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Negative frequency-dependent disruptive selection, which arises due to the interplay between
organisms of a population and their environment, is an important element driving phenotypic
diversification and even speciation. Such selection regime can result from frequency- and
density-dependent interactions between the organisms and their environment, so that the fitness
landscape itself changes as the population evolves. This can result in the population evolving
towards a fitness minimum, at which point a population experiences disruptive selection. Under
this regime, more extreme phenotypes are favored over intermediate ones, which in turn leads
to phenotypic diversification. Branching points occur in many models in which fitness is
derived from ecological scenarios that account for resource competition, predation, pathogens.
This phenomenon is well understood in simple cases where interactions are mediated by a
single quantitative trait in an unstructured life-cycle. This thesis, then, provides a theoretical
exploration of the effects of complexity, as represented by the joint evolution of consumer traits
involved in resource acquisition, on the potential for phenotypic diversification as instantiated
in the process of evolutionary branching. We use the mathematical modeling framework of
adaptive dynamics -- which incorporates ecological details into evolutionary processes -- to
conduct our investigations, with additional help from computer simulations. We find that the
effects of complexity on the potential for diversification are not straightforward, and that these
depend on the specificities of the ecological scenario one is investigating. In Paper I we find that
joint evolution of consumer traits involved in resource acquisition result in epistatic interactions
which make it more likely that the consumer population will evolve to become a single specialist.
In Paper II, we show that adding a plasticity modifier trait to the co-evolution of resource
acquisition traits has mild effects in facilitating evolutionary branching, and that plasticity itself
is driven to low levels by the aforementioned epistatic interactions between traits. In Paper III
we find that the joint evolution of juvenile and adult specific feeding efficiencies in an organism
with a complex life-cycle generally facilitates evolutionary branching because the life-stage with
a higher population density is often under a regime of frequency-dependent disruptive selection.
And in Paper IV we find that the joint evolution of juvenile and adult resource acquisition traits
in an organism with a complex life-cycle does not itself increase the potential for evolutionary
branching, but it can lead to significantly higher community richness when communities are
assembled trough immigration.
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To Nico
the true meaning of life



“Begin at the beginning”, the King said gravely, “and go on till you
come to the end: then stop.”
—Lewis Carroll, Alice in Wonderland

The things ordained for you - teach yourself to be at one with those.
And the people who share them with you - treat them with love. With
real love.

—Marcus Aurelius, Meditations

When you paint Spring, do not paint willows, plums, peaches, or
apricots, but just paint Spring. To paint willows, plums, peaches, or
apricots is to paint willows, plums, peaches, or apricots - it is not
yet painting Spring.

—Eihei Dogen, Shobogenzo

We feel that even if all possible scientific questions be answered, the
problems of life have still not been touched at all.

— Wittgenstein, Tractatus Logico-philosophicus

When I put my questions to one branch of human knowledge 1
received a countless number of precise answers to things I had not
asked: the chemical composition of the stars, the movement of the
sun towards the constellation Hercules, the origin of the species and
of man, the forms of infinitely tiny atoms, the fluctuations of
infinitely small and imponderable particles of ether. But the only
answer this branch of knowledge provided to my question
concerning the meaning of life was this: you are that which you call
your life; you are a temporary, incidental accumulation of particles.
The mutual interaction and alteration of these particles produces in
you something you refer to as your life. This accumulation can only
survive for a limited length of time; when the interaction of these
particles ceases, that which you call life will cease, bringing an end
to all your questions. You are a randomly united lump of something.
This lump decomposes and the fermentation is called your life. The
lump will disintegrate and the fermentation will end, together with
all your questions. This is the answer given by the exact side of
knowledge, and if it adheres strictly to its principles, it cannot
answer otherwise. However, the truth is that this answer does not
reply to the question. I need to know the meaning of my life, and the
fact that it is a particle of infinity not only fails to give it any
meaning, but eliminates any possible meaning.

