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Goal

To investigate the demographic and evolutionary consequences of different disturbance re-
gimes on vegetation structures using an individual-based spatially explicit dynamical model.

Background and motivation

Understanding vegetation dynamics and worldwide vegetation structures is crucial for pre-
dicting how plants respond to climate change and how their response feeds back into the at-
mosphere. The latter occurs through changes in the carbon cycle and in the albedo of the ter-
restrial vegetation cover. Acquiring a detailed understanding of vegetation dynamics is chal-
lenging, however, due to the many diverse processes that drive the ecology and evolution of
vegetation structures. At the physiological level, light, moisture, temperature, and nitrogen
availability are the key factors to which plants have to adapt. At the level of an individual tree,
the neighborhood interactions that arise from competition for light and from soil processes
influence the local conditions that in turn affect tree development. At the level of a stand or
forest, natural and anthropogenic disturbances such as fire, disease spread, or logging greatly
influence the size distribution and species composition of vegetation structures. In addition to
the direct impact on forests, disturbance processes also affect the demographics and life-
history strategies of trees, although little is known about those effects.

Disturbance regimes vary greatly from woodland to woodland. In tropical forests, for ex-
ample, the typical disturbance is a single large tree toppling over, leaving a gap in the canopy
for other trees to exploit. In contrast, disturbances in temperate forests are usually associated
with fire and wind that sweep through large areas, destroying trees along their path. Human
activities are also increasingly altering the natural disturbance patterns of forests, through log-
ging or the prevention of forest fires. A better understanding of the ecological and evolutio-
nary impacts of different disturbance regimes may not only help explain patterns in world-
wide vegetation, but also elucidate the long-term implications of anthropogenic impacts. Field
studies have attempted to observe the adaptive response of plants to disturbances, but inter-
preting such data is difficult when neighborhood interactions and disturbance regimes lead to
antagonistic selection pressures. As an alternative to field studies, theoretical investigations
based on dynamical forest models have the potential to yield insights into the impacts of dis-
turbance regimes on phenotypically plastic and evolutionary processes of plants. Numerical
analyses of disturbed forest dynamics may furthermore help craft policies that will support
nature conservation and sustainable exploitation.

While dynamical forest models have the potential to yield important insights into the im-
pacts of different disturbance regimes, the complex mechanisms involved in forest dynamics
are difficult to reproduce. Multiple temporal and spatial scales, ranging from those of tree-to-
tree interactions to those of global environmental change, make forest modeling a challenging
task: should the focus be on individual trees, on patches of significant scale, or on vegetation



landscapes? Forest dynamics have been modeled at all three levels: gap models (JABOWA,
Botkin et al. 1972; FORET, Shugart and West 1979) describe forest growth on a coarse grid,
representing patches of trees. Horizontally, patch properties are homogeneous; yet, a patch’s
vertical structure accounts for each tree the patch contains. Patches change independently of
one another, because inter-tree distances are ignored. The lack of horizontal interactions in
gap models motivated the developments of models with refined grid resolution that explicitly
account for exact tree locations (SORTIE, Pacala et al. 1993). In such models, grid points are
either empty or occupied by individual trees, and interactions among trees occur over influ-
ence zones defined according to tree morphology. The spatially-implicit Perfect Plasticity
Approximation (PPA, Purves et al. 2008) is based on the assumption that projected tree crown
area can completely cover the canopy. Strigul et al. (2008) showed that the simplified dynam-
ics described by the PPA agree well with those of a more detailed spatially explicit individual-
based model. The LANDIS model by Mladenoff (2004) was developed during the 1990s in an
effort to study forests at a landscape scale. LANDIS runs on a mesoscale grid, with each cell
representing a forest stand in terms of age classes of different tree species. While providing
the necessary tools for studying a forest’s interactions with natural and anthropogenic distur-
bances, the LANDIS model lacks the mechanistic complexity of individual-based models. In
summary, spatially explicit models of the dynamics among individual trees are promising
tools for studying forest dynamics, but remain under-explored because of the associated high
computational cost (Levin et al. 1997; Busing and Mailly 2004). Even so, individual-based
models are likely to offer the best choice for simulating disturbed forests, as they avoid unrea-
listic assumptions about the horizontal homogenization of disturbances that have to be made
in patch-based models.

The aim of this project is to explore the ecological and evolutionary impacts of different
disturbance regimes on forests. We will develop an individual-based spatially explicit model
of forest dynamics with trees characterized by two salient functional traits: leaf mass per area
and height at onset of reproductive investment. For different disturbance regimes, we will ex-
plore the short-term ecological impacts and the longer-term evolutionary impacts of distur-
bances. The anticipated results will be critically compared with earlier findings obtained by
Falster et al. (in preparation) for a spatially implicit size-structured metapopulation model
with disturbances.

