1999; Weissing et al., 
2011). Furthermore, the theory of MacArthur and Wilson consider biodiversity solely at the 
species level, thereby neglecting processes acting at the individual level. Yet, speciation, 
extinction and colonization are actually driven by events at the individual level (e.g. individual 
migration). For that reason, a more evolutionary view and mechanistic approach, by studying 
the underlying processes at the individual level, seems more appropriate. Therefore, we 
developed an individual-based model (IBM) that considers interactions between individuals 
(e.g. competition, mating) as well as with their environment. We used this model to study all 
three processes, including speciation, to analyse the dynamics of biodiversity. 

Before investigating the interplay of all three processes, we first had to develop a speciation 
model that is simple enough to be tractable and yet provides a reasonable description of the 
speciation process in marine lakes. Based on this model, we will address the question whether, 
and to what extent, speciation is predictable. In other words, will a comparable number of 
species arise in marine lakes with similar characteristics and will the arising species resemble 
each other? This is not self-evident, as the speciation process remains a random process. 
Subsequently, we will consider marine lakes of different sizes and with different environmental 
conditions, asking the question: how do the number of species and the arising species reflect 
the characteristics of the lake? We expected that a smaller number of species would arise in 
marine lakes with harsher conditions, as there is less room for diversity. In these extreme 
conditions, individuals are more restricted in how much they can deviate from the ecological 
characteristics required to survive. For larger lakes, we expected a larger number of species, 
since the higher genetic diversity in a larger population should allow a higher degree of 
diversification. 

After having obtained a good overview of the speciation process (which also includes 
extinction), we will add migration/colonization to the model. The degree of connectivity of 
marine lakes determines the likelihood of a migration event and the source of migration could 
influence the success of colonization. We expected that a high connectivity between marine 
lakes, meaning higher migration rates, could cause marine lakes to act as one system because 

Figure 1. Predictions of the Island Equilibrium Model of MacArthur and Wilson (1967) as described in 

Warren et al. (2015). The equilibrium number of species (black arrows) corresponds to the intersection 

points of the curves describing extinction and immigration rates. (a) Island area effect: more species are 

expected on large islands if larger islands have lower extinction rates. (b) Island distance effect: fewer 

species are expected on remote islands if migration rates decrease with the distance to the mainland. 
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of high gene flow. Furthermore, migrants from lakes with very different environmental 
conditions could have a hard time colonize other lakes. However, as mentioned before, it is 
difficult to predict the influence of migration because of the interactions at the individual level. 
This leaves us with the third and final question: what is the influence of migration on the 
number of species and the species that arise? 
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2. Model structure 
 

Many speciation models have been developed over the years (Weissing et al., 2011; Gavrilets, 
2014). As the baseline model for our project, we chose an individual-based model developed 
by van Doorn, Luttikhuizen and Weissing (2001), henceforth called the vDLW model, that is 
suitable for investigating speciation in marine lakes (Becking et al., 2011; Becking et al., 2013). 
The vDLW model considers a population of haploid and hermaphroditic individuals and is 
inspired by marine broadcast spawners. Van Doorn and colleagues developed the model to 
study the evolutionary divergence of gamete recognition proteins. In the model, sympatric 
speciation is an emerging property of the interplay of diversifying ecological selection and 
evolution of assortative mating. Therefore, it was a useful starting point for our research. 
During this project, we developed an extended version of the model, allowing us to address 
the above research questions on the biodiversity in marine lakes.   
 

