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Abstract 

Cooperation, ubiquitous in nature, is yet difficult to explain from an evolutionary 

perspective. Many modelling studies strive to resolve this challenge, but their 

simplifying assumptions on the population and interaction structure are rarely met 

in ecological settings. Here we use a modelling approach that includes more 

ecological detail to investigate the evolution of cooperation in spatially self-

organized mussel beds, where mussels aggregate and attach byssus threads to 

neighbouring conspecifics in order to decrease losses to predation and wave stress. 

We develop a mechanistic, individual-based model of spatial self-organization 

where individual strategies of movement and attachment generate spatial patterns, 

which in turn determine the fitness consequences of these strategies. By combining 

an individual-based simulation approach for studying spatial self-organization 

within generations with an analytical adaptive dynamics approach that studies 

selection pressures across generations, we are able to predict how the evolutionary 

outcome is affected by environmental conditions. When selection pressures on 

cooperation and movement are only governed by local interactions, that is, the 

attachment of individuals to their neighbours, evolution does typically not result in 

the labyrinth-like spatial patterns that are characteristic for mussel beds. However, 

when we include a second level of selection by considering the additional 

protection provided by the formation of mussel clumps, evolutionarily stable 

movement and attachment strategies lead to labyrinth-like patterns under a wide 

range of conditions.  
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Introduction 

Fighting the elements is a challenging task that is frequently best achieved by 

cooperation. Under harsh environmental conditions, many organisms join forces to 

reduce predation risk, locate resources, or build shelters. Although cooperative 

behaviour is widespread throughout nature, cooperation can potentially be 

exploited by free-riders that benefit but do not contribute (e.g. West et al., 2007; Van 

Dyken & Wade, 2012). This ‘paradox of cooperation’ has fascinated theoreticians 

and empirical biologists alike, making the evolutionary emergence and stability of 

cooperation one of the most intensely studied questions in biology (Lehman & 

Keller, 2006; West et al., 2007 & 2008). Theoretical and empirical studies 

demonstrate that the evolution of cooperation has many interesting facets, and that 

a multitude of factors (such as spatial structure, relatedness, reciprocity, and 

punishment) are of potential relevance for resolving the paradox of cooperation 

(Dugatkin, 1997; Nowak & Sigmund, 2005; Foster & Wenseleers, 2006; Lion & Van 

Baalen, 2008; Clutton-Brock, 2009; Archetti et al., 2011; Bourke, 2011; Raihani et al., 

2012).  

 

In view of the intricacy of the problem, it is not surprising that most 

theoretical studies are centred around ‘toy models,’ that is on models that are based 

on an abstract, cartoon-like representation of real-world interactions. Although 

such studies have been extremely useful in furthering our conceptual 

understanding of cooperation, the empirical relevance of their findings is not self-

evident. Cooperation in natural systems is typically taking place in much more 

ambiguous settings than depicted by toy models, and standard concepts of 

cooperation theory (such as ‘cooperation’, ‘defection’, and ‘group’) do not always 

have a clear-cut meaning in natural populations. Our understanding of the 

mechanisms that favour cooperative behaviour may benefit from studies that 

explicitly include the intricacies of particular real-world systems. 

 

Here, we develop and analyse models for investigating cooperation 

between mussels in self-organized mussel beds. Mussels live in a harsh 

environment where they compete for food while risking dislodgement by wave 

stress and predation by birds and other animals (Bertness & Grosholz, 1985; Hunt & 

Scheibling, 2001, 2002; Van de Koppel et al. 2005). In order to survive, mussels 
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move into aggregations and affix themselves to neighbouring conspecifics using 

byssus threads (a glue-like substance; Maas Geesteranus, 1942). By doing so, 

neighbours become secured as well, making this interaction a cooperative act that 

is beneficial to both parties, while generating costs only for the contributing 

mussel.  

 

For at least three reasons, existing theoretical models are not directly 

applicable to cooperative behaviour in mussel beds. In the first place, cooperation 

among mussels depends on two traits: the movement and attachment strategies of 

the mussels involved. Movement affects attachment: since byssus threads have a 

limited length, attachment requires the presence of conspecifics in the vicinity, and 

the clustering of individuals is to a large extent caused by their movement strategy 

(De Jager et al., 2011; Liu et al., 2013). Conversely, attachment directly affects 

movement, because mussels attached to many neighbours are strongly restricted in 

their movement. Accordingly, models of the evolution of mussel cooperation 

should consider the joint evolution of movement and attachment strategies.  

 

A second reason is that the spatial structure in which mussels interact with 

their neighbours is not a given a priori pattern but an emergent property of the 

interplay of movement and attachment (Van de Koppel et al., 2008). The 

characteristic labyrinth-like pattern frequently observed in mussel beds can only 

persist due to between-mussel attachments; without such byssal attachments (and, 

hence, cooperation), there would be no spatial structure. As a consequence, there is 

a reciprocal causality (Laland et al., 2011) between movement and attachment 

strategies (which are shaped by selective forces and strongly depend on the spatial 

configuration) and spatial structure (which is an emergent property reflecting the 

underlying movement and attachment patterns).  