— Leo Tolstoy, A4 confession
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1. Background

Growing empirical and theoretical evidence disputes the Modern Synthesis’
view that fitness landscapes are static and that ecological processes occur at too
fast a pace to influence evolutionary outcomes [36, 8, 23]. There is, instead,
a feedback between ecological and evolutionary processes: organisms adapt
to dynamically changing selective pressures, which are the products of their
current genetic and phenotypic makeup in relation to the whole range of eco-
logical interactions afforded by the environment. These are interactions with
the resources that consumers eat, the predators that eat them, parasites, and of
course each other as they compete for food and matings. In turn, organisms
modify the environment in ways that can affect further ecological interactions
and the organism’s own evolutionary trajectories, so that the fitness landscape
itself changes as the population evolves. As the understanding of biological
diversity is one of the central aims of evolutionary biology, it befits us to ask
how this feedback affects such a fundamental aspect of life’?

The theoretical literature shows that negative frequency-dependent disrup-
tive selection — which arises due to such interplay between organisms and
their environment — is an important element driving phenotypic diversifica-
tion [5, 7, 2, 33, 32, 9, 22, 26, 28, 27]. This selection regime can lead a pop-
ulation towards a fitness minimum, where more extreme phenotypes are fa-
vored over intermediate ones. Such fitness minima that are attractors of the
evolutionary dynamics are known as evolutionary branching points, and these
occur in many mathematical models that derive fitness from ecological sce-
narios (for a comprehensive but not exhaustive list, see https://www.mv.
helsinki.fi/home/kisdi/addyn.htm).

In the vicinity of evolutionary branching points similar phenotypes can co-
exist and experience further divergent selection. This can lead to a range of
diversification scenarios: for instance, increased phenotypic variation due to
genetic or plastic effects, sexual dimorphism, or the splitting of one lineage
into two [32]. The phenomenon of evolutionary branching is well understood
in simple cases where interactions are mediated by a single, non-plastic quanti-
tative trait and in organisms with simple life-cycles [14, 10, 40, 33, 17, 22, 45].
However, organisms are biologically complex. This complexity can arise from
the fact that (i) organisms are characterized by multiple co-evolving traits, that
(ii) the traits can themselves be plastic, and (iii) that developmental programs
which entail ontogenetic niche shifts across the organisms’ life-span are abun-
dant in nature. The current theoretical literature is lacking in models analyzing
these phenomena that are central to predicting of evolutionary outcomes and
understanding of the mechanisms that affect them.



2. Research aims

The broad aim of this thesis is to contribute to our understanding of how com-
plexity, in terms of multidimensional trait spaces, can affect biological di-
versity by the process of evolutionary branching, which results in increased
phenotypic variation. More specifically, this thesis aims to understand under
which conditions and by what mechanisms one can expect evolution to lead to
one resource generalist vs one or more resource specialists. To do so, I con-
structed four mathematical models representing different biological systems
where consumers experience trade-offs in performance for the acquisition of
discrete resources. I then analyzed these models under the adaptive dynamics
framework as formalized by [20, 19, 6, 12, 8] and [13]. The following expo-
sition is a brief summary of the framework described in the aforementioned
sources.
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3. Modeling framework: adaptive dynamics

Adaptive dynamics is a mathematical modeling framework developed to study
the long-term evolutionary dynamics of quantitative traits as driven by muta-
tion and substitution events. As an heir to evolutionary game theory [18], it
takes into account precisely the eco-evolutionary feedbacks that are lacking
in population genetic modeling approaches. At the expense of details about
genetic architecture, adaptive dynamics focuses on the fitness of phenotypes.
Fitness is not assumed a priori, as is typically the case in population genetics,
but is derived from an explicit ecological scenario accounting for various inter-
actions between the evolving population under study and its biotic and abiotic
environment. As such, adaptive dynamics is a very useful tool to explore the
effects of ecological processes such as resource competition and frequency-
dependent selection on the long-term evolution of organisms.