2.1 The vDLW model 
For sympatric speciation to occur, two conditions need to be met (van Doorn and Weissing, 
2001; Weissing et al., 2011). First, there needs to be diversifying selection. In the vDLW model, 
each individual of the population has an ecological character z, called the individual’s ecotype, 
which may be viewed as a resource exploitation strategy. The ecotype of an individual is 
determined by a number of genes. We used a version of the vDLW model where there are 
additive genetic effects instead of involving dominance of alleles as described in van Doorn et 
al. (2001). In the model, the ecological genes are stored in a vector (each vector element stores 
one gene). Each gene is represented by a certain value and the overall mean of the gene values 
determines the ecological type. Since individuals with similar ecotypes compete more strongly 
with each other, selection favours ecotypes that differ from the most frequent ecotypes in the 
population. In the model, whether an individual survives until reproduction, is determined by 
a basal death rate d plus the intensity of competition with other ecotypes C (equation 1). The 
intensity of competition between two ecotypes zi and zj is determined by a bell-shaped 
Gaussian function with width σc, and the overall competition intensity experienced by ecotype 
zi is proportional to the sum of all pairwise competition intensities. Individuals that experience 
a high competition intensity have a higher chance of dying.  
 

(1) 𝐶 ∑ (𝑒𝑥𝑝 (−1 2⁄ (
𝑧𝑖−𝑧𝑗

𝜎𝑐
)
2

))𝑗  

 

However, diversifying selection on its own is not enough for sympatric speciation. As long as 
there is random mating, hybridization will neutralize the diversification process (Dieckmann 
and Doebeli, 1999). Therefore, assortative mating is required as well. In the model, mating 
takes place according to a key-lock principle. Alongside the ecological trait, each individual has 
two genes that encode surface proteins on eggs and sperm, which play an important role in 
fertilization. These ‘gamete recognition genes’ are modelled as bit strings. The idea is that eggs 
and sperm meet each other at random in the water column, but that successful fertilization 
requires a sufficient match between the recognition proteins on the surface of eggs and sperm. 
The model assumes that all individuals of the population compete with each other to fertilize 
the eggs. Therefore, the probability Pij that sperm j fertilizes i’s eggs (equation 2), depends on 
the fertilization efficiency of sperm j f(Sj,Ei), as well as the fertilization efficiency of all the 
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competing sperm of the population. The amount of sperm limitation is determined by constant 
η.  

(2) 𝑃𝑖𝑗 = (
𝑓(𝑆𝑗,𝐸𝑖)

𝜂+ ∑ 𝑓(𝑆𝑘,𝐸𝑖)𝑘
) 

 

The fertilization efficiency f(Sj,Ei), declines exponentially with the number of mismatches 
between the bit strings characterizing the sperm and egg recognition proteins, respectively, as 
showed in equation 3. Furthermore, there is an asymmetric selection pressure on the egg and 
sperm surface protein. There is a weak selection pressure on the egg surface protein, as sperm 
is only limiting when their fertilization efficiencies are very low. In contrast, there is a strong 
selection on the sperm surface protein, as each sperm has to compete with other sperm to 
fertilize an egg.  
 

(3) 𝑓(𝑆𝑗 , 𝐸𝑖) = 𝑒𝑥𝑝(−𝛽 ×𝑀𝑖𝑠𝑚𝑎𝑡𝑐ℎ𝑒𝑠𝑖𝑗) 

 
After fertilization, the offspring inherits each ecological gene (together determining the 
ecotype) with 50% probability from the mother and with 50% probability from the father. The 
same applies to each of the gamete recognition protein sequence, which are treated as single 
genes. There is a small probability that a mutation occurs during inheritance. The chance of 
mutation depends on the mutation rate and the length of the genes. A mutation in the 
ecological gene will increase a random element with a mutational step size drawn from a 
normal distribution with standard deviation σmu. A mutation in the gamete recognition genes 
will cause a flip of a random bit in the bit string.  

Figure 2 illustrates that the vDLW model readily leads to sympatric speciation. Starting from a 
population where all individuals have the same ecological character, four distinct ecological 
types emerge. This diversification of ecotypes is driven by the resource competition between 
individuals of the population. For the evolution of assortative mating, the egg and sperm 
surface protein sequences also need to diversify and a particular matching sequence (i.e., a 
particular lock with associated key) needs to become associated with a given ecotype.  

