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Fisheries-induced life-history evolution in anadromous stocks 

Perla Catalina Chaparro Pedraza 

Institute for Biodiversity and Ecosystem Dynamics, 
University of Amsterdam, The Netherlands 

Goal 
To understand how life-history traits of migratory species evolve under different mortality re-
gimes, in particular to predict their fisheries-induced evolution. 

Background and motivation 
Atlantic salmon and other salmonid species have a typical anadromous life cycle. Anadromous 
individuals are migratory, beginning their life cycle in freshwater (breeding habitat) and later 
moving to the ocean (non-breeding habitat), where they grow larger and eventually become 
mature. Mature individuals migrate back to the freshwater habitat in order to reproduce, before 
returning to the ocean. 

Multiple anthropogenic disruptions – including overfishing, habitat degradation, and frag-
mentation, as well as global shifts in climate – affect the life cycle of anadromous species 
(Chapman et al., 2011) and threaten their persistence. In particular, shifts in mortality regimes 
have likely impacted the evolution of the timing of the habitat switch between freshwater and 
the ocean and the timing of reproduction. After their transition to the ocean, salmonids experi-
ence increased food availability that elevates the energy they can allocate to energy reserves 
(Jonsson et al., 1998). An early habitat switch thus enables high-energy reserves since early in 
life and consequently raises fecundity. However, small-sized salmon face elevated mortality 
from predation in the ocean (Friedland et al., 2009). Conversely, a late habitat switch increases 
body size and consequently reduces predation risk after arrival in the ocean. Since both survival 
and fecundity are essential components of fitness, the timing of the habitat switch is subject to 
natural selection. Therefore, alterations in the fecundity-survival tradeoff may affect selection 
on this life-history trait and shift the evolutionary outcome. 

Given the economic and cultural importance of salmonid species, policy measures have 
been taken to accomplish their conservation and sustainable exploitation. For instance, salmon 
fisheries at open sea were largely prohibited in the 1990s, with catches henceforth allowed only 
during the spawning migration near or in spawning rivers. Before the implementation of this 
policy, fishing was possible on both mature and immature individuals; conversely, after its im-
plementation, only mature individuals returning to spawn are caught (Hard et al., 2008). There-
fore, it is of interest to understand the effects of different mortality regimes on the fecundity-
survival tradeoff, and thereby, on fisheries-induced life-history evolution of the habitat switch 
and maturation. 

Although several theoretical studies have addressed similar questions on the evolution of 
life-history traits related to migration, most of them have focused on birds (Chapman et al., 
2011). Fishes, in contrast to many wild birds, clearly exhibit food-dependent growth (Elliott 
and Hurley, 1997). Therefore, in the studies on birds the growth rate is not explicitly modeled 
as food-dependent, making most of the conclusions arising from this line of theory not applica-
ble to fishes. The investigation of fisheries-induced life-history evolution requires a theoretical 
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framework in which the developmental rate is explicitly modeled as food-dependent and den-
sity dependence is accounted for as a consequence of the interaction of individuals with their 
environment. 

I will use an adaptive dynamics approach in conjunction with physiologically structured 
population models to study the evolution of the timing of the habitat switch. By using adaptive 
dynamics theory, the evolutionary outcome will be a result of the underlying population dy-
namics, which arises from ecological factors such as mortality, cost of migration, and food 
availability, as well as from the interaction of individuals with their environment. In addition, 
by modeling the anadromous population as a physiologically structured population, the devel-
opmental rate can be explicitly modeled as food-dependent. I will compare the model predic-
tions to data of Atlantic salmon populations that have undergone long-term monitoring of their 
life-history traits, especially those that include data before and after the prohibition of salmon 
fisheries at sea. 

Research questions 
Using a physiologically structured population model in which the timing of the habitat switch 
and the timing of maturation can evolve, I will examine how these traits evolutionarily respond 
to fishing, addressing the following questions: 

 What is the evolved timing of the habitat switch and of maturation for individuals facing 
different predation risks? 

 How does fishing mortality shift the evolutionary outcome? 

 How do changes in fishing policy shift the evolutionary outcome? 

 How do predictions from the model compare to field data? 