Research questions

The present effort will address the challenge of elucidating impacts of different disturbance
regimes from three complementary angles: demographic consequences, evolutionary conse-
guences, and methodological requirements.

e How do different disturbance regimes affect salient aggregate statistics of forest structure,
such as leaf area index and standing biomass? How do disturbance regimes influence the
ecological coexistence of different tree species?

e Can different disturbance regimes cause changes in the predicted range of trait values?

e How do the results obtained for the proposed individual-based spatially explicit model
differ from those obtained by Falster et al. (in preparation)? In particular, will our individ-

ual-based model lead to trait distributions that markedly differ from those obtained by Fal-
ster et al.?



Finally, if time permits, we will analyze multiscale aspects of forest dynamics using a coarse-
graining approach. We will first try to obtain statistical information about tree-to-tree interac-
tions and use those statistics to characterize a coarse-grained process. If successful, we will
attempt to use these results to simplify aspects of the full model to reduce the associated com-
putational costs.

Methods and work plan

Spatial representation

Forests will be represented as a spatio-temporal point process (Sarkk& and Renshaw 2006;
Comas and Mateu 2008) in continuous two-dimensional space. To avoid boundary effects, we
will use periodic boundary conditions, i.e. the spatial domain will be the two-dimensional to-
rus obtained by identifying the opposite sides of the unit square. The state of a forest at a giv-
en time is therefore represented by a configuration of (marked) points on the unit torus.

Physiological model

The life cycle of a tree is characterized by dispersal, establishment, growth, reproduction, and
death and is driven by the tree’s energy budget. The available light determines the amount of
carbon dioxide that the tree can assimilate at the leaf level via photosynthesis. The assimilated
energy is then redistributed and used for the respiration of the living tissues supporting the
tree, dry matter production, and reproduction. We follow the physiological model developed
by Falster et al. (in preparation). For this project, two functional traits are considered: leaf
mass per area (LMA) and height at maturation. Well-supported empirical scaling relation-
ships link the size of a tree with the masses of its various structural tissues. The level of shad-
ing induced by neighborhood competition defines the leaf assimilation rate, which we multip-
ly by the leaf density to obtain the assimilation rate for each tree. Respiration is defined to be
proportional to the total mass of the living tissues. Net production, which is partially allocated
to growth of the various tissues and partially to reproduction, is obtained by subtracting the
expenses for respiration and leaf turnover from a tree’s total carbon dioxide assimilation. Al-
location to reproduction depends on the height at maturation of the tree and determines the
rate of offspring production.

Neighborhood competition

In our model, competition between trees is exclusively based on light availability. This
process is asymmetric in the sense that taller trees shade smaller trees. We assume that the
extent to which one tree shades another depends on their sizes and horizontal distance. Shad-
ing among trees will be computed by assuming that trees have ‘flat tops’, i.e., have crown
composed of a single layer of leaves at the top of the tree (Strigul et al. 2008). Higher layers
shade the layers beneath if they overlap horizontally. The shading intensity will be weighted
with opacity coefficients to account for the vertical separation between tree crowns. As a po-
tential future extension, we may add one or more layers of foliage to better reflect the true
vertical structure of tree crowns.

Environmental stochasticity

Tree configurations are driven by a birth-death-growth-interaction model. Following a conti-
nuous-time Markov process, changes in the pattern of tree locations are determined by birth
and death events. New individuals are recruited into the population at a rate that depends on



the reproductive rate of each tree and on seedling survival, and are removed from the popula-
tion at a rate that depends on wood density and a shade-tolerance factor as well as on distur-
bances.

Disturbance regimes

Disturbance processes cause the death of individuals. We assume that the time between dis-
turbances is exponentially distributed and that the center of a disturbance occurs at a random
point in space (corresponding to a spatially homogeneous Poisson process). A disturbance de-
stroys a fraction of all trees located within a given distance from its center. A disturbance re-
gime can thus be characterized by three parameters:

e The rate of occurrence of the disturbance.
e The extent of the disturbed area.
e The probability that any given tree within the disturbed area dies.

By taking the product of these three parameters, we obtain the intensity at which the forest is
disturbed. In this way, we can represent a wide array of disturbances, ranging from a single
tree fall (small area with a high probability of tree death) to wind disturbing large forested re-
gions (large area with a low probability of tree death).

Evolutionary dynamics

To assess evolutionary effects on a tree population, we introduce mutations in the two consi-
dered functional traits (LMA and height at maturation). The resultant evolution of the distri-
bution of those trait values is then observed through time.