 

A final reason is that mussel attachment leads to the formation of clumps, 

and the survival of a mussel in times of intense water movement is positively 

related to the size of its clump. This adds a new level of selection, where fitness is 

also determined by the size of the clump. However, hierarchical selection in mussel 

beds is more complicated than described in standard models of group structured 

populations (Van Boven & Weissing, 1999; Traulson & Nowak, 2006; Thompson 
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2000; Kohn, 2008; Burton et al., 2012; Molleman et al., 2013). The ‘groups’ (mussel 

clumps) are not defined by external features, but instead are emergent properties 

of mussel movement and attachment and accordingly are highly dynamic and 

variable in size.  

 

To understand the evolution of cooperation in mussel beds, we therefore 

need to develop a model that considers the joint evolution of several traits, the 

emergence of spatial structure, and multilevel selection in a population with 

dynamic group structure. To this end, we extend the standard methods of 

evolutionary analysis to cope with the complexities that are inherent to systems 

with self-organized interaction structures. In a first step, we study the evolution of 

attachment and movement separately; for each (fixed) attachment strategy, we 

determine the evolutionarily stable pattern of movement, and for each given 

movement strategy, we determine the evolutionarily stable investment into byssus 

threads and, hence, attachment. In a second step, we consider the joint evolution of 

attachment and movement. From the separate analyses, we can in many situations 

identify the joint evolutionarily stable strategies for both traits. This information is, 

however, often not sufficient for making evolutionary predictions. To get a more 

detailed picture, we need to derive the two-dimensional selection gradient 

determining the joint evolution of movement and attachment. We show how these 

gradients can be obtained from individual-based simulations. Based on the 

selection gradient, we can then study how the evolutionary dynamics of attachment 

and movement are affected by environmental factors such as food availability and 

predation risk. Finally, we incorporate the effect of clump formation on survival 

and fitness by introducing a second level of selection in the analysis. We compare 

simulations runs of a model including only individual-level selection with results 

of a multilevel selection model to examine the effect and importance of the 

different levels of selection.  

 

Methods 

1. A model for the joint evolution of movement and attachment in self-

organized mussel beds 
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Our model implicitly includes two time scales: a short time scale (within 

generations) at which behavioural and ecological processes take place; and a 

longer time scale (across generations) at which the heritable characteristics of a 

population change due to evolution by natural selection. Within a generation, 

individuals move and attach to each other, leading to pattern formation, which in 

turn affects dislodgement risk by predation and wave stress and food intake (which 

depends on competition). These short-term processes are explicitly represented in 

individual-based simulations. The long-term simulations subsequently allow us to 

estimate the fitness consequences for a spectrum of heritable strategies. These 

fitness estimates will subsequently be used to predict the outcome of adaptive 

evolution. 

 

Movement and attachment 

In natural mussel beds, young mussels move around until they have aggregated 

into a labyrinth-like pattern. Such a pattern may be viewed as an optimal 

compromise between minimizing predation pressure and wave stress (requiring 

dense local aggregation) on the one hand and avoidance to minimize competition 

(requiring low competitor density at a larger scale) on the other (Van de Koppel et 

al., 2005; Van de Koppel et al., 2008). As shown in Van de Koppel et al. (2008), a 

self-organized labyrinth-like pattern can emerge from the movements of individual 

mussels that follow the rule to leave their spot if (a) the mussel density in their 

local ‘attachment range’ (the range where mussels can affix themselves to 

conspecifics and thereby find protection from predation and wave stress) is too low, 

or if (b) the mussel density in the larger ‘competition range’ (the range where 

mussels experience competition for food from others) is too high. This rule is 

illustrated in Figure 6.1A.  

 

Here, we adopt this model of aggregative movement. Three parameters of 

this model are kept fixed at values that were estimated from experimental data 

(Van de Koppel et al., 2008, De Jager et al. 2011): the size of the attachment range, 

the size of the competition range, and the competition threshold density 

(determining whether a mussel will stay or leave in order to avoid competition). In 

contrast, the attachment threshold density τ (determining whether a mussel will 

stay or  leave  in  order  to  find  a  denser  cluster  of  conspecifics)  is  an  evolving  
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Figure 6.1: Illustration of the parameters determining the movement strategy of a mussel (A) and the 

joint effect of the evolvable parameters  (attachment) and  (movement threshold) on spatial pattern 

formation (B).  (A) In the model, the movement decisions of mussels depend on the density of 

conspecifics at two scales: the density of mussels in the attachment range (where mussels can attach to 

each other by byssus threads) and the density of competitors in the competition range. A mussel is 

inclined to move away if the density in the competition range is larger than 0.7 mussels cm-2 and/or if 

the density in the attachment range is smaller than the threshold . The threshold  and the byssus 

attachment rate  are the evolvable parameters in our model. (B) Illustration of the patterns generated 

by mussel populations with different combinations of the movement threshold  and the attachment 

rate . Different spatial patterns emerge, ranging from random distributions (τ < 0.3), to labyrinths (0.3 < 

τ < 0.7) and dense clumps (τ > 0.7), for different combinations of α and τ. The picture was created by 

joining the final mussel distributions of 5x5 simulations. 
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parameter in our model. As illustrated in Figure 6.1B, the value of τ strongly 

affects the spatial distribution of mussels in the mussel bed.  