However, in order to be mathematically tractable, adaptive dynamics im-
poses serious simplifying assumptions, which can face the charge of being
biologically unrealistic. It assumes a very large population of replicators (or-
ganisms, alleles) that reproduce clonally and undergo rare mutational events.
The mutations are restricted to small step sizes since it allows one to perform
a linear approximation of the mutant’s fitness around the resident’s trait value.
The rarity of mutations implies a separation of ecological and evolutionary
time scales, such that a population is always at its dynamical equilibrium be-
fore a new mutant has a chance to appear. One way to test whether the adaptive
dynamics analysis holds true is to perform individual based simulations which
violate the above assumptions. And it is usually the case that results remain
qualitatively identical [3, 39, 38, 41], which lends good credence to the frame-
work.

In adaptive dynamics, the concept and measure of fitness is a phenotype’s
invasion potential, i.e. the mutant’s ability to invade a resident community
characterized by different trait values. The community can be composed of
any number of types, but for simplicity is usually restricted to one type. In-
vasion fitness is defined as the long-term exponential growth of an initially
rare mutant in an environment set by the demographic attractor of the resident;
and it can be visualized as the fitness landscape experienced by rare mutants,
where the landscape itself changes with each successful invasion. The pre-
cise expression of the invasion fitness function will depend on details of each
specific model. Initially, while rare, the mutant has no impact on neither the
resident population’s per capita growth rate nor the relevant environmental
backdrop against which evolution plays out — all relevant parameters are de-
termined by the resident population.
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A mutant’s invasion fitness in a population at its demographic attractor is
represented by w(y,x), where x is a vector of resident phenotype trait values
and y is a vector of mutant phenotype trait values. Assuming that mutations
are small, the invasion fitness of the mutant is approximated by

n

ow(y,x)

= i ly=x

(vi — x1), 3.1
where 7 is the dimension of the trait space. Leimar [15] characterized the con-
ditions for invadability and convergence stability in multidimensional adaptive
dynamics. What follows can be found, at greater depth, in the aforementioned
article. The selection gradient in the multidimensional case is a vector whose
it" component is

D;(x) = awgyfx) , (3.2)
Vi ly=x
where ; is the it" entry of y. It gives the slope of the fitness landscape around a
resident’s phenotype in the direction of trait i. The canonical equation of adap-
tive dynamics approximates the evolutionary trajectory in the limit of infinitely
small mutational increments in large populations. It is given by

dx J—

dt
where m(x) is a real-valued function describing variation in the rate of occur-
rence of mutations (e.g. due to variation in population size) and A(x) is the
mutational variance-covariance matrix describing a symmetric distribution of
mutations around the resident type x [6].

In continuous time models, if w(y,x) > 0, the mutant can invade the res-
ident population; if the inequality is reversed, then the mutant will definitely
go extinct. For discrete time models, the condition is rephrased as w(y,x) > 1
for invasion. A singular point is a point x* in trait space where the selection
gradient becomes zero in all directions, D(x) = 0. A singular point is unin-
vadable by nearby mutants if it is a local fitness maximum, which is true if
the selection Hessian, H, has all negative eigenvalues. The selection Hessian
is a symmetric square matrix whose entries are given by the second-order par-
tial derivatives of the invasion fitness function with respect to the mutant trait
values and evaluated at the singular point:

m(x)A(x)D(x), (3.3)

_ Pw(y,x)

hij = W, | (3.4)

If any one eigenvalue of H is positive, then the singular point is invadable
in at least one direction. In multidimensional trait spaces, the direction of evo-
lutionary change depends not only on the gradient, but also on the mutational
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process. Convergence stability of the singular point is assessed via the Jaco-
bian of the selection gradient, J. It is obtained by the sum of the selection
Hessian, H, and the square matrix Q, whose entries are

_ Pw(y,x)

y=x=x*

Leimar [15] distinguishes three types of convergence stability. A singular
point x* is called strong convergence stable if it is a stable fixed point of Equa-
tion (3.3) for any mutational variance-covariance matrix A(x). This is the case
when the symmetric part of J is negative definite. Weak convergence stability,
on the other hand, depends on the mutational processes described in A(x). If
the symmetric part of J is indefinite, then convergence stability of the singular
point depends on whether the matrix resulting from the product A(x)J has all
eigenvalues with negative real parts. This means that convergence stability
can occur only for a subset of all possible A(x), although there is no guarantee
that this subset is not empty. However, if the symmetric part of J is positive
(semi)definite, then instability is guaranteed: the singular point is repelling in
all directions. In many dimensions, a necessary but not sufficient condition
for evolutionary branching is that the singular point is both convergence stable
and invadable in at least one direction [15, 13].