Methods and work plan 

Model overview 

I will devise a model of an anadromous population migrating between two habitats (breeding 
and non-breeding habitat). The food availability in the breeding habitat increases through 
growth and declines due to foraging by individuals, simulating the strong density dependence 
in this habitat (Jonsson et al., 1998), while the food in the non-breeding habitat is constant, 
reflecting that density dependence is negligible (Jonsson et al., 1998). The anadromous popu-
lation is physiologically structured and follows a semi-discrete dynamics: continuous dynamics 
describe the resource consumption, somatic growth, stored energy reserves, and survival, and 
a discrete map describes the annually pulsed reproduction. We will use the bioenergetics ap-
proach described by Martin et al. (2017) to model individual consumption, somatic growth, 
stored energy reserves, and reproduction. Survival in the breeding habitat is constant, while in 
the non-breeding habitat it is assumed to be size-dependent (Pinder et al., 1978), whereby large 
individuals experience low predation risk. In addition to predation mortality, individuals expe-
rience starvation, fishing, and background mortality. During the breeding season, individuals 
use their energy reserves to migrate upstream the river and spawn. All individuals that are born 
in the same breeding season are lumped into a single cohort and are assumed to grow at the 
same rate. After hatching, individuals stay in the breeding habitat until they reach a size thresh-
old at which they switch to the non-breeding habitat (smolting). Similarly, maturation occurs at 
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a threshold size, when individuals start to accumulate energy that they will invest in reproduc-
tion in the next reproductive season. The two size thresholds for smolting and maturation are 
the evolving traits in the model. 

I will use adaptive dynamics theory (Geritz et al., 1998) to study how the evolution of the 
thresholds for smolting and maturation are affected by predation risk, and how they will adapt 
under different fishing regimes. 

Given that it is not possible to find analytic expressions for the equilibrium densities, I will 
numerically evaluate the model using Matlab and C-based programs. 

Data 

To compare model predictions with empirical observations, I will use data collected on popu-
lations of Atlantic salmon of different fisheries in Scotland that include long-term information 
on the age and size at smolting and at first spawning, with the latter serving as a proxy of 
maturation. 

Work plan 

There are four steps in this research project that will be carried out sequentially: 

 Formulate and parameterize the model. 

 Understand the effects of predation risk and different fishing regimes on the evolution 
of the timing of smolting and maturation. 

 Compare model predictions with data on Atlantic salmon populations. 

 Write the report and draft a corresponding publication. 

Relevance and link to EEP’s research plan 
The results of this project will contribute to improving our knowledge of the ecology and evo-
lution of migratory fishes. Given mounting examples of population declines of anadromous 
salmonids (i.e., Atlantic salmon), this knowledge is key for their sustainable exploitation and 
conservation. Furthermore, because of the cultural and economic importance of these species, 
it is crucial to understand and predict the eco-evolutionary consequences of exploiting anadro-
mous stocks. This project is in line with EEP’s ongoing research on “Evolutionarily Sustainable 
Consumption”. 

     Modified from: http://salmonfactswork.weebly.com/salmon-life-cycle.html
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Expected output 
The results of this work are intended for a coauthored publication in an international scientific 
journal and will also be a chapter of my PhD dissertation. 
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Emergence of efficient extraction in social-ecological models for 
fisheries 

Daniel Cooney 

Program in Applied and Computational Mathematics, 
Princeton University, USA 

Goal 
To explore social-ecological models of fisheries as a case study for mitigating the “tragedy of 
the commons” in the management of common-pool resources, with the goal of understanding 
potential mechanisms for social institutions to facilitate the emergence of socially efficient re-
source use. 

Background and motivation 
We are interested in studying the tragedy of the commons for common-pool resources, a social 
dilemma in which a group of rationally acting individuals overexploit a renewable resource and 
consequently are worse off than a group that extracts at a more sustainable level (Hardin, 1968; 
2009). One prominent example of such a social dilemma is the case of fisheries, in which the 
motive of fishers to maximize catch profits can place a strain on the regeneration of fish stocks. 
The Food and Agriculture Department of the United Nations reported that in 2013, around 30 
percent of the world’s fisheries were classified as overexploited or depleted, a dramatic increase 
from 1974 when less than 10 percent were (FAO 2016). With another 58 percent of fisheries 
considered fully exploited (FAO 2016), population growth and potential increases in demand 
could push a majority of global fisheries into an unsustainable exploitation regime. 

Standard models for the dynamics of fisheries describe the natural growth of fish popula-
tions and the ecological feedback of extraction efforts on the regeneration of fish stocks (Gor-
don, 1954). A key feature of such models is the existence of an optimal level of fish extraction 
that maximizes the long-term availability of fish resources, whereas each fisher has an individ-
ual incentive to exceed this level of effort, resulting in unsustainable levels of fish extraction. 
Economists have studied this problem as a game-theoretic social dilemma, labeling the optimal 
level of extraction as “cooperation” and a higher level of extraction as “defection” (Sethi and 
Somanathan, 1996). Recent studies have derived conditions for when a social norm of cooper-
ation can be sustained, given a large enough initial fraction of cooperators, by sanctioning de-
fectors through costly punishment (Sethi and Somanathan, 1996) or by costless social ostracism 
(Tavoni et al., 2012; Schlüter et al., 2016). Furthermore, when social optimality cannot be sus-
tained, there often exist second-best levels of extraction, which can be enforced as a norm via 
sanctioning of individuals with higher extraction levels (Tilman et al., 2016). 