 

More specifically, our individual-based model considers 1600 individuals 

with a cross section of 1 cm that are initially spread evenly on a 25 x 25 cm surface. 

Within a generation, there are 500 decision moments, where each individual has to 

make a movement or an attachment decision. At a decision moment, the ‘local 

density’ (i.e., the density of mussels within the attachment range of 1.1 cm ø) and 

the ‘long-range density’ (i.e., the density of mussels within the competition range of 

3.3 cm ø) is calculated for each individual. These densities are compared with the 

competition threshold density (0.7 individuals/cm2) and the attachment threshold 

density (the heritable parameter τ). If the local density is lower than the 

attachment threshold density, or if the long-range density is higher than the 

competition threshold density, the individual moves away in search for a better 

spot. Those individuals that move away make a step in a random direction, where 

the step length is drawn from a power law distribution, as the movement of solitary 

mussels can be approximated by a Lévy walk (De Jager et al., 2011). Whenever a 

moving individual encounters a conspecific, the move ends prematurely (De Jager 

et al., 2014).  

 

Mussel beds are regularly threatened by wave stress, currents, and 

predation. Because dislodged mussels are less efficient filter feeders and are more 

prone to predation (Hunt & Scheibling, 2001), we assume that they have a lower 

survival chance than properly affixed individuals. In order to reduce the risk of 

dislodgement, mussels produce byssus threads to attach themselves to conspecifics. 

In the model, individuals can attach byssus threads to neighbours in their 

attachment range (1.1 cm ø). If an individual does not move during a simulation 

step and if suitable neighbours are present, it attaches itself to a random neighbour 

with probability α (0 ≤ α ≤ 1). This parameter is a heritable strategy that can be 

interpreted as the cooperation tendency of a mussel. 

 

A trade-off exists between movement and attachment: while moving, an 

individual cannot attach, and attached individuals cannot move away because of 

their binds. As real mussels are able to remove some of the byssus threads attached 
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to them, the individuals in our model can destroy the attachment in a decision 

moment and move away in a subsequent one if they are attached with a single 

byssus thread only. To put some boundaries to our model, each individual can 

attach a maximum of 50 byssus threads to its neighbours within the 500 time steps 

of each simulation run. No additional byssus threads are produced once this 

maximum is reached.  

 

Evolutionarily stable movement and attachment strategies 

All these actions have their costs and benefits in terms of Darwinian fitness. 

Moving into a patterned distribution takes energy, but also helps an individual in 

finding conspecifics to attach to. Consequently, attaching to a neighbour requires 

the production of a byssus thread, but can improve a mussel’s survival. We assume 

that fitness corresponds to expected lifetime reproductive success of a semelparous 

organism, that is to the product of the probability to survive until reproduction (S) 

and expected fecundity (F) once reproductive age has been reached. We assume 

that fecundity is determined by food availability (which depends on the food influx 

and the density of conspecifics in the competition range), the total costs of 

movement, and the total costs of attachment (see Appendix A for details). We 

further assume that the survival probability of an individual is positively related to 

the number n of neighbours this individual is connected with via byssus threads. To 

be more specific, we assume that S(n) is a logistic function of n, which is 

characterized by a single parameter n50 that corresponds to the number of attached 

neighbours required for a 50% survival probability (see Appendix A for details). 

This parameter can be viewed as a measure of predation risk: the higher the risk, 

the more attachments are necessary to achieve 50% survival.  

 

The above considerations allow us to calculate in each within-generation 

simulation a fitness value for each genotype, where genotypes are characterized by 

the combination of a movement strategy τ and a cooperation strategy . 

Subsequently, these fitness values can be used for making evolutionary predictions. 
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Figure 6.2: Relative fitness of ‘plus mutants’ (green) and ‘minus mutants’ (red) for a range of resident 

strategies. A mutant will invade the resident population if its relative fitness is larger than one. (A) In 

this scenario, ‘plus’ mutants (i.e. mutants with a higher trait value than the resident) can invade if the 

resident strategy is below 0.5, while ‘minus’ mutants can invade if the resident strategy is above 0.5. 

Accordingly, gene substitution events will shift the resident strategy to 0.5, which is an evolutionary 

attractor and an evolutionarily stable strategy (ESS). In (B), long-term selection is in the direction of 

smaller trait values if the resident strategy is below 0.5, while it shifts the population to higher trait 

values if the resident strategy is above 0.5. In this case, 0.5 is an evolutionary repellor and an 

evolutionarily unstable strategy (EUS). The population will converge to one of the extreme strategies; 

whether it converges to 0 or to 1 depends on the initial conditions.  

 

Two-dimensional selection gradients  

In a first step, we take a ‘univariate’ approach by separately considering the 

evolution of movement and the evolution of attachment, keeping the other 

strategic parameter at a fixed value. Suppose, for example, that the attachment 

strategy is a fixed value . To determine which value of the movement strategy τ is 

evolutionarily stable (given this value of ), we performed for 21 equidistant values 

of τ (0  τ  1) 100 replicate within-generation simulations as follows. We started 

the simulation with a population of 1600 mussels, 2 of which were mutants. The 

residents were characterized by a movement threshold density τ while the 2 mutant 

individuals were given a threshold density that was either higher or lower than that 

of the resident (plus mutant: τ+
 = τ + δ, minus mutant: τ- = τ - δ; where δ = 0.1). 