Model implementation

We plan to implement the model in C++. Because individual-based models can be computa-
tionally burdensome, it is imperative to store the forest’s state efficiently. One possibility is to
divide the torus into m® coarse cells such that it suffices to compute the interactions between
same-cell and neighbor-cell trees. This representation will reduce the determination of all vital
rates from quadratic to linear complexity in the total number of trees. Initial forest configura-
tions will be generated randomly. At each fixed time step, we must compute the energy budg-
et and update the state of every tree in the forest. While it is unnecessary to store the point
configurations in time, it is important to store the distributions of traits, sizes, and locations.
To visualize the results, we intend to use R or Matlab.

Relevance and link to EEP’s research plan

The analyses described here are relevant to evolutionary studies of biological populations un-
der global change and human interventions. This project therefore contributes to EEP’s re-
search project on Evolving Biodiversity by addressing the selection pressures exerted on eco-
logical systems through local interactions and different disturbance regimes.

Expected output and publications

This research is intended for publication as a co-authored article in an international scientific
journal.
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Dispersal and speciation in a complex habitat
Ben Haller

Department of Biology,
McGill University, Montreal, Canada

Goal

To investigate how speciation processes and resultant biodiversity patterns are affected by
spatial environmental heterogeneity, dispersal, mate choice, and temporal environmental va-
riability.

Background and motivation

For Darwin (1859), the origin of species was the “mystery of mysteries,” and it remains poor-
ly understood even today. Speciation, as the process that generated much of the biodiversity
in the world today, is fundamental to the nature of life on earth; it is thus clearly worthy of
study in its own right. A better understanding of speciation also has consequences for conser-
vation biology and for the mitigation of anthropogenic ecological disturbances. It has pre-
viously been shown that adaptation to a local environment together with local competition for
resources can promote speciation (Heinz et al. 2009). This project will investigate the effects
of spatial environmental heterogeneity and dispersal distance on speciation dynamics and the
resultant biodiversity patterns. Time permitting, temporal environmental variability and the
evolution of dispersal and mate choice may also be explored within this framework. This re-
search will be conducted using an individual-based evolutionary model, building on previous
work in IIASA’s Evolution and Ecology Program.

Speciation results, fundamentally, from the genetic divergence of populations. The disper-
sal of individuals between populations, or more precisely the gene flow that results when
those dispersers interbreed with residents, is commonly thought to hinder such genetic diver-
gence, and therefore to impede speciation, although there may be exceptions to this rule of
thumb (Garant et al. 2007). Heinz et al. (2009) modeled the interaction between dispersal evo-
lution and speciation, and found that the evolution of short-range dispersal promoted specia-
tion. Payne et al. (in preparation) extended the model of Heinz et al. (2009) to include the
evolution of conditional dispersal, which was found to inhibit speciation in sexual popula-
tions. These models involved only a linear environmental gradient, so that the effects of more
complex spatial structures on speciation dynamics have yet to be explored in such a frame-
work.

Assortative mating can promote genetic divergence by increasing the reproductive isola-
tion of populations even when dispersal connects spatially distributed populations (Garant et
al. 2007), and several theoretical models have explored this idea. Doebeli and Dieckmann
(2003) found that the evolution of mate choice along an environmental gradient could lead to
parapatric speciation. Yukilevich and True (2006) modeled the coevolution of dispersal and
assortative mating in a “two-island” system representing secondary contact after allopatric
divergence. Gavrilets and VVose (2009) observed adaptive radiation resulting from evolution in
an “island colonization” model consisting of ecologically random patches, with the evolution
of habitat preference and mate choice. Again, these models involved only simple or random
spatial structures.



Real environments vary over time as well as in space. Species can cope with environmen-
tal variation through adaptation or range shifts. Some prior work has examined adaptation and
range shifts in response to spatial or temporal variability (Kirkpatrick and Barton 1997; Pease
et al. 1989; Polechova et al. 2009), but not in conjunction with the evolution of dispersal and
assortative mating, and not in the context of a complexly structured spatial landscape.

The proposed research will thus synthesize previous work, while also examining scenarios
that were left unexplored by previous studies. In particular, this project will examine the com-
bined effects of both spatial structure and dispersal on speciation.

It is clear from both theoretical and empirical studies that dispersal, ecology, behavior,
and adaptation are complexly intertwined (Pelletier et al. 2009), and that spatial and temporal
variation in environmental conditions play an important role in driving evolution (Mathias et
al. 2001; McPeek and Holt 1992). While modeling these factors in isolation is interesting, it is
important also to examine them together, to understand how they interact with each other, to
weigh their relative importance, and to build a broader picture of how speciation emerges
from lower-level processes.