In Papers I and I11 [ use the full framework of adaptive dynamics. However,
in Papers II and IV I resort to computer simulations of adaptive dynamics due
to model details and technical limitations, respectively.
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4. Summary of papers

4.1 Paper I: How Does Joint Evolution of Consumer
Traits Affect Resource Specialization?

In this paper I looked at how extending the model of Rueffler et al. [31] to
incorporate the co-evolution of three traits involved in resource acquisition
affected the potential for evolutionary branching in a consumer population.
My starting point was a two-resource version of the Rosenzweig-MacArthur
model [30],

dR1 Rl R161C
— =R (1—— | — 4.1
dt i ( Ky ) 1+ Rqie1hy + Roexhn (4.12)
dRz Rz Rzezc
—==mrRy(1—=—| — 4.1b
ar 22 ( K2> 1+ Ryerhy + Rapephy (4-16)
dcC a1Rie1 +axRoer
—_— = —d|. 4.1
dt (1 + Ryeihy + Rpexhy (4.1c)

Here, C denotes the consumer density, and Ry and R denote the densities
of resources. When consumers are absent, the resources grow logistically with
growth rates 7; and carrying capacities K;. The consumers feed with a satu-
rating (type 1I) functional response, and are characterized by three resource-
specific traits: feeding efficiencies e;, handling times /;, and conversion effi-
ciencies «;. The parameter d denotes the consumer’s per capita death rate.

The ability with which consumers perform on different resources is con-
strained such that an improvement in performance for one resource can only
come at the expense of reduced performance for another resource [34, 35, 1].
I implement this performance constraint as a trade-off curve in the trait space
x1 and xp, where x stands for a, e, or h, and restrict evolutionary dynamics
to this curve. The values x = (x7,xp) are parametrized in a parameter de-
noted Ox varying between 0 and 1, and thus 6y is the evolving trait. With this
parametrization, 8x = 0 corresponds to a specialist for resource 1, 0x = 1
to a specialist for resource 2, and 6x = 0.5 to the generalist that has equal
performance on both resources. A consumer specialized for resource i is char-
acterized by high values of feeding efficiency e; and conversion efficiency «;,
but by low values of handling time ;. Therefore, the trade-off curves for the
different traits require different formulas, which can be seen in Figure 4.1 by
the different structures of the trade-off on the left and right panels. We use the
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trade-off parametrization of Nurmi and Parvinen [21], which yields the curves
in Figure 4.1 below.

Feeding efficiency (e) Handling time (/)
e(0) h(0)

>on
>
Il
—_ o O
W

Figure 4.1. Trade-off curvatures for feeding efficiency e = (e1, ¢5) and handling time
h = (hy,hy). The parameters z, and z;, give the strength of the trade-off for feeding
efficiency and handling time, respectively.

Rueftler et al. [33] had found that traits whose specialization degree causes
one resource to be less abundant than the other — e.g. feeding efficiency, e; —
have the potential to elicit, for a certain range of strong trade-offs, evolutionary
branching with subsequent resource specialization of each branch. However,
traits which do not cause one resource to be more depleted than the other —e.g.
handling time, /;, and conversion efficiency, a; — result in a population becom-
ing either completely specialized for one resource when trade-offs are strong or
a generalist that is equally good at both when trade-offs are weak. In all cases,
though, the linear trade-off was a boundary between resource specialists and
generalists (Figure 4.2).