Beyond studying the stability of efficient extraction, once established as a social norm, it is 
important to explore how efficiency can emerge from an inefficient state. While sanctioning 
has proven effective in the case of few defectors and many cooperators, a two-phase approach 
of initially rewarding cooperators and subsequently punishing defectors has been shown to out-
perform pure rewards or penalties for facilitating the establishment and resilience of coopera-
tion in public-goods games (Chen et al., 2014). Although much has been studied on the gov-
ernance of common-pool resources by well-established social institutions (Ostrom, 2011), this 
strategy of “first carrot, then stick” has shown promise as a means for institutional emergence 
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by promoting cooperation and preventing second-order free-riding (Sasaki et al., 2015; Cong 
et al., 2016). 

In particular, the creation of reward pools and pool punishment (Sasaki et al,. 2015) can be 
interpreted as the emergence of a centralized institution with multilateral incentive enforce-
ment. Centralization of sanctioning authority has been shown experimentally in humans to pro-
mote cooperation and fairness (Baldassarri and Grossman, 2011), but has yet to receive the 
theoretical attention given to more traditional peer-to-peer sanctioning methods for overcoming 
social dilemmas (Sigmund, 2007), although the emergence of cooperative institutions has been 
studied in models of public-goods games (Hauert et al., 2006; Sigmund et al., 2010). A club 
structure has been proposed as a means for creating and enforcing climate-change agreements 
(Nordhaus, 2015), and it has been shown that collections of small clubs can confer enough 
social benefit to maintain enforcement of the agreements in the presence of first- and second-
order free-riding (Hannam et al,. 2015). 

In addition, the proper context for studying the emergence of efficient extraction should 
acknowledge that fish harvesting strategies are a continuous-valued behavioral trait. A key 
question is whether a population initially composed of inefficient extractors can evolve (or co-
evolve with an emergent social institution) to yield a population consisting exclusively or pri-
marily of efficient extractors. Analytical frameworks such as adaptive dynamics (Dieckmann 
and Law, 1996; Geritz et al., 1997) or gradient dynamics (Friedman and Ostrov, 2013) can be 
used to study the evolution of extraction levels, and coevolution with a social norm requiring 
progressively more efficient extraction could be a mechanism for bootstrapping cooperation 
(Nakamaru and Dieckmann, 2009). 

Research questions 
I aim to address the following research questions: 

 Can the “first carrot, then stick” approach, combining rewarding early cooperators with 
punishing remaining defectors, be used to facilitate the emergence of efficient extraction 
in a fisheries model with two levels of extraction? 

 Moreover, does such a policy increase the basin of attraction and decrease convergence 
times to or costs for reaching full or partial cooperation relative to policies that solely 
reward cooperators or punish defectors? 

 What happens with such a policy when we allow for a continuum of extraction and 
sanctioning strategies? Can efficient extraction emerge from a previously overexploited 
state via bootstrapping and the evolution of social norms? 

 Time permitting, I will also examine how we can best incorporate the possibilities of 
emergent social norms and social institutions into fisheries models, and how can we use 
available tools from dynamical systems and adaptive dynamics to study the tradeoffs 
between bilateral and multilateral mechanisms for rewards and sanctions? 

Methods and work plan 

Resource model 

In our core model for the social-ecological dynamics of fisheries, we consider a population of 
 fishers that each invests the effort  into extracting fish. Following the Gordon-Schaefer 

model (Gordon, 1958; Tilman et al., 2016), the size  of the fish population is governed by the 
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differential equation d /d 1 / , where 	 ∑ 	 is the total effort ex-
erted by the group,  is the carrying capacity of the fish population,  is the intrinsic growth 
rate of the fish population, and  measures the probability that a unit of fishing effort results in 
catching a fish. 

Fishery economics 

We model fisher payoff by assuming that fishers pay a cost  per unit effort and 
receive a constant price  per caught fish, yielding the payoff function  (Til-
man et al. 2016). If fish dynamics are fast on the timescale of fisher decision-making, then 
effectively 1 / , and the fisher payoff 1 /  is reminis-
cent of a static common-pool resource game. 

Institutional incentives 

Fisher utility  is then obtained by combining the fisher payoff with potential institutional 
incentives and costs of rewarding cooperation or punishing defection, 

, , , , , , , where ⋅  is the incentive meted out by the social insti-
tution, ⋅  is the cost associated with supporting the institution, and  and  denote, re-
spectively, the effort levels and payoffs of all group members other than individual . 