A better understanding of adaptation and speciation is of more than theoretical interest,
because the factors that promote the generation of biodiversity are likely related to the factors
that preserve existing biodiversity. Conservation of biodiversity in the face of rapid anthropo-
genic environmental change (such as deforestation, habitat fragmentation, and climate
change) demands a better understanding of how environmental and ecological factors support
biodiversity (Jackson and Sax 2010). Evolutionary responses to environmental and ecological
change can be rapid, with important implications for conservation (Stockwell et al. 2003).
Furthermore, specific conservation policies, such as assisted migration, wildlife corridors, and
captive breeding programs, are precariously balanced atop our very limited understanding of
the role of dispersal and gene flow in the persistence of populations, the maintenance of ge-
netic diversity, and the promotion of local adaptation (Storfer 1999; Sutherland et al. 2004).

Research questions

The goal of this project is to improve our understanding of the process of parapatric speciation
in heterogeneous environments. Previous research has established that a linear environmental
gradient can drive speciation through the evolution of dispersal and mating distance (Heinz et
al. 2009) and through the evolution of assortative mating (Doebeli and Dieckmann 2003). In
this project, 1 will address the following questions:

e What effect does nonlinear variation of environmental conditions at different spatial scales
have on local adaptation, range limitation, population persistence, and speciation?

e How do dispersal and mate choice coevolve and drive speciation, under different patterns
of spatial variation?

e What effect does temporal variability have on these evolutionary dynamics, for different
rates, magnitudes, and patterns of environmental change?

Methods and work plan

The starting point for this research project is the individual-based spatially explicit model of
Heinz et al. (2009). Briefly, this model simulates the evolution of individuals that inhabit a
two-dimensional space in which environmental conditions vary along one spatial dimension,
forming a linear ecological gradient, while the other spatial dimension is ecologically neutral.



Each individual has three genetic traits: an ecological trait that governs the individual’s fitness
at any given position along the ecological gradient, a dispersal trait that governs its natal dis-
persal distance, and a mating trait that governs the strength of its preference for spatially prox-
imate mates over more distant mates. | intend to work with both an asexual and a sexual mod-
el version (the asexual version does not include the mating trait). Individuals are born at a
constant rate, and die at a rate that depends on the strength of competition exerted by other
individuals in the environment, so that selection is frequency-dependent. Offspring inherit pa-
rental traits with mutation. For different strengths of competition and slopes of the environ-
mental gradient, evolutionary outcomes range from a homogenized mixture of long-range
dispersers to distinct “species” that maintain separate identities on the landscape through
short-range dispersal and a strong preference for local mates.

Prior to the YSSP, | have already replicated the results by Heinz et al. (2009), to establish
a baseline and platform upon which I will build. During the YSSP, | will modify this model to
address the stated research questions. Work will proceed in four stages, allowing the investi-
gation of as many questions as time permits.

In the first stage, natal dispersal distance and mating distance will be held constant, so that
only the ecological trait is allowed to evolve. Nonlinear spatial heterogeneity will be modeled
by letting the local carrying-capacity density of the environment change among locations ac-
cording to four parameters: the average slope and curvature of the gradient’s deterministic
component, as well as the amplitude and spatial autocorrelation distance of the gradient’s sto-
chastic component. On this basis, | will characterize the spatial structures and dispersal dis-
tances for which speciation can occur.

In the second stage, the evolution of dispersal and mating distance will be enabled. Differ-
ent types of spatial variation may be expected to promote the evolution of different types of
dispersal and mating behavior, with consequences for the likelihood of speciation under dif-
ferent spatial structures.

In the third stage, the evolution of assortative mating will be added to the model, by inte-
grating a trait that governs the strength of assortative (or disassortative) mating (Doebeli and
Dieckmann 2003). Mate choice will be based either upon the ecological trait or upon an addi-
tional ecologically neutral marker trait. These mating traits will either replace or supplement
the mating-distance trait of the Heinz et al. (2009) model, which does not permit the evolution
of assortative mating. This extension will allow exploration of the joint evolution of dispersal
and assortative mating under different spatial structures, and of the way in which this evolu-
tion promotes or hinders speciation.

In the fourth stage, time permitting, temporal environmental variability will be modeled.
Oscillations in local carrying capacity may be used to simulate seasonal variation, while gra-
dual linear change in carrying-capacity densities could simulate climate change. We will as-
sess the effects of these temporal patterns on speciation, dispersal evolution, and mate-choice
evolution.

There are different ways to detect speciation, since speciation is really a process, and not
just an instantaneous event. The lines drawn between species therefore depend on the consi-
dered species concept and other arbitrary choices (Coyne and Orr 2004). To add an additional
perspective to these decisions, I will incorporate unlinked neutral loci. These loci will be sub-
ject only to genetic drift, not to natural selection, and will therefore be useful in diagnosing
the degree of reproductive isolation between different populations in the model, even though
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neutral loci cannot always be used to diagnose speciation reliably (Thibert-Plante and Hendry,
in press). Alternative quantitative methods for diagnosing the reproductive isolation of popu-
lations may thus be explored for comparison.