 

 

 

 

 

 

 

 

 

 

Figure 2. Evolutionary branching of ecological type in the vDLW model. After figure 2A of van Doorn 

et al., 2001. 
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Van Doorn et al. (2001) describe in detail how the diversification of egg and sperm surface 
proteins occurs in a stepwise process. First, the variation in egg surface proteins increases 
because of weak selection on eggs. When the egg variation exceeds a certain threshold, sperm 
protein variation will also increase as it becomes beneficial for sperm to focus on one egg 
protein type to avoid sperm competition. At that moment, the selection pressure, especially 
on sperm, changes from stabilizing selection to disruptive selection.  

At the same time, there is competition for resources between ecotypes. The gamete 
recognition proteins have to match with the ecological types to avoid competitive exclusion. 
After the splitting event, the evolution of distinct egg and sperm protein types will continue, 
as the incipient species are trying to avoid resource competition as well as competition 
between the sperm cells to fertilize the egg cell.  
 

2.2 Extension of the model 
In this project, we wanted to apply the vDLW model to a situation where sympatric and 
allopatric speciation could occur in a system of marine lakes that are coupled by migration. To 
achieve this, the vDLW model had to be extended in several ways. The original model does not 
consider differences in ecological conditions. Competition is only governed by intraspecific 
interactions and is not affected by the environment. In our version of the model, we assume 
that in each lake there is one optimal ecotype, and that different lakes may have different 
optima. To achieve this, we assume that individual survival is determined by competition in 
the following way:  
 

(4) 𝑉(𝑧𝑖) = 𝑒𝑥𝑝 (
−𝛼×𝐶(𝑧𝑖)

𝐾(𝑧𝑖,𝑧𝑂𝑝𝑡)
) 

 

The viability V of individual i is determined by the competition intensity C (equation 1), which 
is multiplied by selection strength constant α, and divided by the carrying capacity function K. 
We used the same competition intensity function as van Doorn and his colleagues. The 
carrying capacity K (equation 5) expresses how well individuals are adapted to their 
environment. It is determined by the distance between the individual’s ecotype and the 
optimal ecotype of the environment, and divided by the width of the carrying capacity function 

σk. 

 

(5) 𝐾(𝑧𝑖 , 𝑧𝑂𝑝𝑡) = 𝑒𝑥𝑝 (−1 2⁄ × (
𝑧𝑖−𝑧𝑂𝑝𝑡

𝜎𝑘
)
2

) 

 

Individuals that are less adapted to the environment, meaning a higher distance of their eco-

type from the optimal ecotype, will have a lower carrying capacity and therefore a lower via-

bility. The same is true for individuals that experience a higher competition intensity. This 

means that individuals that experience minimal competition and are well adapted to their en-

vironment, will have the highest viability. 
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To study our second research question, we modelled marine lakes with different 
environmental conditions. To achieve this, we altered the width of the carrying capacity 

function σk. By increasing and decreasing the width of the carrying capacity function, we 

simulated marine lakes with harsher and more permissive environmental conditions 
respectively. This is visualized in figure 3.  

In case of harsher environmental conditions (figure 3B), there is a steeper decline of the 
carrying capacity when individuals deviate from the optimal ecotype. This means that ecotype 
variation is less tolerated in comparison with an environment with permissive conditions 
(figure 3A). 

Lastly, we added an extra marine lake population to study the influence of migration. By 
changing the migration rate, we could study the effect of migration on the speciation process 
within and between lakes. We modelled migration in the following way: each lake has the same 
population size, for example N=3000. Having a 1% migration rate means that per generation, 
30 randomly picked individuals of each marine lake would migrate to the other population.  

 

 

 

 

 

 

 

 

 

 

Figure 3. Dependence of the carrying capacity of a given ecotype from the optimal ecotype in a given 

environment. A large value of σk (Panel A) corresponds to a permissive environment with weak selection 

against deviation from the optimal ecotype. A low value of σk (Panel B) corresponds to a harsh environ-

ment with strong selection against deviation from the optimal ecotype. 