Two extraction levels 

When we consider only two possible extraction levels, we can label the more sustainable level 
“cooperation” (with fisher payoff  and utility ) and the more exploitative level “defection” 
(with fisher payoff  and utility ). Assuming that individuals update their strategies by 
imitating successful fishers, we can describe the changing fraction of cooperative fishers, , 
using the replicator dynamics, d /d 1 , which, coupled with the dynam-
ics for the fish population size  thus describes the evolution of this social-ecological system 
(Tavoni et al., 2012; Tilman et al., 2016). In this two-strategy context, with clearly defined 
cooperators and defectors, we can write the incentive function ⋅  in a more suggestive form 
as  and 1 , where ⋅  and ⋅  are the institution’s 
rewards for cooperation and penalties for defection, and  is the proportion of institutional 
resources allocated to rewarding. One form of  of interest is the Heaviside function ∗

, corresponding to a “first carrot, then stick” policy exclusively rewarding cooperation if 
∗	and exclusively punishing defection for ∗. If the institution has a fixed budget  that 

it invests either into rewards with cost efficiency  or into penalties with cost efficiency , this 
implies /  and / 1 , where  is the fixed cost of 
the social institution. 

Adaptive dynamics of continuous extraction levels 

We can extend this two-strategy model to describe the evolution of extraction levels amongst a 
set of continuous extraction strategies. First, we will study the evolution of extraction levels 
given fast fish dynamics and a fixed institutional incentive policy. In a resident population with 

1 fishers extracting at level , a single fisher extracting at level ′ receives the utility 
′, 	 ′, ′, ′,  with ′, ′ ′

1 ′. In the limit of rare strategy exploration, we can derive the canonical equation of adap-
tive dynamics for this model and study the resultant evolutionarily singular extraction levels to 
determine the impact of the social institution on the eventual level of fish extraction. 



9 

Institutional incentives for continuous extraction levels 

To explore generalizations of the “first carrot, then stick” institutional incentive policy to con-
tinuous extraction levels, we plan to consider populations with a polymorphic distribution of 
extraction levels, and ask how a social planner can best utilize a fixed budget to promote effi-
cient extraction through the mechanism of rewarding and punishing fishers based on their level 
of resource extraction. Specifically, we plan to examine an incentive policy with a switching 
threshold ∗ such that the institution rewards the least-extracting fishers only when the popula-
tion’s average extraction level ̅ exceeds the switching threshold ∗ and punishes the most-
extracting fishers only when ̅ is below ∗. Furthermore, we will assume that the fraction of 
rewarded individuals decreases with ̅, while the fraction of punished individuals increases with 
̅. To start our explorations, we will choose the decrease and increase to be linear in ̅ and 

assume that the fraction of fishers rewarded when ̅ is just above ∗ and the fraction of fishers 
punished when ̅ is just below ∗ add up to 1. These specifications are meant to generalize key 
properties of the “first carrot, then stick” institutional incentive policy, which is based on rec-
ognizing that a social institution is best off allocating the bulk of its budget to rewarding when 
cooperation is rare and instead allocating it to punishing when defection is rare, so that individ-
uals receiving institutional rewards or penalties are maximally affected by these incentives 
when cooperation needs to be started and defection needs to be ended, respectively. We plan to 
describe the dynamics of the polymorphic strategy distribution characterizing the fisher popu-
lation under this incentive policy using the continuous-strategy extensions of the replicator dy-
namics (Bomze, 1990) or pairwise comparison dynamics (Cheung, 2014). 

We also plan to explore more general continuous-strategy institutional incentive policies. 
Building on the fact that the “first carrot, then stick” incentive policy can be proved to be the 
optimal in the two-strategy case described above, we will strive to define a generalized sense 
of optimality for continuous-strategy incentive policies. On this basis, we will analyze the op-
timal control problem in the function space of all potential incentive policies sharing two gen-
eral features: exclusivity, meaning that the institution uses either rewards or penalties, but no 
mixed incentives, and uniformity, meaning that the institution applies the same incentive levels 
uniformly across all rewarded or punished individuals. Before attempting to address this chal-
lenge in its full generality, we will explore variants of the aforementioned direct extension of 
the “first carrot, then stick” incentive policy, by considering linear functions that differ from 
those described above, by considering nonlinear functions for mapping the average extraction 
level to the fractions of rewarded and punished individuals, and by considering linear or non-
linear functionals of the strategy distribution for specifying those fractions. Using techniques 
such as optimal control for populations with heterogeneous agents (Nuno and Moll, 2017) or 
adaptive dynamics for function-valued traits (Parvinen et al., 2006), we will thus seek to iden-
tify institutional incentive policies that are best suited for bringing about the emergence of ef-
ficient extraction in these social-ecological models of fisheries. 

Work plan 
I plan to work on this project in the following steps: 

 Analyze the two-strategy fisheries model under the “first carrot, then stick” incentive 
policy, by constructing bifurcation diagrams and comparing results to models with pure 
rewarding or punishing. 
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 Extend the two-strategy results to the adaptive dynamics of continuous extraction strat-
egies. 

 Develop institutional incentive policies for continuous strategies with rewards and pen-
alties based on generalization of “first carrot, then stick”. 

 Study the effectiveness of these institutional incentives in steering fisher populations 
towards efficient average levels of extraction. 