Relevance and link to EEP’s research plan

This project extends work previously done as part of EEP’s research projects on Evolving
Biodiversity and Adaptive Dynamics Theory (e.g., Doebeli and Dieckmann 2003; Heinz et al.
2009; Payne et al., in preperation). It will contribute to the goal of distinguishing the key eco-
logical factors that promote and hinder biological diversification.

Expected output and publications

The results of this research project will be published as a coauthored paper in an international
scientific journal. | also expect this work to be a part of my PhD thesis.
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Emergence and stability of cooperation in multi-public-good games
Balazs Konny

Department of Plant Taxonomy and Ecology,
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Goal

To study the emergence and stability of cooperation in public-good games in which each
player may contribute to two different public goods.

Background and motivation

The evolution and maintenance of cooperation among unrelated individuals in non-iterated
games have been a major focus of evolutionary studies over the last decades. Models of coop-
eration are traditionally cast in the framework of game theory. In cooperation games, individ-
uals receive a payoff according to their and their partners’ strategies. One of the best studied
cooperation games, the Prisoner’s Dilemma, describes the interaction between two players:
defection is the dominant strategy if interactions between individuals occur randomly over a
large population (Maynard Smith 1982). However, despite the apparent disadvantage of coo-
perators in such games, cooperation is ubiquitous in nature and in human societies. Under-
standing why cooperation nevertheless evolves therefore is a challenging and important prob-
lem.

Many human endeavors require simultaneous cooperation of many individuals. Moreover,
there are several biological situations, for example the production of biofilms or enzymes
within bacterial communities, in which cooperative tasks are carried out jointly by several in-
dividuals (Nowak and Sigmund 2002; Rankin et al. 2007). These situations can be modeled
by n-player analogues of the Prisoner’s Dilemma, called public-good games. In classical pub-
lic-good games, each individual has a personal pool of resources and decides how much of
these to contribute to the public good (Hauert et al. 2002a 2002b; Bach et al. 2006). The in-
vested resources from all individuals are then pooled and multiplied by a factor r (1 <r < n,
where n is the number of players in the group); the multiplied amount is equally shared be-
tween all players, irrespective of their individual investments. The highest total payoff would
thus be obtained if all individuals invested all their resources (full cooperation). However, to
reduce their own costs, individuals have an incentive to avoid contributing to the public good
(full defection), thereby potentially gaining a cost-free share of the public good resulting from
the investments of others. Hence, as in the two-player Prisoner’s Dilemma, the dominant
strategy is defection. Recently, Doebeli et al. (2004) have extended the classical public-good
game to incorporate nonlinear dependencies in both individual costs and common benefits.
With this extension, defection is not always a dominant strategy, and cooperation can conse-
quently evolve even in well-mixed populations. Doebeli et al. (2004) further found that, under
some conditions, gradual evolution in cooperative investments results in evolutionary branch-
ing and in the emergence of coexisting low-investing and high-investing strategies.

All studies described above are based on the assumption of a single public good. In sever-
al biological and social situations, however, a community consisting of n individuals might
depend on several different public goods, with each individual contributing to none, some, or
all of these. A case in point is the community metabolism of bacterial communities, or the si-
multaneous dependence of advanced human societies in many public goods. In this project, |

13



will therefore consider an extension of the classical public-good game that allows each player
to contribute to two public goods.

Research questions

The main goal of this project is to develop and explore multi-public-good games. As in simp-
ler cooperation games, the key goal is to identify the circumstances that favor the emergence
of cooperation. We can break this up into the following more specific questions:

e How does the total cooperative investment develop within the group?

e What is the effect of different nonlinearities in benefits and costs on the emergence and
stability of cooperation when considering interactions among public goods?

e Will division of labor with regard to alternative contributions to the public goods naturally
emerge within groups? What are the conditions for the emergence of specialists (who pro-
duce one public good) and generalists (who produce more than one public goods)?

If time allows, we will explore these questions also in a spatial setting. Spatial structure
has been shown profoundly to affect the incentives for cooperation in classic public-good
games and may thus have similarly important implications for multi-public-good games. Oth-
er potential extensions are the inclusion of punishment and of changing player densities.

Methods and work plan

Game dynamics

To understand the dynamics of multi-public-good games, we consider an individual-based
model in individuals within groups of n players (n > 2) can contribute to two public goods.
We consider that these groups are assembled from a large population of N > n players. At a
constant rate, groups of n players are formed for which members are selected through an un-
biased random draw from the population. Each player’s strategy is characterized by the
amounts x and y, respectively, it contributes to the first and second public good.