11 

 

3. Results 
 

For our first simulations, we used a standardized parameter setting with values comparable to 
the values used by van Doorn et al. (2001). First, we studied the consistency of simulation 
outcomes. Subsequently, we studied the influence of various parameters values to understand 
the model better. We focussed on the effect of genetic and mating efficiency parameters, and 
analysed the influence of lake characteristics on the speciation process. A description of the 
parameters and values used in our study can be found in table 1.  
 

Table 1. Parameter description and values of the standard configuration (bold) and following simula-

tions. 

  Description Value 

Strategic parameters     

E egg protein gene   

S sperm protein gene  

z ecological character genes  

Ecological parameters     

N population size per patch 
                                                
3000,     800 

nMigrants 
percentage migrants of N per generation per 
local patch 0%,         3% 

σc width of competition function 1 

zOpt optimal ecological type of the environment 0,            -1.5/+1.5 

σk width of carrying capacity function 3,            1 

α strength of selection on ecotype 1 

Genetic parameters     

L length of egg and sperm protein genes 
                                                  
120,       24, 50 

nGeneEco Number of ecological genes 10 

mu mutation rate 0.001,   (0.001x5), (0.001x2.4)  

σMut standard deviation mutational step size 1 

Mating efficiency parameters     

β decay rate of matching probability per mismatch 1.4,        3 

η sperm limitation 0.1,        0.001 
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3.1 Consistency of simulation outcomes 

In a first step, we investigated whether the speciation process in marine lakes is predictable. 
We used a standard configuration with parameter values as described in van Doorn et al. 
(2001) (see Table 1), and studied the consistency of the simulation outcomes. As shown in 
figure 4A, an initially homogeneous population readily diversifies into distinct ecotypes. The 
first splitting event occurs very soon, just after individuals reach the optimal ecotype (z=0) of 
the environment. This process is followed by diverse extinction and speciation events. After 
5000 generations, we find five to seven distinct species, with the highest abundance of 
individuals close to the optimal ecotype. The number of individuals decreases when moving 
away from the centre. The lineages further from the optimal ecotype also tend to go extinct 
sooner. However, when one lineage goes extinct, it seems to make room for speciation again. 
Therefore, although the process retains some dynamics, it appears to be predictable to a large 
extent. To verify these results, we also ran a simulation for 30.000 generations (figure 4B) and 
prolonged the same simulation later to 100.000 generations (not shown). Again, we find 
alternating speciation and extinction events, but with a comparable number of species as in 
all the other simulations. The pattern is also highly consistent across simulations. As shown in 
figure 5, replicate simulation runs differ in their detailed biodiversity dynamics, but in all cases, 
a comparable number of species arises. 
 

 
 
 
 
 
 

Figure 4. Evolutionary branching of ecological types by competition and assortative mating. Darker 

colours indicate higher frequencies. The ecological space is bounded from -6 to 6 and the optimal eco-

type of the environment is set to zero. All Individuals have identical ecological types at the start of the 

simulation. Panel A shows simulation outcomes with the standard configuration (see table 1 for param-

eter values). Panel B shows a similar simulation, where the standard configuration is prolonged to 

30.000 generations.  

 

A B Standard configuration, tMax=5000 Standard configuration, tMax=30000 
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3.2 Length and mutation rate of gamete recognition sequences 

Next, we studied the effect of various model parameters on the simulation outcome. We will 
henceforth only show a single simulation per parameter combination, but in all cases we run 
a large number of replicates that all showed the same consistent pattern. 

We first looked at the length of the sequence determining the gamete recognition sequence 
on the egg and sperm cells. For the standard configuration, we considered a sequence of 120 
bits (corresponding to a DNA sequence of 60 nucleotides). A longer sequence corresponds to 
a larger number of possible key and lock combinations. A very long sequence could facilitate 
the speciation process to an extent that is quite unrealistic. Moreover, it could lead to such a 
high degree of specificity that migrants from a different lake might be effectively excluded from 
mating. For this reason, we also considered shorter sequences by reducing the sequence 
length by a factor 5 (from 120 bits to 24 bits). 