 Time permitting, examine the evolution of institutional incentive policies in the context 
of optimal control theory or adaptive dynamics theory for function-valued traits. 

Relevance and link to EEP’s research plan 
This proposed research is related to several of EEP’s core research themes, including the inte-
grative understanding of the social-ecological dynamics of fisheries, the sustainable consump-
tion of natural resources, and the management of public goods. In addition, the mathematical 
techniques from adaptive dynamics theory and evolutionary game theory are generally relevant 
and applicable for many of EEP’s research projects, and the methods and ideas used to study 
models of fisheries in this project can be further applied to many other societal problems in-
volving common-pool resources, such as climate change or pollution of air or water, which are 
of general relevance to many of the major research goals addressed by EEP and by IIASA as a 
whole. 

Expected output and publications 
The expected output from this project will be a manuscript that will be incorporated into my 
PhD thesis and submitted as a coauthored article for peer review to an international scientific 
journal. 
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Cultural evolution of low fertility at high socio-economic status 

Sara Li-Yen Loo 

School of Mathematics and Statistics,  
University of Sydney, Australia 

Goal 
To investigate the cultural evolution of low fertility at high socio-economic status, exploring 
the paradox of negative correlation of socio-economic status with fertility.  

Background and motivation 

Cultural evolutionists have been fascinated by the global transition of fertility from high to low, 
as populations develop and move towards post-industrial societies. Improvements in socio-eco-
nomic status are negatively correlated with fertility, measured in terms of surviving offspring. 
This paradox is counter-intuitive to assumptions embedded in life-history theory. Life-history 
theory expects individuals to invest in strategies that will maximize lifetime reproductive suc-
cess, therefore implying that greater wealth would result in more surviving offspring. However, 
investigations of modern societies have demonstrated negative correlations (Livi-Bacci, 1986; 
Borgerhoff-Mulder, 1998; Bryant, 2007). In contemporary society, over half the global popu-
lation live in countries with below-replacement fertility (Wilson, 2004). 

Models of this shift from high to low fertility as countries develop has been investigated by 
evolutionary biologists, as well as cultural evolutionists. Demographic transition researchers 
argue that cultural, sociological, and economic factors are too intrinsically defined to be ana-
lyzed separately (review in Colleran, 2016; and references therein), and keenly dependent on 
different social interactions and networks. Models based in evolutionary anthropology have 
explored these different aspects of fertility decline (Barkow & Burley, 1980; Mace, 1996; Bor-
gerhoff-Mulder, 1998; Kaplan, 1996). These studies have compared the effect of individual 
socioeconomic and sociocultural factors on fertility outcomes (Shenk, 2009; Shenk et al., 2013; 
Alvergne et al., 2011), and present models that are often based in economic optimization prob-
lems, resource-allocation strategies, and fitness optimization (Nettle, 2013; Brown, 2011). The 
underlying assumption with many of these models is that with less children, a parent can invest 
more time and effort into their survival. Individual fitness is increased by producing higher-
quality offspring. There is a strong focus in the literature on the trade-off between quantity and 
quality of surviving offspring (Lack, 1968; Turke, 1989; Kaplan, 1996). This emphasizes the 
benefit of parental investment, and assumes that individuals with high relative fitness will pro-
duce offspring with a similarly high relative fitness. This does not follow the pattern displayed 
in modern societies. 

Cultural evolutionists have pointed to the observed fertility decline as a key example of 
cultural transmission resulting in behaviors that do not maximize fitness (Cavalli-Sforza & 
Feldman, 1981; Boyd & Richerson, 1985). Colleran (2016) highlights the following focuses of 
the study of demographic transition from a cultural evolution perspective: “(i) how individual 
learning biases that evolved to optimize social information transmission generate and maintain 
different frequencies of cultural traits in populations; (ii) how variation and interaction between 
groups at different cultural equilibria lead to between-group competition, selection and trans-
mission; and (iii) how different channels (modes) of social transmission affect the dynamics of 
information flow in populations” (p. 4).  



13 

Investigations into the mechanisms underlying this cultural evolution need to consider not 
only trade-offs between the quantity and quality of offspring, but also the effects of status-
seeking and social learning on the fertility decisions of parents. Separating transmission into 
genetic and cultural components can be difficult (Laland & Brown, 2002), but studies in the 
literature argue that cultural evolution can be explored by adjusting the theory of evolution by 
natural selection (e.g., Dawkins, 1976; Cavalli-Sforza & Feldman, 1981; Richerson & Boyd, 
1984; Boyd & Richerson, 1985; Mesoudi et al., 2004). These studies consider non-genetic Dar-
winian mechanisms of inheritance; traits of high-status individuals are selected for.  

This inheritance of the traits of high-status individuals results in observed maladaptive ef-
fects of competition. This stems from the notion that strategies or traits that increase an indi-
vidual’s chance of outcompeting its competitors are selected for, despite the decrease in benefit 
to the overall population. In this case, the competition for higher socio-economic status brings 
about the decrease in fertility, as overcompensating one’s wealth follows from the concept of 
the “arms race”.  