During the simulation, these movement threshold densities determined when the 

individuals stopped moving and, accordingly, when a final configuration of the 
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mussel bed was reached. After 500 simulation steps, the moved distance, number of 

byssal attachments, number of attached neighbours, and group size were recorded 

for each mutant and a random resident. From these data we first calculated the 

relative fitness of both types of mutant by averaging over the 100 simulations. 

Subsequently we fitted a linear regression line through these fitness estimates. This 

line corresponds to the local selection gradient. Plotting these values results in a 

graph as in Figure 6.2. Whenever we present fitness estimates in a figure, the 

linear-regression predictors are used, since they are less affected by stochasticity 

than the primary fitness estimates. When the fitness curves of plus and minus 

mutants intersect at a value τ* of the movement strategy, this value can either be 

an evolutionary attractor (Fig. 6.2A) or an evolutionary repellor (Fig. 6.2B, Geritz et 

al., 1998). τ* is an attractor if any resident strategies different from τ* can be 

invaded by mutants “in the direction of τ*”, that is, by plus mutants if the resident is 

smaller than τ* and by minus mutants if the resident strategy is larger than τ*. 

This happens in the scenario depicted in Figure 6.2A, since plus mutants have a 

higher fitness than the resident when the resident is to the left of τ*= 0.5, while 

minus mutants have a higher fitness than the resident when the resident is to the 

right of τ*. The opposite pattern is depicted in Figure 6.2B. Here, each resident 

strategy differing from τ* is invaded by mutants that drive the system even further 

away from τ*. Accordingly, τ* is in this case an evolutionary repellor. 

 

For a given set of parameter values, the evolutionary attractors and 

repellors τ* can be determined as a function of the given attachment strategy . 

This is illustrated by the blue curve in Figure 6.3A. In the example shown, the blue 

curve is solid, indicating that in all cases the value τ*() is an evolutionary 

attractor. In later examples, evolutionary repellors can also occur: they would be 

symbolized by a dashed curve. Similarly, for any given value τ of the movement 

strategy, the evolutionary attractors and repellors * of the attachment strategy 

can be identified. The corresponding curve *(τ) is represented by a red curve in 

Figure 6.3A. The intersection point of the blue and the red curves is special, since 

this is the only point where τ* and * are both evolutionary attractors: for any 

other combination of strategies, upcoming mutants could either destabilize the 

movement strategy or the attachment strategy. 
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The situation is not always as clear-cut as in Figure 6.3A. The blue and red curves 

indicating the lines representing the univariate evolutionary attractors and 

repellors may intersect at various points, or they may not intersect at all. To get a 

better picture of the selective forces acting on the two strategies, we need to 

determine the vector field of selection gradients. To this end, we simulated mussel 

bed formation with a population consisting of 1592 residents and 8 mutants. The 

residents were characterized by a resident movement threshold density τ and 

resident attachment strategy α, whereas the mutants differed in their  strategy  

from the residents with respect to the movement strategy (τ+ or τ-), the attachment 

strategy (α+ or α-), or both, resulting in 8 possible mutant strategies (i.e., τ-α-, τ-α, τ-α+, 

τα-, τα+, τ+α-, τ+α, τ+α+). As before, we first determined the relative fitness of the eight 

mutant strategies and subsequently obtained the selection gradient by a (multiple) 

linear regression of these fitness values on mutant strategy (see Appendix B). This 

method is illustrated in Figure 6.3B. 

 

1. Group-level selection in patterned mussel beds 

Up to now, we have only considered the possibility that the survival of a mussel is 

affected by the degree to which it is attached to its immediate neighbours. Close 

attachment to immediate neighbours can protect against predation, if predators 

have a preference for loosely attached food that can be picked up and eaten at a 

faster rate. Attachment to neighbours can, however, have an additional effect. The 

totality of individuals that are connected by byssus threads forms a network, which 

– depending on the spatial configuration of the mussels – can be quite large. All 

the mussels sticking together form a clump, and it is plausible that larger clumps 

can be less easily dislodged and washed away by the action of waves than smaller 

clumps. In other words, we consider it likely that there is a second level of 

selection, namely the size of the group to which a given mussel is attached. 

 

To investigate this hypothesis, we performed a simple field experiment on 

an intertidal flat near the island of Schiermonnikoog, Netherlands (53˚47’ N 6˚21’ 

E). We collected mussels from an existing mussel bed and relocated them to create 

80 groups of 1, 3, 10, and 30 mussels, respectively. Groups were placed parallel to 

the shoreline with a minimum distance of 10 cm between groups. Two days after 

the start of the experiment, we recorded the  presence  and  absence  of  groups.  As  
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Figure 6.3: Illustration of the method for predicting the outcome of the joint evolution of mussel 

movement and attachment strategies. (A) The red curve indicates the evolutionarily and convergence 

stable attachment level α*(τ) for a given movement threshold τ. The blue curve indicates the 

evolutionarily and convergence stable movement threshold τ*(α) for a given attachment strategy α. The 

intersection point of the two curves (black dot) indicates the joint evolutionarily stable strategy 

combination (JESS). The arrowheads point into the direction of the long-term selection gradient. (B) 

Determination of the long-term selection gradient by means of individual-based simulations. The size of 

the grey dots represent the relative fitness of the 8 mutants and the resident (relative fitness of the 

resident equals one). Considering the distance in trait space between resident and mutants and the 

relative fitness of the mutants, we calculated the direction in which selective forces are strongest and 

indicated this direction with an arrow (see Appendix C). Here we used the following parameter values: 

n50 = 2, κ1 = 1, κ2 = 0.005, κ3 = 0.005 (without group-level selection). 