 

 

Figure 5. Replicate simulation runs with the standard configuration parameter setting (as shown in 

figure 4A). The graphs show unique patterns but with a comparable number of species after 5000 gen-

erations.  
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The outcome is shown in figure 6A. After 5000 generations, the ecotypes had diversified 
considerably, but no distinct species differing in ecotype did emerge. This outcome might 
reflect the fact that the change in sequence length was associated with a 5-fold decrease in 
the sequence mutation rate (since mutation occurs at the bit level), reducing the influx of new 
egg and sperm recognition proteins by mutation. To achieve the same genome-wide mutation 
rate as in the standard configuration, we increased the per-bit mutation rate by a factor five. 
As shown in Figure 6B, this modification was not sufficient to induce the evolutionary 
emergence of separate species as in the standard configuration (shown in figure 4A). As in 
figure 6A, we observed the diversification of ecotypes without speciation. However, in the final 
phase of the simulation (generations 4500 to 5000), a relatively large number of discrete 
ecotypes seemed to emerge. This might indicate that speciation will occur, but that it takes 
more time than in the standard configuration. 

 

 

 

 

 

 

 

 

 

 

Figure 6. Influence of genetic parameters on the speciation process. Panel A and B view simulation 

outcomes with a shortened protein sequence of egg and sperm cells. Panel A shows a high variation in 

ecological types, but no speciation. Panel B shows simulation outcomes after increasing the mutation 

rate with a factor 5. A comparable pattern arises as in A, but with a tendency towards diversification 

after approximately 4300 generations. 

 

 

L=24 L=24, (mu*5) 
A B 
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To test this, we ran the exact same simulation for 100.000 generations (figure 7A). This time, 

there definitely seem to be periods where multiple distinct species arise and stably coexist 

(figure 7B). However, time and again, this pattern breaks down, leading to a highly heteroge-

neous population without reproductively isolated subpopulations (figure 7C). Although the 

speciation process seems to be very unstable, we found the same overall pattern in all repli-

cate simulations. This indicates that the emerging biodiversity pattern is still quite consistent. 

Figure 7. Same simulation as described in figure 6B, this time prolonged to 100.000 generations. Panel 

A shows an unstable speciation pattern, and B and C show a more closely view on this pattern. Panel 

B shows distinct ecological types between 60.000-70.000 generations, in contrast to panel C, which 

shows no speciation between 80.000-90.000 generations.  

 

L=24, tMax=100.000 

  

A 

B C 
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3.3 Mating efficiency parameters 

Next, we investigated how the model assumptions on mating efficiency affect the speciation 
process. The two parameters determining the selection pressure on the gamete recognition 
proteins are β and η, respectively. β describes how the fertilization efficiency decreases with 
the number of mismatches between sperm and egg sequences (see equation 3). The higher β 
is, the fewer mismatches between egg and sperm sequences are tolerated for fertilization to 
occur. Therefore, β increases the selection pressure on both the egg and sperm proteins. In 
line with the findings of van Doorn et al. (2001), a smaller number of species emerged when 
β was increased: irrespective of the value of η, the number of species declined from six or 
seven to four when β was changed from 1.4 to 3 (figure 8AB). This can be explained by the fact 
that speciation requires sufficient variation in the recognition proteins on eggs (van Doorn et 
al., 2001, Weissing et al., 2011); a high selection pressure on the egg receptor prevents this. 