We adopt a dynamic model structured within a cultural evolution framework to explore 
these concepts of strategic selection, in order to establish how socio-economic status and cul-
tural changes can coevolve. 

Within this framework, an individual’s target for how much wealth to endow or provide 
their children is a transmitted cultural trait. Thus, transmission is not restricted to the biological 
transfer of behavior through DNA. As culture is passed from one individual to another by nur-
ture – through observation, imitation, teaching, etc. (Cavalli-Sforza & Feldman, 1981) – behav-
iors can be transmitted through any member of a population, including those other than one’s 
genetic parents. 

We examine these mechanisms using an integro-difference equation model, building on the 
work of a previous EEP YSSP project, where the fitness currency is in terms of wealth, rather 
than reproductive success. We seek to provide answers as to the mechanisms that drive the 
sacrifice of fertility for socio-economic status. 

Research questions 
I will address the following questions: 

 What are the conditions under which low fertility can evolve with high socio-economic 
status? 

 How can we implement a continuous trait model to demonstrate the paradox observed 
in modern, post-transition societies? 

 What happens when the total wealth available to a population increases with the total 
endowment to children? 

 What traits are inherited? 

 Is socio-economic assortment a key determinant of behavior? What happens if parents 
are allowed to choose role models preferentially from their own class?  

Methods and work plan 
We aim to build on previous work in the EEP by refining and analyzing a cultural-evolution 
model for understanding conditions under which low fertility emerges at high socio-economic 
status. In particular, we will investigate three extensions through which (i) the disposable wealth 
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of parents depends on their own socio-economic status and on their parent generation's endow-
ment to offspring, (ii) parents base their fertility decisions on decisions of other parents with 
similar socio-economic status, and (iii) role models for fertility decisions are chosen probabil-
istically across the whole range of socio-economic status with a gradual preference for imitating 
parents with high-socio economic status. We hope these extensions will provide a richer under-
standing of the mechanisms that drive the cultural evolution of low fertility at high socio-eco-
nomic status. 

Model Overview 

We explore the evolution of two traits within a population: socio-economic status, , and an 
endowment target, . These are defined such that ∈ 0,1  and ∈ , 1 . Socio-economic 
status describes the rank of an individual, reflecting their economic and social position in soci-
ety relative to others in the population in that generation. This can be thought of in terms of 
income, education, and occupation, for example. Endowment target is a representation of the 
investment strategy to which a parent adopts, defining how much of their wealth to endow, or 
provide, to their children. This endowment can be thought of in terms of monetary or material 
inheritance, or of investment into the development of certain skills or values. Endowment here 
is an evolving trait, and the mechanisms by which either high or low endowment targets are 
selected for is dependent on the coevolution of and competition embedded within socio-eco-
nomic status.  

Between generations, the socio-economic ladder is determined as a relative metric between 
individuals in a given generation. Endowment target transmission can occur through learning 
from one’s parent, or through an alternative role model via other mechanisms of social learning.  

Model Details 

The distribution of the population is defined as , , a bivariate probability density. This 
population density is updated with the next generation of parents, and the evolution of the av-
erage endowment target investigated as it co-evolves with socio-economic status.   

The number of children born to each individual in a population is given by  

,
, ̂

 

where  is the socio-economic status of the parent,  is the endowment target of the parent, 
and ,  is the total wealth belonging to a parent that can be endowed to their children, 
and is dependent on the parent's socio-economic status and the average endowment target of 
the population, ̂ . Wealth increases as the rank of socio-economic status increases, so 

/ 0. We define this wealth function as 

, ̂ , 1 ̂ , ̂ 1

, 1 ̂ , 	 ̂ , 

where 

̂
̂
1

 

denotes the average endowment target of the population. This corresponds to the level of eco-
nomic development or richness in a given population, defined on [0,1]. Other parameters within 
this function given by different indexes of	  define the maximum or minimum wealth given 
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maximum or minimum endowment or socio-economic status. This function interpolates be-
tween the average endowment target of the population and socio-economic status, and is of a 
general form, such that special cases can be derived.  

The overall transmission of socio-economic status is given by  

| , , 	
1
, ,

, , , 

where , ,  normalizes socio-economic status such that | , , d 1, to 
maintain a stable population, and | ,  is the probability density of the normal distribution 
of socio-economic status, , with mean  and standard deviation , for the next generation. 
This normal distribution represents the moving average of inherited status, , distributed about 
the rank , with standard deviation as a decreasing function of the parents’ socio-economic 
status, 0.  

Once the population is assigned specific ranks, and a degree of movement in the transmitted 
status allowed through this normal distribution, the overall transmission of status from one gen-
eration to the next is established.  