 

shown in Figure 6.4, there was a clear positive relationship between the size of a 

group and the probability of finding the group back after 48 hours (Chi Square test 

of independence: χ2 = 14.4, df = 3, p = 0.002). Due to wave stress and strong 

currents, small groups of mussels are apparently more easily dislodged from the 

sediment and removed from their original location than larger clumps. 
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Figure 6.4: Effect of clump size on the dislodgement of mussel clumps in a field experiment. Small 

clumps were dislodged significantly more often than large clumps Chi Square test: χ2 = 14.4, df = 3, p = 

0.002). 

 

Incorporating group-level selection in the model 

Dislodgement of mussel clusters is likely to decrease the survival chance of all 

mussels within the detached clump. We incorporated this effect by assuming that 

overall survival has two components: individual-level survival SIL(n) that depends on 

the number n of attached neighbours as described above; and group-level survival 

SGL(g) that is positively related to the size g of the group (clump) to which an 

individual is attached. A group is specified as the number of mussels that is directly 

and indirectly linked to the focal individual (including itself). We assume that SGL(g) 

is a logistic function of g. In our baseline scenario, survival is just given by 

individual-level processes: S = SIL(n). In the multi-level scenario of the model, we 

assume that survival is given by the geometric mean of individual-level survival 

SIL(n) and group-level survival SGL(g). 
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Figure 6.5: Effect of food availability and predation risk on the joint evolution of mussel movement and 

attachment strategies. The top row shows the results of our analysis for an intermediate level of food 

availability (κ1 = 0.5). In the bottom-row panels, food is sparse (κ1 = 0.1). From left to right, predation 

risk increases, from no predation (n50 = 0) to low predation (n50 = 2) to intermediate predation (n50 = 

5). The red and blue lines illustrate the ESS of respectively the attachment and movement strategies 

given a constant, non-evolving level of the other trait. The intersection between the two lines correspond 

to the joint ESS (JESS), which is marked by a black dot. The arrows indicate the direction of evolution. 

Self-organized pattern formation depends on the evolved attachment and movement strategies. Because 

the evolutionary outcome is strongly affected by the environmental conditions, different spatial patterns 

emerge within the different situations. Only in (B), we find a single attractor leading to the emergence 

of labyrinth-like patterns. Depending on the initial values of α and τ, random distributions can be 

generated in the case of (C) and (D), labyrinth-like patterns can emerge when the fitness landscape 

resembles that of (B) or (E), and dense clumps can be produced in the case of (A), (C), and (E). 

Parameter values used for these figures are: κ2 = 0.005 and κ3 = 0.005; these figures were created with 

simulations that exclude higher-order levels of selection. 

 

Results 

1. Evolution in the absence of group-level selection 

Analysis of the model that uses single-level selection revealed that a variety of 

qualitatively different evolutionary outcomes are possible at different levels of food 
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availability and predation risk, as represented in Figure 6.5. We ran a multitude of 

simulations of the joint evolution of movement and attachment in a model that 

only considers individual-level selection (SILS, see appendix A), for a range of 

different combinations of the four key parameters: predation risk (n50), food 

availability (κ1), costs of movement (κ2) and costs of byssus thread production and 

attachment (κ3). For conciseness, we here focus on the environmental parameters, 

n50 and κ1.  We found that with single-level selection, the evolution of attachment is 

mostly independent of the movement strategy. The red lines in Figure 6.5 

correspond to those levels of attachment, which, for a given movement threshold, 

are predicted to be the outcome of long-term evolution. In all six panels, these lines 

are almost horizontal, indicating that, in a given environment, the outcome of 

evolution on attachment is only marginally affected by the movement strategy. 

The effect of food availability on the evolved level of cooperative attachment is 

straightforward; when food is scarce, low investment in attachment evolves, 

whereas intermediate cooperativeness results from simulations with higher food 

densities. Changes in predation risk do not seem to alter the evolution of 

attachment as much as food availability. Out of all possible combinations of 

predation risk and food availability, highest attachment levels evolve when 

predation risk is low and food availability is high.  