The parameter η quantifies sperm limitation in our model (see equation 2). It determines the 
chance that an egg gets fertilized. A lower value of η corresponds to a situation where each 
egg meets many sperm and, hence, has many chances of being fertilized. Accordingly, a small 
value of η corresponds to weak selection on the egg receptor. For that reason, we expected 
higher egg variation and, hence, a higher speciation rate for a lower value of η. Indeed, we 
found a very high variation in ecological types, distinguishing approximately nine species 
(figure 8C). Finally, we studied a combination of the two parameter changes. We wanted to 
increase the selection pressure on only the sperm protein and not the egg protein. Therefore, 
we increased β, but simultaneously also decreased η (figure 8D). We indeed found more 
species compared to graph B, but less variation compared to graph C. From these results, we 
conclude that both η and β play an important role in the speciation process. 
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Figure 8. Effect of the mating efficiency parameters β  and η on speciation. Panel A shows the general 

outcome with the standard configuration. Panel B shows the speciation pattern after an increase of β, 

representing the selection pressure on both the egg and sperm proteins, resulting in less species. Panel 

C shows the effect of a reduction in sperm limitation η, causing an increase in ecotype variation. Panel 

D shows the combination of the two parameter changes as described in B and C. 

 

Standard configuration (β=1.4, η=0.1) 

 

β=3, η=0.1 

 

β=1.4, η=0.001 

 
β=3, η=0.001 

 

A B 

C D 
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From the previous results, we conclude that genetic and mating efficiency parameters are 
important for the speciation process. Additionally, we found that unstable speciation patterns 
arise with a shorter protein sequence length. Furthermore, we found that β and η play an 
important role in the egg protein variation and therefore speciation. This time, we wanted to 
combine the previous changes in parameter settings. We decreased the sequence length with 
a factor 2.4 to L=50, and increased the mutation rate with a factor 2.4 as well. With this 
parameter setting, we did not find speciation (figure 9A). However, when we increased β, 
diversification does occur (figure 9B). The patterns we found, are comparable with the 
standard configuration (figure 8A). In contrast, by only decreasing η, we found a high variation 
of ecotypes but no splitting event (figure 9C). The combinations of these two changes (figure 
9D), gave us a very high ecotype variation with diversification. We conclude that the selection 
pressure on short gamete protein sequences, especially on sperm, is necessary for speciation 
to occur. 

 

 

 

 

 

 

Figure 9. Effect of genetic and mating efficiency parameters on speciation. Panel A-D are similar sim-

ulations as described in figure 8A-D, but with a shortened protein sequence (L=50 instead of L=120). 

Panel A shows no diversification patterns, in contrast to B, after an increase in selection pressure on the 

egg and sperm proteins. Panel C shows no speciation after a reduction in sperm limitation. Panel D 

shows a high variation in ecotype with a combination of the two parameter changes. 

L=50, β=1.4, η=0.1 L=50, β=3, η=0.1 

 

L=50, β=1.4, η=0.001 

 

L=50, β=3, η=0.001 

 

A B 

C D 
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3.4 Effect of lake characteristics 

To investigate the effect of lake characteristics on biodiversity, we considered marine lakes of 

different sizes and environmental conditions. To this end, we reduced the population size from 

3000 to 800 individuals (corresponding to the comparison of a larger and a smaller lake) and 

the width of the carrying capacity function (see equation 5) from σk=3 to σk=1 (corresponding 

to a comparison between permissive and harsh environmental conditions). Figure 10 shows 

the results of this comparison. We found that only one species arises in marine lakes with 

harsher conditions (figure 10B), while many more species arise under the more permissive 

conditions of the standard configuration (figure 10A). The comparison of figure 10A and 10C 

shows that fewer species evolve in smaller lakes. As expected, we conclude that a lower spe-

cies diversity is to be expected in marine lakes with harsher conditions and of smaller sizes.  
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

N=800, σK=1 N=800, σK=3 

N=3000, σK=1 Standard configuration (N=3000, σK=3) 

 

D C 

B A 

Figure 10. Effect of lake characteristics on the diversification of ecological types. Panel A shows the 

occurrence of 5-7 species with the standard configuration. Panel B and C show the speciation process 

in lakes with more extreme conditions and with a smaller size respectively. D shows a combination of 

the two parameter changes. 
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3.5 Influence of migration 