When incorporating more traits in the analysis, the aforementioned results
changed drastically, in ways that could not be predicted from the one trait anal-
ysis. This occurs due to epistatic interactions between feeding efficiency and
the other two traits. Changing the feeding efficiency for a resource affects the
density of that resource, and the effects of such changes, when combined with
changes in the other two traits on fitness, are not merely additive. Thus, as seen
in Figure 4.3, the region in the (e, 0y,) trait plane where mutants have posi-
tive invasion fitness (gray shaded area) gets narrower as one moves towards
weaker trade-offs, meaning that their specialization coefficients must be well
matched.

Epistatic interactions affect whether the generalist singular point is an at-
tractor or repeller of evolutionary dynamics, and whether it is invadable or not
by neighboring mutants. The consequences of this are two-fold: first, it means
that multidimensional singular points in this model have a higher probability
of being repelling and invadable, even in directions where there is specializa-
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tion for the same resource in two or three traits. Second — and a corollary of
the first — is that the linear trade-off is no longer a boundary between different
evolutionary outcomes whenever feeding efficiency is among the co-evolving
traits. In fact, all boundaries are shifted towards weaker trade-off combina-
tions, challenging the assumption that weak trade-offs lead to the evolution
of generalists and strong trade-offs to the evolution of one or more specialists
[16]. Figure 4.3 illustrates this.

These epistatic interactions are absent when feeding efficiency is not among
the co-evolving traits. When handling time /; and conversion efficiency «; are
co-evolving, their respective degree of specialization does not affect resource
densities in an unequal way. Thus, the outcomes of their co-evolution can be
extrapolated from the one-dimensional trait analysis, and the linear trade-off
remains a boundary between the evolution of specialists and generalists.

Increasing the number of co-evolving traits from one to two leads to an in-
crease in the trade-off parameter space that results in evolutionary branching
of the generalist singular point when feeding efficiency is among the coevolv-
ing traits. But increasing the number of co-evolving traits from two to three
actually leads to a decrease in evolutionary branching to values similar to those
of one single evolving trait. The trend I observe is that increasing the number
of co-evolving traits increases the likelihood that the generalist singular point
will be an invadable repeller given the same region of trade-off parameter space
(Figure 4.4).

Feeding efficiency (e) Handling time (h)
(a) (b)
0. Strong Weak 0y Strong Weak

LT
1N, ST,

Ok
-5 0 5 -5 0 5

: Attracting i Repelling

Gen. 0.5

Spec. R, )

I Uninvadable attractor in 1D I Invadable attractor in 1D B Invadable repeller in 1D [] Non-viable population

Figure 4.2. Bifurcation diagrams showing the evolutionary dynamics of feeding ef-
ficiencies e; (panel a) and handling times /; (panel b) for the case where each trait is
evolving in isolation. x-axis is the strength of the trade-offs z, and zj, and y-axis is the
trait values for 6 and 6}, in panels a and b, respectively. Arrows show the direction
of trait evolution, and the location and type of singular point is shown with colored
lines. Panel a: the generalist singular point is repelling and invadable for very strong
trade-offs, attracting and invadable for moderately strong trade-offs, and attracting and
uninvadable for weak trade-offs. Panel b: the generalist singular point is repelling and
invadable for all strong trade-offs and attracting and uninvadable for weak trade-offs.
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Figure 4.3. Bifurcation diagram showing the dynamics of the co-evolution of feeding
efficiency and handling time (panel a). The x-axis gives the values of z, and the y-
axis gives the values of zj, colors represent the type of generalist singular point as to
the properties of attractivity and invadability. Panels b through % show phase-plane
diagrams of the co-evolutionary dynamics of feeding efficiency 6, and handling time
0), for specific combinations of z, and z;,. The black arrows show the trajectories of
evolution in the (6, 0y, ) trait plane, and the gray shading delimits the sets of mutant
trait combinations able to invade a resident population with the generalist singular
strategy.
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[ Uninvadable attractor in 3D ==+ Uninvadable attractor boundary in 2D
[ Invadable attractor in 3D - Invadable attractor boundary in 2D
M Invadable repeller in 3D s Viable population boundary in 2D