 

The effect of joint evolution under different conditions is less 

straightforward for the resulting movement strategy (Figure 6.5, blue lines). Now, 

we not only found evolutionary attractors (solid blue lines) but also evolutionary 

repellors (dashed blue lines in Fig. 6.5C). Moreover, the evolved movement strategy 

can strongly depend on the attachment strategy of the population. Depending on 

the environment (the combination of food availability and predation risk), quite 

different evolutionary outcomes were observed. In Fig. 6.5B, for example, the same 

intermediate movement strategy will evolve, irrespective of the attachment 

strategy. In Fig. 6.5A, an intermediate movement strategy will only evolve in case 

of a high attachment tendency; in case of low investment in attachment, the 

movement threshold evolves to the highest possible value. In Fig. 6.5C, the 

movement threshold will either evolve to lowest possible value or to the highest 

possible value, depending on the initial conditions.  
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Overall, joint evolution results in a variety of qualitatively different 

combinations of movement and cooperation strategies. We investigate the effect of 

food availability and predation risk on the joint evolution of the movement 

threshold density τ and the attachment level α. When both traits can evolve, the 

evolution of one trait can lead to further evolution of the other. Imagine that, for a 

given attachment level, the movement strategy evolves to a certain value. Given 

the evolved movement strategy, attachment is likely to evolve to its own 

evolutionary attractor. At this new attachment level, the movement strategy might 

not be at its adaptive value and hence evolves to another level. This process 

continues until both movement and attachment are at the joint evolutionarily 

stable strategy (Joint-ESS). Using a univariate analysis, we can locate this point as 

the intersection of the two lines in Fig. 6.5 that indicate the two unilateral types of 

attractor. A more refined picture emerges by looking at the selection gradients. In 

Figure 6.5, the gradient vector fields are indicated by arrows pointing in the 

expected direction of evolution from every strategy combination. The joint ESS are 

illustrated by a black circle. In each of the six scenarios, the joint ESS is located at a 

different position in 2D-trait space.  

 

The evolutionary outcomes in Figure 6.5 correspond to the formation of 

different spatial patterns in the mussel bed. As we discussed earlier, the pattern that 

is generated in a self-organized mussel bed strongly depends on the movement 

threshold density and the level of attachment (Figure 6.1B). For low values of the 

movement threshold density, the population is homogeneously distributed, even 

more so at high levels of attachment (as attachment prevents movement). At 

intermediate levels of aggregative movement, labyrinth-like patterns are produced, 

and high movement threshold densities give rise to dense mussel clumps. Hence, 

homogeneous mussel beds are generated in Figure 6.5C and D, labyrinth-like 

patterns in Figure 6.5B and E, and dense clumps in Figure 6.5A and C.  

 

2. Introducing multilevel selection 

We found that including multi-level selection, triggered by higher survival in large 

clusters, reduced the range of possible outcomes, and favoured the emergence of 

ESS strategies that generate labyrinth-like patterns. The combination of movement 

and attachment strategy  strongly  affects  the size  distribution  of  the  clumps  of  
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Figure 6.6: The addition of group-level selection can have a large effect on the joint evolution of 

movement and attachment and, as a result, on spatial pattern formation. For example, without group-

level selection, either a randomly distributed mussel bed or dense mussel clumps are generated for the 

situation in Figure 6.5C, depending on initial conditions (A). Adding group-level selection to the 

situation depicted in Figure 6.5C results in evolution towards intermediate levels of the movement 

threshold density and attachment strategy, which give rise to labyrinth-like patterns (B). 

 

mussels that result from between-mussel attachment. It is likely (Fig. 6.4) that 

being part of a larger clump reduces the risk of becoming dislodged by wave action 

and strong currents. We therefore repeated our simulation, but now also included 

the effects of clump-size related survival (a group-level process) in our fitness 

measure. As an illustration, we compare the outcome of simulations with and 

without group-level selection in the scenario of Figure 6.5c in Figure 6.6. While the 

evolutionarily stable attachment level (red lines) are not affected very much, the 

direction of selection on the movement strategy (blue lines) gets reversed by the 

addition of group-level selection. As a consequence, the two evolutionary attractors 

in Figure 6.6A (corresponding to either a random distribution in case of τ*= 0 or to 

a highly clumped distribution in case of  τ*=1)  are replaced by  a  single  joint  

evolutionarily stable strategy with an intermediate value of τ*, corresponding to a 

labyrinth-like distribution of mussels. Figure 6.7 provides a more comprehensive 

analysis of the effect of multi-level selection on spatial pattern formation. For a 

broad range of environmental conditions (food availability and predation risk),  the  
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Figure 6.7: Evolved spatial patterns in case of individual-level selection (A) and multi-level selection (B) 

in relation to predation risk and food availability. The blue areas indicate environmental conditions 

leading to a combination of movement and attachment strategies that result in labyrinth-like patterns 

(see Figure 6.1B), which are characteristic for mussel beds. The purple areas correspond to conditions 

that can alternatively result in labyrinth-like patterns or dense clumps, depending on the initial 

conditions. The orange areas indicate conditions leading either to dense clumps or to a random 

distribution of mussels, again depending on initial conditions. Conditions indicated by red give rise to 

densely clumped populations, while those indicated by yellow lead to random distributions.  

  

evolutionary outcomes are classified according to the resulting spatial distribution 

of mussels in the absence (Fig. 6.7A) and in the presence (Fig. 6.7B) of group-level 

selection. A comparison of both outcomes clearly reveals that the inclusion of 

group-level selection is favourable for the emergence of labyrinth-like patterns, 

which occur under a much broader range of conditions than in the absence of 

group-level selection. The same conclusion was drawn for other environmental 

scenarios (results not shown). As labyrinth-like patterns are a predominant feature 

of mussel beds, we conclude that group-level selection is potentially an important 

driver of spatial self-organization in mussel beds. 