Finally, we studied the influence of migration on the speciation process between and within 
lakes. As explained in paragraph 3.2, a long gamete recognition sequence might exclude 
migrants from mating because of very unique key-lock combinations. Therefore, we decided 
to use a sequence length of L=50 (but with the same genome-wide mutation rate) and an 
increased β, which gave us patterns comparable to the standard configuration (see figure 9B). 
First, we considered two marine lakes with similar environmental conditions, meaning that the 
optimal ecotype of the environment was the same (zopt=0) in both cases. We found that 
without exchange between the lakes, comparable but unique speciation patterns arise (figure 
11AB). 1% migration already had a homogenizing effect on the speciation process (not shown), 
and 3% migration led to almost identical patterns (figure 11CD). Apart from small differences 
in individual abundance, we found that even a relatively small migration rate makes the two 
lakes act as one system.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 

Figure 11. Influence of migration on the speciation process of lakes with similar environmental condi-

tions. Panel A and B show the unique speciation patterns of lake 1 and 2 respectively, without exchange 

between lakes. Panel C and D show the patterns with 3% migration, which results in similar patterns 

of the two lakes. 

Lake 2, 3% migration Lake 1, 3% migration 

Lake 2, 0% migration Lake 1, 0% migration 

D C 

B A 
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To confirm that the similar patterns of figure 11CD reflect the same species in different lakes 
as a result of migration, we studied the mating probability between lakes with 3% migration. 
First, individuals from each lake with an ecological type between -1.8 and -1.2 were picked to 
make sure that we would compare individuals from the same lineage. Subsequently, 
individuals were randomly picked (from each lake) and the matching probability of their 
gamete recognition sequence was determined. This procedure was repeated for individuals 
from the same lake, to study the effect of migration on the mating probability within lakes as 
well. After 2100 generations, we found a maximum mating probability of 0.13 between lakes 
and 0.63 within lakes (figure 12A). The mating probabilities increased when we prolonged the 
simulation to 5000 generations (figure 12B). After 5000 generations, we found a maximum 
mating probability of 1.00 between lakes, which confirms that the similar patterns in figure 
11CD represent the same species. Within lakes the mating probabilities also increased from 
0.50 to 1.00 after 5000 generations. This could indicate that over time, migration causes strong 
stabilizing selection on ecotypes within lakes.  

The highly fluctuating patterns in both graphs can be explained by variation in the gamete 
recognition sequence among individuals. Although individuals from the same lineage (within 
and between lakes) are able to mate with each other, this does not mean that their gamete 
recognition sequences are identical. Here, we randomly picked and compared the sequence 
of different individuals every generation. Therefore, the mating probabilities can be higher or 
lower depending on the key-lock combinations made at that time.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 

Figure 12. Mating probabilities between and within lakes with 3% migration. The blue and red lines 

show mating probabilities within lakes and the green and yellow lines between lakes. Panel B shows 

the same simulation, this time prolonged to 5000 generations.   

Blue=  egg lake 2 and sperm lake 2   Green= egg lake 1 and sperm lake 2 

Red=  egg lake 1 and sperm lake 1  Yellow= egg lake 2 and sperm lake 1 

 

 

3% migration, tMax=2100 3% migration, tMax=5000 
A B 
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We also studied migration between marine lakes with different environmental conditions 
(figure 13A-D). Here, marine lakes had the same permissive conditions, but a different 
optimum of the environment (-1.5 and +1.5). Without migration, we found unique patterns 
with the highest abundance close to the optimal ecotype of the environment. Here, 3% 
migration also has a homogenizing effect on the speciation processes of two lakes. This means 
that although individuals are adapted to different environmental conditions, they can still 
successfully colonize other lakes. They probably encounter less competition in the new lake, 
as their ecotypes deviate from the highly frequent ecotypes of the new population, which gives 
them an advantage. However, to successfully colonize a lake, individuals also need to be able 
to mate. Here, the exchange of individuals from the start, before the occurrence of a splitting 
event, possibly increased the mating success of migrants. Another explanation would be that 
the number of migrating individuals was high enough for them to start a new lineage by only 
mating with each other.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

 

 

 