For each player i, total contributions X and Y determine the benefit B that is shared among
the n players, while individual contributions x; and y; determine the costs C, resulting in the
payoff
Py =B(X,Y)/n—C(x;,y),

where X and Y are the sum of x and y within a group,
X=Yl xandY = ¥,y

The nonlinear functions

B(X,Y) = b;A(X,Y) + b,A*(X,Y),

C(xil yl) = Cla(xil yl) + C2a2 (xil yi))
describe the benefits and costs of contributing to the two public goods. Without loss of gene-
rality, we can set ¢c; = 1 by choosing the unit of contributions.

Contributions to public goods may interact synergistically or antagonistically, and may be
essential or substitutable (Tilman 1980). In our model, we account for this range of interaction
options by using generalized means,

XP+yP

1
Ty T\ M4
e

A Y) = ( )Up and a(x;, ;) = (
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In our analysis, we will consider all possible values for the parameters p and g, —o0 < p,q <
co. As a result, the functions A and a can gradually be altered from the minimum norm
(p,q = —), to the harmonic mean (p,q = —1), geometric mean (p, g = 0), arithmetic mean
(p,q = 1), and maximum norm (p, g = o) as special cases. In the particular case of perfectly
substitutable public goods (p, g = 1), we recover the model studied by Doebeli et al. (2004),
thus allowing the systematic comparison with earlier findings of the new results we will ob-
tain.

Evolutionary dynamics

On a demographic time scale, players adopt the strategies of better-performing players. Two
players i and j are randomly chosen and player i imitates the strategy of player j with proba-
bility w;; = 1/(1 + e 5i7P) depending on their payoff difference (Hauert et al. 2002a,
2002b; Sigmund et al. 2010), where s > 0 denotes the imitation strength (for s — oo, a more
successful player is always imitated).

We will explore the evolution of investments x and y into the two public goods using
adaptive-dynamics techniques (e.g., Geritz et al. 2004; Doebeli et al. 2004). We consider a
resident strategy z, = (x,, y,) and a mutant strategy z,, = (x,, ¥m)- The frequencies of these
strategies are denoted by p,- and p,,, respectively, with p,. + p,, = 1. As a consequence of the
imitation dynamics described above, the frequencies of the resident and mutant subpopula-
tions will follow the replicator equations

dpy

for k = r,m. Here, P.(p,, pm) and P, (p., pn) are the average payoffs of the resident strategy
and mutant strategy, respectively, while P(p,, Pm) = 0rB-(0r Pm) + Pm B (Pr Pm) iS the aver-
age payoff in the population.

From the replicator dynamics, we derive the invasion fitness of the mutant strategy, i.e.,
the initial per capita growth rate of a rare mutant strategy z,, in a population of individuals
with the resident strategy z,,

Sz (Zm) = plim 1 dpw = s[P,(1,0) — P.(1,0)].

If S, .(zy) > 0, the rare mutant strategy can spread in the resident population.
The long-term evolution of the resident strategy z, is then described by the canonical equ-
ation of adaptive dynamics (Dieckmann and Law 1996),

er _ 1 2 d
E = ETLO' (Zr)ﬁszr(zmﬂzr:Zm,

where 62(z,) is the covariance matrix of mutational steps in the strategy z.. In the simplest
case, mutations in x and y are independent, uniform with respect to the strategy, and have the
same variance.

An equilibrium point z* = (x*, y*) of the canonical equation is called an evolutionarily
singular strategy. If z* is attracting, it is said to be convergence stable. If the invasion-fitness
landscape S,+(z,,) has a local maximum around z,, = z*, z* is locally evolutionarily stable.
If z* is convergence stable but not locally evolutionarily stable, it is an evolutionary branch-
ing point.
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Relevance and link to EEP’s research plan

One of the most difficult scientific questions is the emergence and stability of cooperation in
nature. IIASA’s Evolution and Ecology Program has a long track-record of developing new
perspectives in this area. My project thus contributes to EEP’s research project on the Evolu-
tion of Cooperation. The anticipated results will assist in understanding the mechanisms that
underpin cooperation at all biological levels, from molecules to human societies.

Expected output and publications

The results of this project are intended for publication in a co-authored article in an interna-
tional scientific journal.
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Life-history model of sardine-anchovy cycles
Roktaek Lim

Interdisciplinary Graduate Program in Computational Science and
Technology, Seoul National University, South Korea

Goal

To develop a simple life-history model for sardine and anchovy that can explain the mechan-
isms causing the globally observed cyclic stock fluctuations.