Figure 4.4. Comparison between the joint evolution of feeding efficiency e and han-
dling time /4 and the joint evolution of all three traits.
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4.2 Paper II: Effects of phenotypic plasticity on
competition driven evolutionary diversification

Paper Il extends the model analyzed in Paper I, where I look at how in-
corporating a plasticity trait which simultaneously modifies the expression of
both feeding efficiency and handling time affects the potential for evolutionary
branching and resource specialization. Starting from a similar Rosenzweig-
MacArthur model [30] as the one in Paper I, a population of consumers feeds
on two interchangeable and sympatric resources. The dynamics of the con-
sumer is in discrete time, but that of the resources are on a faster timescale.
The resources are modelled in continuous time within a single consumer time
step, such that they are always at an equilibrium set by the current consumer
population at the time of consumer reproduction [33, 29]. I denote these dif-
ferent timescales with T for the resources and t for consumers. In the presence
of n consumer genotypes with densities C(t) fori € {1,...,n} at time t the
dynamics of the resources is given by

n z'R Ci t
dRy _ 1Ry (1) <1 - Rl(T)) -y l. fl 1(7) (l. )i (4.22)
drt Ky i1 1+ ell’llRl(T) + €2h2R2<T)
n iR Ci t
dRy _ 1Ry (7T) <1 - RZ(T)> -y l. fz 2(7) (i )i .
dt K> ) 1+ elthl(T) + ezh2R2<T)
(4.2b)

These equations are solved numerically for their equilibrium Ry (t) and
Ry (t) given the consumer densities at time t. The recurrence equation of the
n consumer genotypes is then given by

arel Ry (t) + aaeb Ro(t)

Ci(t+1) = Ci(t) + Ci(t
(t+1)=C(H) ()1+ellh11R1(t)+elzh12R2(t)

—Ci(t)d. (4.3)

Resources grow logistically with intrinsic growth rates r; and carrying ca-
pacities K;, for j € {1,2} in the absence of consumers, these forage with a
saturating (type II) functional response by resource-specific feeding efficien-
cies ¢; and handling times /;. Consumers have a linear numerical response
and convert resources into more consumer biomass with efficiencies aj, and
parameter d gives the probability that an individual consumer dies from one
time step to the next. There is also the same trade-off between feeding effi-
ciencies and handling times for the different resources, and I parametrize them
as [ do in Paper I, using the trade-off curve based on Nurmi and Parvinen [21]
(see Figure 4.1).

However, unlike in Paper I, the resource consumption traits ¢; and h]- are
sensitive and responsive to environmental differences in resource abundance
such that they are plastically adjusted at each consumer time step — that is,
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both traits show phenotypic flexibility [11]. This is also known as reversible
phenotypic plasticity, and it is expected to be selected for in environments that
change throughout an individual’s lifetime, as is the case in this model when
it comes to resource abundances [25]. Thus, the phenotypes e and 6y, are in
fact composites of two traits: 6, is a composite of a genetically determined
feeding efficiency 7y and a plasticity modifier -y,, and 6}, is a composite of a
genetically determined handling time vy, and the same plasticity modifier 7y,.
The mapping from genotype ¢ = (e, Yh,¥p) to phenotype 8 = (e, 0y, ) is
given by

fe = ve + 7pSe(71, R), (4.4a)
On = Tn + 7pSn(7, R), (4.4b)

where S¢(7, R) and S, (v, R) are the fitness gradients of feeding efficiency
and handling time, respectively, which depend on the genotypes ¥ = (e, Y, 7p)
and the current resource availabilities R = (Ry, R,). By adding a term that is
proportional to the fitness gradient I ensure that plasticity is adaptive and that
larger potential fitness gains result in a stronger plastic response (given a fixed
plasticity trait 7).