The endowment rank above is defined as 

,
1

, , d 	d  

where  normalizes the rank such that 1, 1, that is, the highest ranking individual 
holds the highest rank. 

The endowment target inherited by the child can come from either the child's parent, or a 
role model in the population. The probability a child inherits its endowment target from a role 
model is given by an imitation kernel, , , . The subscript  corresponds to the role 
model, who therefore has socio-economic status , and endowment target . This is defined 
as the product of a normal distribution and a sigmoidal function. The endowment inherited from 
a role model is assortatively chosen from the parent generation, represented in the sigmoidal 
function. The softness of this curve can be interpreted as a form of perception or implementation 
error, where role models who are better than the individual are more likely to be chosen, with 
the steepness of the curve defined by the parameter, 0. The assortativeness of imitation 
with regards to status is modelled with 0. The imitation kernel is expressed  

, ,
1
,

| , 1

1 exp	
, 

where ,  normalizes the kernel so that 

, , , d d 1 

We can obtain special cases of this imitation kernel by taking different values of  and . 
For example, large values of  correspond to small variance in the normal distribution and 
therefore a non-assortative choice, and → ∞ to a step function rather than the sigmoid Fermi 
function.  

Overall endowment transmission is given by 

| , , , , 	 1 , , , 
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where  is the Dirac delta function. This function describes the transmission of endowment 
target , by expressing the probability density that a child adopts endowment target  when it 
has socio-economic status , its parents have endowment target , and it “learns” from a role 
model characterised by ,  in a population composed by . 

We combine these transmission functions to then assume the following intergenerational 
dynamics, 

,

| , , , | , , , , , d d d d , 

where functions are described as above.  

Work plan  

The envisaged work plan is as follows: 

 Gain an understanding of model structure, coding and execution. 

 Previous modelling produced oscillations in the average fertility of each generation. We 
will investigate how this oscillatory behaviour is obtained. Further simulations will be 
performed in order to understand the mechanisms behind this fluctuating behaviour. 

 Implement novel wealth function, allowing the total population wealth to increase as 
the total endowment increases. 

 Perform sensitivity analysis to determine the effect of model parameters. 

 Include socio-economic assortment to allow parents to choose role models preferen-
tially from their own class.  

 Consider the effect of probability of choosing a role model as dependent on the socio-
economic status of a parent.  

Relevance and link to EEP’s research plan 
This project is related to EEP's interest in changes in living systems, particularly as is focused 
on evolutionary dynamics. Investigation into competitive interactions within communities is a 
major interest of the EEP program. Modelling of cultural evolution in this way is novel. 

Expected output and publications 
The results obtained from this work will be published in a co-authored peer-reviewed interna-
tional journal, and be included as a chapter in my doctoral thesis. 
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Towards enhanced realism in models of biodiversity evolution 

Takuji Oba 

Department of Advanced Mathematical Sciences,  
Graduate School of Informatics, Kyoto University, Japan 

Goal 
To investigate how biologically realistic functional responses affect the ecological and evolu-
tionary dynamics in models of biodiversity. 

Background and motivation 

Human societies depend on ecosystem services which are upheld by our planet’s rich biodiver-
sity (Naeem et al., 1994; Loreau et al., 2001; Kinzig et al., 2001; Loreau et al., 2002; Hooper 
et al., 2005; Naeem et al., 2009). However, species are currently becoming extinct at an un-
precedented rate due to human activities and important ecosystem services may thus be at risk. 
In fact, the Millennium Ecosystem Assessment (MA), held in 2001 – 2005 aiming at assessing 
how changes in ecosystems and ecosystem services affect humans, has reported that, over the 
past few hundred years, humans have increased the species extinction rate by as much as 1,000 
times over the background rate typical throughout our planet’s history. Eco-evolutionary bio-
diversity models help address the challenge of rapid biodiversity loss and preserve ecosystem 
functions by allowing different conservation strategies to be tested and evaluated.  

At the heart of eco-evolutionary biodiversity models is the representation of intra- and in-
terspecific interactions in ecosystems. The networks describing trophic interactions, i.e., feed-
ing relationships, among a community’s species are called food webs. The biodiversity that is 
supported by a community may strongly depend on its food-web structure (May, 1972; Pimm 
and Lawton, 1977; Ives et al., 2000; Jansen and Kokkoris, 2003; Kondoh, 2003; Worm and 
Duffy, 2003), which is determined by factors such as the level on which interactions occur 
(individuals, subpopulations of present species, present species, etc.), what kind of interactions 
take place (cooperative, competitive, trophic, etc.), and what phenotypic traits individuals ex-
press and how these traits influence the interactions. While food-web models have been studied 
for a long time (Cohen et al., 1990; Williams and Martinez, 2000; Cattin et al., 2004), evolu-
tionary models, which capture the emergence of food-web structure through evolutionary pro-
cesses, are increasingly drawing interest as they are able to link population dynamics to the 
structure of food webs (Caldarelli et al., 1998; Drossel et al., 2001; McKane, 2004; Tokita and 
Tasutomi, 2006; Loeuille and Loreau, 2005; Brännström et al., 2013). 