 

Discussion 

We developed an eco-evolutionary model for the joint evolution of movement and 

attachment in mussel beds, to understand how cooperation can emerge in a 

spatially structured system. Here, the interplay of ecological (spatial pattern 

formation determining selection gradients) and evolutionary processes (adaptive 

changes in the parameters determining the process of pattern formation) proved 

critical in explaining both the adaptations of the mussels and the spatial structure 



146 
 

of the mussel bed. To study this interplay, we used a three-step approach: (i) 

individual-based simulations of within-generation dynamics of pattern formation, 

(ii) distilling the selection gradient vector field from these simulations, and (iii) 

inferring the direction and long-term outcome of evolution by means of adaptive 

dynamics techniques. We demonstrate that the interplay between ecological and 

evolutionary processes, characterized by the simultaneous evolution of multiple 

traits and the generation of large-scale spatial structures, significantly alters 

evolutionary processes. 

 

Our model makes use of many previous studies that provided a rather 

detailed picture of mussel movement and the spatial self-organization of mussel 

beds (e.g., Van de Koppel et al., 2008; De Jager et al., 2011). This allowed us to take 

over parameters of the movement model that are well supported by experimental 

and field data. Other aspects of our model are less well supported. In particular, our 

assumptions on the costs and benefits of movement and attachment are more 

based on plausibility arguments than on empirical evidence. For this reason, our 

model cannot yield specific, quantitative predictions. Yet, we hope that it provides 

interesting qualitative insights into how eco-evolutionary feedbacks shape the 

spatial structure of mussel beds.  

 

It is widely acknowledged that spatial structure plays a crucial role for the 

evolution of cooperation (Nowak & May, 1992; Ohtsuki et al., 2006; Allen et al., 

2013). Most model studies consider spatial structure as externally given and fixed 

(e.g. Nowak & May, 1992; Vainstein & Arenzon, 2001; Zhang et al., 2005; Ohtsuki et 

al., 2006; Hui & McGeoch, 2007; Allen et al., 2013). In contrast, our model takes 

account of the fact that in many organisms spatial population structure is actively 

modified by the activities of the organisms themselves and therefore emerges 

through spatial self-organization (e.g. Bonabeau et al., 1997; Gautrais et al., 2004; 

Jeanson et al., 2005; Moussaid et al., 2009; De Jager et al. 2011). Our study 

highlights that this can be of crucial importance for evolutionary processes, 

changing evolutionary outcomes.  

 

In most evolutionary models, cooperativeness is considered a univariate 

trait. However, cooperation is an intricate process that manifests itself in multiple 
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aspects. In order to get a good impression of cooperation in real-world systems, a 

multivariate approach is often a necessity. Our study highlights that investigating 

the evolution of just a single trait without considering mutually dependent 

companion traits can be misleading. Even though the joint evolution of multiple 

traits is likely the rule rather than the exception, the eco-evolutionary analysis of 

multivariate evolution is still in its infancy (Leimar, 2009; Metz & De Kovel, 2013).  

Yet, studying the interplay of multiple traits that – through the interactions of their 

ecological functions - define the fitness of individual organisms may prove crucial 

for a thorough understanding of eco-evolutionary dynamics. 

 

An important insight from our model is the emergence of multi-level 

selection from the aggregative movement of the mussels. By aggregating into tight 

clumps, mussels improve their own survival, but also that of the others in the 

group, as the persistence of clumps of mussels is determined by group-level 

properties such as clump size. As persistence on a mussel bed strongly affects 

survival, there is a considerable effect of the properties of the clump on individual 

fitness. Strikingly, this clump effect emerges from the evolution of traits that 

determine aggregative movement and attachment, through the processes of 

ecological self-organization (De Jager et al., 2011). Earlier empirical and theoretical 

studies on group-level selection make use of clearly defined groups, which are 

rarely intermixed between generations (e.g. Wade, 1967; Wade, 1977; Craig, 1982; 

Goodnight, 1985). By keeping groups intact, multigenerational population 

differentiation can occur, which augments selection between groups (Wade, 1978; 

Harrison & Hastings, 1996; Goodnight & Stevens, 1997).  The individuals in natural 

mussel beds are derived from a highly mixed common pool of offspring, and 

different groups are therefore not genetically isolated. In contrast to statements in 

the literature (e.g. Harrison & Hastings, 1996), our model demonstrates that 

homogenization of groups does not prevent group selection to be effective.  

 

Our study highlights the importance of ecological self-organization on the 

effect of selection pressures in real-world populations. Interestingly, selection at the 

group level in the context of self-organized mussel beds is an emerging feature of 

individual-level interactions. In contrast with other studies on group-level selection 

(Maynard Smith, 1964; Williams, 1966; Okasha, 2004; West et al., 2007 & 2008; 
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Leigh, 2010; Burton et al., 2012), selective forces at the group level are not always 

opposing selection processes occurring at the individual level. As such, our model 

provides a more realistic view of multilevel selection in nature, where group-level 

selection does not only express itself as a force counteracting individual-level 

selection, but also as one enhancing selection. To understand evolutionary 

processes in the context of real-world ecosystems, it is crucial to realize that the 

interplay of ecological and evolutionary processes can be an important 

determinant of the adaptations of individual species.  
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Appendix A: Model assumptions on fitness 