Background and motivation

According to the Food and Agriculture Organization of the United Nations, the catch of anc-
hovy reached its peak in the 1970s, dramatically decreased in the 1980s, and recovered to the
previous level in the 1990s. In contrast, the catch of sardine began to grow in the 1970s,
reached its peak in the 1980s, and has dropped sharply in the 1990s. This oscillatory pheno-
menon, known as sardine-anchovy cycles, has been observed in at least four different oceanic
regions. Both anchovy and sardine serve as major food resources around the globe, so their
cycling strongly impacts seafood supplies, fisheries economics, and coastal communities.

Recent studies discovered that fluctuations in air temperature and ocean temperature were
similar, in terms of phase and duration, to the oscillatory catches, suggesting that sardine-
anchovy cycles are partly driven by climatic changes. In addition, interactions among these
species, and also among cohorts within each species, have been suggested to contribute to the
cycles. In general, however, the causal origin of sardine-anchovy cycles remains unknown,
and no comprehensive model exists yet to describe these cycles. In this project, we will try to
address this gap.

Research questions

The aim of my project is to develop a life-history model that reproduces the observed sardine-
anchovy cycles and helps understanding the mechanisms that cause these stock fluctuations.
Specifically, I will address the following questions:

e What class of models is best suited for describing sardine-anchovy cycles?

e What equations best describe the growth, maturation, reproduction, and mortality of sar-
dine and anchovy?

e How are these equations reflecting density regulation, trait effects, and interspecific inte-
ractions?

e If the developed model can reproduce the observed cycles, what does this tell us about the
mechanisms causing this global phenomenon?

Methods and work plan

Work plan

I will pursue the following steps to complete my research project:

e Develop suitable equations for a sardine-anchovy population dynamics model.

e Find the required parameter values from the literature or through own estimations.

17



¢ Refine the model specification until a good match with observations is achieved.
e Analyze the model to understand the causes of cycles.

Population dynamics

The life cycles of sardine and anchovy can be divided into two stages: first is the immature
stage and second is the mature stage. Immature and mature individuals experience growth and
mortality. Immature individual become mature through maturation, which may occur at dif-
ferent ages and lengths. Reproduction only occurs at the mature stage and results in the pro-
duction of immature offspring.

Let N;,(t) be the density of species i atage a inyear t (i=S: sardine; i = A: anchovy),

N, (t)=N, . ()+ Z Nipas, (), fora=1.. A,

ay=1
where | refers to immature individuals and M to mature individuals, a,, is an individual’s
maturation age, and A is the maximum considered age for species i. We assume that matura-
tion can take place only after the age of immature individuals is greater than 1.

The densities of immature individuals change according to the following equation,

A a
S t f t)N. 1), ifa:l’
Ni,l,l(t -I—l) = 'J,O( ); aMZ_l |,a,aM( ) |,M,a,aM( )

Siaa(OR=M L (OIN; (), ifa>1
where f __ (t) is the fecundity in year t of an individual of species i at age a that has ma-

i,a,ap

tured at age a,, m;,(t) is the maturation probability in year t of species i at age a, and
S.;a(t) is the survival probability in year t in species i at maturation stage j from age a to
age a+1.

The densities of mature individuals change according to the following equation,

Si,l,a—l(t)mi,a—l(t)Ni,l,a—l(t)’ if a= Ay

N, t+1) = :
mas, (L+1) Simacray (DONiyara, (D), ifa>ay,.

Growth
We follow the growth model of Lester et al. (2004),

Li,I,O (t) = 09

I‘i,l,a (t) =L —1(t _l) + hi (t)a

i,l,a

_3
kig

I‘i,M,a,a,\,| (t) =

[LiMa—la (t_1)+h|(t)]9
i I—'_3 .

where g, is the gonadosomatic index of species i, defined as the ratio of gonad weight and
somatic weight, and k; is the energy density of gonad tissue relative to somatic tissue of spe-
cies i.

For conversion from length to weight, we use allometric relationships

Wi,l,a () =g Lﬁl,a (1),

Wi,M,a,aM (t) = ai LﬁM,a,aM (t),
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where ¢, and g, are empirical parameters defining the allometric relationship for species i.
The total biomass density B, of species i in year t is given by

A A a
Bi (t) = ZWi,I,a (t)Ni,I,a (t) + z Z \Ni,M,a,aM (t) Ni,M,a,aM (t)

a=1 ay=1
The average immature annual length increment h,(t) in year t is a function of the annual
temperature Tg,(t) during the growth season of species i in year t and of the total biomass
density B(t) = Bs(t)+ B, (t) of sardine and anchovy in that year. We assume that growth di-
minishes with B(t),

hi (t) = hmax,i RG,i (TG,i (t)) [1+ yi B(t)é;I ]—l’
where h__ ; is the maximum immature annual length increment in species i, y; and &; speci-
fy the density dependence of growth in species i, and Ry ;(Tg;(t)) specifies the temperature
dependence of growth in species i,

1
Re, (TG,i (1) = EXp{_E(TG,i (t) _Topt,G,i)2 /O-é,i 5

where T .