The effect of species abundances on the interactions among a community is known as den-
sity dependence, and the specific dependence of prey densities on the foraging rate of a predator 
is known as a functional response. Holling (1959a, 1959b) classified the functional response of 
a predator on a prey into three types I, II and III, where the first corresponds to linear depend-
ence and the latter two to characteristic nonlinear dependencies. While type I functional re-
sponses can easily be extended to the case of many producer species, this is not the case for 
type II and III functional responses as straightforward generalizations often lack biological con-
sistency in multispecies contexts (van Leeuwen et al., 2007; van Leeuwen et al., 2013). 

The aim of this project is to investigate how biologically realistic functional responses affect 
the ecological and evolutionary dynamics in models of biodiversity. As described in more detail 
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below, I will determine consistency criteria that need to be fulfilled by multi-species functional 
responses, derive consistent nonlinear functional responses, and investigate numerically how 
the derived functional responses influence the ecological and evolutionary dynamics in one or 
more food-web models.  

Research questions 
I will address the following questions. 

 Which consistency criteria must biologically realistic multi-species functional re-
sponses satisfy? 

 How can type II and type III functional responses be extended to multi-species contexts? 

 How does biologically realistic functional responses affect the eco-evolutionary dynam-
ics of food webs? 

Methods and work plan 
My project will unfold in three interweaved layers. At first, I will determine consistency criteria 
that need to be fulfilled by multi-species functional responses. Next, I will derive consistent 
nonlinear functional responses. Finally, I will investigate numerically how the derived func-
tional responses influence the ecological and evolutionary dynamics in food-web models.  

Consistency of multi-species functional responses 

Functional responses are very common in the study of demographic dynamics, often in the 
setting of a single predator consuming a single prey. When the functional response describes 
consumption of two or more prey, biological consistency requires that arbitrary grouping of 
ecologically identical individuals into artificial species does not affect the consumption rate. 
Furthermore, the assumptions that are typically made in derivations of multi-species functional 
responses, such as the prey and predator abundance remaining approximately constant during 
the time-scale of searching and handling prey, do not always hold. As the first step of this 
project, I will investigate what consistency criteria multi-species functional responses and the 
derivation of these functional responses should fulfill.  

Deriving biologically realistic multi-species functional responses.  

Holling (1959b) derived the standard Type II functional response by assuming that a predator 
is in either of two states, searching for prey or handling prey. As an important milestone in the 
development of biologically realistic multi-species functional responses, van Leeuwen et al. 
(2013) extended this classical derivation by assuming the predator is more likely to find prey it 
has previously consumed. Their derivation, however, makes the assumption that the prey and 
predator abundance remaining approximately constant during the time-scale of searching and 
handling prey, which may not hold in many real ecological systems. In this project, I will extend 
the derivation by van Leeuwen et al. (2013) to account for potentially changing densities of 
prey and predators also on shorter time scales. To address the issue that, the equations become 
too complicated to solve analytically, I will divide predator individuals into three stages: young 
individuals, which are too young to produce offspring, searching adult individuals, and handling 
adult individuals. 
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Effects of biologically realistic functional responses on eco-evolutionary dynamics  

After deriving biologically realistic multi-species functional responses, I will investigate how 
the predicted eco-evolutionary dynamics change when they are used in the evolutionary food-
web model of Brännström et al. (2011). After implementing the new functional responses, I 
will systematically explore the parameter space, in particular increasing the handling time to 
see how this affects the outcome. I will pay particular attention to how well-known conse-
quences of non-linear functional responses in two-species predator-prey systems, such as the 
emergence of limit cycles, manifest themselves in a multispecies context and on evolutionary 
time scales. 

Work plan  

I will take the following three steps to reach my goals: 

 Determine consistency criteria that need to be fulfilled by multi-species functional re-
sponses, derive consistent nonlinear functional responses.  

 Derive consistent nonlinear functional responses extending van Leeuwen et al. (2013).  

 Investigate how the derived functional responses influence the ecological and evolu-
tionary dynamics in the eco-evolutionary food-web model of Brännström et al. (2011). 

 If time allows, I will also consider one more food-web model and/or explore the conse-
quences of using other functional responses. All numerical implementations will be 
done in Matlab.  

Relevance and link to EEP’s research plan 
This project is expected to contribute to Evolution and Ecology Program's (EEP) research pro-
ject Eco-evolutionary Dynamics of Living Systems by developing key elements of biologically 
realistic biodiversity models and by clarifying their importance for model predictions.  

Expected output and publications 
The results of this project will be a chapter of my PhD thesis and hopefully a co-authored article 
in a scientific international journal. 
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