We consider a population with discrete, non-overlapping generations. The 

reproductive contribution of individuals to the next generation is given by the 

product of survival until reproduction (S) and fecundity (F): 

 

 𝑊 = 𝐹 ∙ 𝑆.       (6.1) 

 

We assume that fecundity is proportional to the energy available upon 

reproduction, and that this energy is given by some baseline level minus the 

energy spent on movement and the energy spent on the production of byssal 

attachments: 

 

 𝐹 =  𝜅1 −  𝜅2 ∙  𝐷 −  𝜅3  ∙  𝐴.     (6.2) 

 

Here, κ1 is the total amount of energy available for movement, byssus production, 

and reproduction, κ2 is the energy it takes to move one unit centimetre, and κ3 is the 

energy used for creating and attaching a single byssus thread. D represents the 

total distance moved per individual during the simulation and A is the number of 

byssus threads produced by this individual.   

 

In our model, survival can act on the individual level and on the level of mussel 

clumps. We assume that individual-level survival (SIL) is positively related by the 

number of neighbours N to which a mussel is directly attached by byssus threads. 

To be specific, individual-level survival is given by a logistic function: 

  

 𝑆𝐼𝐿(𝑁) = (1 +  𝑒𝜆𝑛 ∙(𝑛50−𝑁))−1.     (6.3) 

 

The parameter n50 denotes that density of attached neighbours for which this 

survival probability is equal to 50%. To reduce the number of model parameters, 

we assumed that in all scenarios considered the survival probability in the absence 

of attached neighbours was constant and given by SIL(0) = 0.01. As a consequence, 

we can get rid of the parameter λn and re-write (6.3) as follows: 
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 𝑆𝐼𝐿(𝑁) = (1 +  99 ∗ 𝑒−ln (99)𝑁/𝑛50)−1.     

 (6.4) 

 

Similarly, we assume that group-level survival is positively related to group (= 

clump) size G and given by the logistic function:  

 

 𝑆𝐺𝐿 = (1 +  99 ∗ 𝑒−ln (99)𝐺/𝑔50)−1.     (6.5) 

 

G is the total number of individuals that is directly and indirectly linked to the 

focal individual by byssal attachments to either this individual, its neighbours, the 

neighbours of its neighbours, etcetera; g50 denotes the clump size for which the 

group-level survival probability is equal to 50%.  

 

In the first part of our analysis, we only considered individual-level selection. This 

was done by equating overall survival with individual-level survival:  S = SIL(N). In 

the second part, we assumed that overall survival is given by the geometric mean 

of individual-level and group-level survival: 

  

 𝑆 = 𝑆𝐼𝐿
0.5  ∙  𝑆𝐺𝐿

0.5.       (6.6)  
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Appendix B: Determination of selection gradients by linear 

regression 

Each simulation with the IBM gives us a distance moved (D), byssus threads 

attached (A), number of attached neighbours (N), and group size (G) for one 

individual of every mutant type (see Figure 6,3B) and one resident. Given a set of 

parameter values (κ1, κ2, κ3, n50, and g50), we calculated the fitness of each of these 

individuals (see Appendix A). Because the IBM is highly stochastic, we repeated 

each simulation 100 times, for 21 x 21 different resident strategy combinations of 

attachment and movement. These simulations thereby provided 100 x 21 x 21 x 9 = 

396900 data points, which we used in a multiple linear regression to smoothen the 

IBM results. We estimated the fitness of an individual with movement strategy τ 

and attachment strategy α in a resident population that uses strategies τres, αres using 

linear regression in R (lm, R Core Team; 2014): 

 

 𝑊(𝜏, 𝛼|𝜏𝑟𝑒𝑠 , 𝛼𝑟𝑒𝑠) =  𝛽0000 + 𝛽1000𝜏𝑟𝑒𝑠 + 𝛽0100𝛼𝑟𝑒𝑠 + 𝛽0010𝜏 + 𝛽0001𝛼 +

 𝛽1100𝜏𝑟𝑒𝑠𝛼𝑟𝑒𝑠 + 𝛽1010𝜏𝑟𝑒𝑠𝜏 + 𝛽1001𝜏𝑟𝑒𝑠𝛼 +  𝛽0110𝛼𝑟𝑒𝑠𝜏 + 𝛽0101𝛼𝑟𝑒𝑠𝛼 +

 𝛽0011𝜏𝛼 + 𝛽1110𝜏𝑟𝑒𝑠𝛼𝑟𝑒𝑠𝜏 + 𝛽1101𝜏𝑟𝑒𝑠𝛼𝑟𝑒𝑠𝛼 + 𝛽1011𝜏𝑟𝑒𝑠𝜏𝛼 + 𝛽0111𝛼𝑟𝑒𝑠𝜏𝛼 +

 𝛽1111𝜏𝑟𝑒𝑠𝛼𝑟𝑒𝑠𝜏𝛼,       (6.7) 

 

where β0000 – β1111 are the regression coefficients. The relative fitness of each mutant 

can now be estimated as W(τ,α | τres,αres) / W(τres,αres | τres,αres). Considering the relative 

fitness of the 8 mutants for each resident strategy combination, we determined the 

vector fields of the selection gradients. 
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