TG,i (t) = J‘WG,i (T)Tt (T) d T,

where w; is the seasonal probability density of growth in species i and T (z) is the temper-
ature at time 7 inyear t.

is the optimal temperature for the growth of species i and Tg;(t) is given by

Maturation
We assume that the maturation probability m, ,(t) depends on age a and length L, ,(t),

logit(m; , (1)) = C;o + CisLy o (D) + € 2,

where ¢, are constants specifying a linear probabilistic maturation reaction norm with con-
stant width, and the logit function is defined as logit(m) =In(m/(@—m)).

Reproduction
We assume that the per capita fecundity f.__ (t) diminishes with the total biomass density

i,a,ay

B(t) of sardine and anchovy. High biomass density will raise food competition, which reduc-
es surplus energy and thus energy invested in gonad development,

W. t
fi,a,aM (t) = 0 |2,\I\;I\,/a,aM( ) LY ,

where W, is the mean egg weight in species i and B,; specifies the biomass density at
which larval survival is reduced to 1/e =36.8% .

E,i

Mortality

When we calculate the annual survival rates s, ; , (t), we consider two mortality rates, one de-

scribing natural mortality and the other fishing mortality,
Si,I,a (t) = exp(_Mi,l,a (t) - I:i,l,a (t))v

Si,M,a,a,\,I (t) = eXp(—I\/I i,M,a,ay (t) - l:i,M,a,a,\,| (t))9
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where M, . (t) and F (), respectively, are the natural mortality rate and fishing mortality
rate of immature individuals in species i atage a inyear t,and M, .. (t) and F,, .. (1),
respectively, are the natural mortality rate and fishing mortality rate of mature individuals in

species i atage a in year t that have matured at age a,,.

According to Stearns (1992) and Hirshfield (1980), investments into growth and reproduc-
tion reduce an individual’s survival,

M i,la (t) = M b,i (t) + é:i hmax,i b

M i,M.a,ay, (t)=M b.i (t)+ é:ihmax,i +¢ki9;
where M ;(t) is the baseline mortality rate for species i in year t and & and ¢; are fixed
constants for species i. The extra mortality rate &h, .. is assumed to describe the trade-off
between growth and survival in species i, while the extra mortality rate kg, is assumed to

describe the trade-off between reproductive investment and survival in species i .
The ocean temperature might affect the baseline mortality rate. We assume that there is an

optimal temperature for the survival of fish, so that if the ocean temperature is warmer or
colder, the natural mortality rate will be increased,

M b,i (t) =M + (M max,i M min,i)(l_ RM,i (TM,i (t))),
where M .. is the minimum natural mortality rate and M, ; is the maximum natural mor-

tality rate for species i. R, (T, (t)) specifies the temperature dependence of mortality in
species i,

min,i

1
Rus T (0) =069 3 (T, (0~ Ty )/ |

where Topt,M,i

T (1) = [ Wy, (9)T(7) dr,
where w,,; is the seasonal probability density of mortality in species i.
We assume length-dependent fishing mortality rates F  (t)=F(L,,(t)) and
Fimaa, (0 =F(L (t)) typical for trawl-type fishing,
F

max,i

is the optimal temperature for the survival of species i and T, ;(t) is given by

i,M.a,ay

F (L) = )
1+exp(-(L-Lg;)/ o)
where F

i 1 the maximum fishing mortality rate in species i, L; is the length at which
fish of species i experience half of this maximum fishing mortality rate, and o; determines
the steepness of the sigmoid selectivity curve for species i .

Evolutionary dynamics

To account for life-history evolution, we will try to consider selection pressures and selection
responses using the techniques presented by Arlinghaus et al. (2009) and Matsumura et al.
(submitted). Potentially evolving life-history traits of interest include the length increment
N » the gonadosomatic index g;, and the intercept —c, , / ¢, of the probabilistic maturation
reaction norm.
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Relevance and link to EEP’s research plan

This project aims to reproduce the observed global phenomenon of sardine-anchovy cycles
and to understand the causal mechanisms underlying these long-term stock fluctuations. It
will thus contribute to a better understanding of factors influencing the sustainable exploita-
tion of living marine resource, and is linked to EEP’s research project on Evolutionary Fishe-
ries Management.

Expected output and publications
I intend to publish this work as a co-authored article in an international scientific journal.
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