Figure 13. Influence of migration on the speciation process of two lakes with different environmental 

conditions. Panel A-D show similar simulations as described in figure 11, only this time marine lakes 

with different environmental conditions are considered. Panel A and B show independent speciation 

processes when there is no exchange between the two lakes. Panel C and D show the homogenizing 

effect of 3% migration on the speciation processes of two lakes. 
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4. Discussion 
 

The aim of this research project was to study biodiversity of marine lakes, by not only including 
migration and extinction, but speciation as well. Moreover, we wanted to use a more 
mechanistic approach, by including interactions at the individual level. By extending the 
individual-based model developed by van Doorn et al. (2001), we were able to study the 
speciation process in marine lakes.  

We found that the speciation process is mostly consistent, but retains some dynamics with 
sporadic extinction and speciation events. In our model, speciation is favoured by a sufficient 
length of the gamete recognition sequence or a higher mutation rate. Furthermore, high 
selection pressure on the sperm protein in combination with weak selection on the egg protein 
is required. Also for larger marine lakes and lakes with permissive environmental conditions, a 
higher number of species arises. In respect of migration, we found that already a small degree 
of migration has an effect and could homogenize the speciation process of two marine lakes.  

We are aware that many empirically relevant factors are not in included in our model. For 
example, we have neglected spatial structure, the possibility of clonal reproduction, or a 
possible association between ecological and sexual selection. Moreover, the parameters in our 
model could not be based on empirical estimates. Therefore, the model should be viewed as 
a conceptual model that allows the qualitative comparison between different eco-
evolutionary scenarios. 

Many of the simplifying assumptions made in the model may be viewed as worst-case 
scenarios for speciation. For example, we neglected clonal reproduction while the 
requirements for evolutionary branching in asexual populations are less strict, as non-random 
mating is not required. This in contrast to sexual reproduction, where without assortative 
mating, recombination would prevent a splitting event by creating intermediate phenotypes 
(Dieckmann and Doebeli, 1999). In respect of migration, including clonal reproduction could 
increase the effective migration rate. For sexual populations, individuals need to match with 
others to reproduce and survive, but when individuals can reproduce clonally, these 
requirements regarding the matching process are negligible.  

Another factor we neglected that would possibly increase the speciation rate, is an association 
between ecological trait and mate choice. This could for example be one gene that determines 
the ecological trait, as well as the gamete recognition protein sequence. When there is an 
association, evolutionary branching is not hindered by intermediate phenotypes, as individuals 
with similar ecotypes have higher mating probabilities. When there is no predetermined link, 
which is the case in our model, correlation between ecotype and mate choice arises only by 
selection and evolution, or by genetic drift in smaller populations (Dieckmann and Doebeli, 
1999).  

In view of this, it is remarkable that speciation readily occurs in the model. To us, this suggests 
that sympatric speciation is not only plausible, but that it occurs under a wide range of 
circumstances. 
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For future studies on the biodiversity of marine lakes, migration could be explored more 
extensively. We find that migrants can successfully colonize lakes with different environmental 
conditions. However, this might not be the case when migration is not introduced from the 
start, but after a few splitting events. We also intended a more comprehensive analysis of a 
system of connected lakes, but time constraints prevented this. It would be interesting to study 
more realistic migration scenarios for example a stepping stone model or migration from the 
ocean.  

We also find that diversity is a dynamic process, in contrast to the classic models that consider 
a constant speciation and extinction rate (Nee et al., 1994). The standard phylogenetic 
approach focusses on the species-level and do not consider the underlying processes at the 
individual level. However, by neglecting interactions at the individual level, like competition, 
the likelihood of migration and extinction events are not taken into account. Consequently, 
this could lead to wrong assumptions with regard to speciation and extinction rates, and 
therefore biodiversity. Therefore, it would be interesting to study the robustness of 
biodiversity models based on phylogenetic trees, compared to the more mechanistic models 
as we presented here. Hence, we cannot exclude the possibility that it could lead to a re-
evaluation of the classic models. 
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