I simulated two scenarios: one where plasticity had no costs and one where
it had mortality associated costs such that the higher the value of 7y, the higher
the mortality probability d according to the functiond = d,,;, (ypc), where c is
a cost determining constant. To compare the effects of plasticity to its absence,
I ran the same number of simulations of a scenario without plasticity.

I found that plasticity without costs increases the proportion of simulation
runs resulting in evolutionary branching in populations experiencing trade-off
combinations that are at the boundaries separating the evolutionary outcomes
of one and two specialists (dashed line in Figure 4.5), and of two specialists
and one generalist (dotted line in Figure 4.5), when compared to simulations
without plasticity. And plasticity, either with or without costs, significantly in-
creases the proportion of simulation runs resulting in viable populations where
either selection or demographic stochasticity is too strong. These phenom-
ena occur due to the fact that plasticity follows the fitness gradient and speeds
up phenotypic evolution. Thus, plasticity produces phenotypes that are well
adapted to their environment at a faster pace. Furthermore, plasticity also has
the ability to place mutant individuals inside the region of coexistence (the set
of all possible dimorphic populations that can coexist), leading to branching
even for some trade-off combinations where there is directional selection for a
specialist.

I also uncovered a pattern of the evolution of the plasticity trait. By affect-
ing both feeding efficiency and handling time simultaneously, which are traits
that have epistatic interactions on fitness, plasticity becomes less advantageous
once the population specializes in both traits for the same resource. This ef-
fect is absent when there is stabilizing selection and the population becomes
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a resource generalist. Figure 4.6 illustrates the trajectory of phenotypes and
genotypes over evolutionary time.

However, plasticity does not alter the conditions under which evolutionary
branching is expected to occur. This can also be seen in Figure 4.5, where the
different evolutionary outcomes generally conform to the analytically derived
boundaries set by the solid, dashed and dotted lines. The effects of plasticity
on fitness are indirect, mediated by the phenotypes of feeding efficiency and
handling time. Therefore, plasticity does not give rise to any kind of epistatic
interactions with these two traits.

My findings lend some support to two current hypotheses regarding the role
of plasticity in evolution. The Plasticity led evolution” hypothesis by Pfen-
ning [24] posits that plasticity can impact the direction and speed of adaptive
trait evolution, thus facilitating diversification by fostering the appearance of
novel traits in novel environments. And the ”Buying time” hypothesis of Di-
amond and Martin [4] posits that plasticity can positively affect survival of
a population in a stressful environment until adaptive evolution can occur.
These are precisely the mechanisms by which plasticity affects evolutionary
outcomes in this model. Although the effects of plasticity are not dramatic, in
the sense that they do not fundamentally change the bifurcation diagram (Fig-
ure 4.5) compared to the case without plasticity, these effects are always in the
direction of facilitating branching.
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Figure 4.5. Bifurcation diagram based on stochastic simulations of the evolutionary
dynamics of genetically determined feeding efficiency 7ye, handling time <y, and plas-
ticity -y, across trade-off parameter space ze (x-axis) and zy, (y-axis). The straight line
separates trade-off combinations that result in non-viable and viable consumer popula-
tions; the dashed line separates trade-off combinations that result in one or two special-
ists; and the dotted line separates trade-off combinations that result in two specialists or
one generalist. Colors represent the evolutionary outcomes of each simulation accord-
ing to trade-off combinations. Size of circles indicates number of replicates, ranging
from 1 to 10, that yielded each outcome.
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4.3 Paper III: Consequences of life-cycle complexity to
the potential for evolutionary branching

In Paper III I look at how complexity of a different kind — namely, trait mod-
ularity in organisms with complex life-cycles — affects evolutionary branch-
ing. Complex life-cycles are defined as “a life history that includes an abrupt
ontogenetic change in an individual’s morphology, physiology, and behavior,
usually associated with a change in habitat” [43]. The interactions between
complex life-cycle organisms and their environment are mediated by sepa-
rate traits in the different life-stages [42], such that ecological opportunity can
present itself either to the larval stage, the adult stage, or both simultaneously.
Therefore, disruptive selection can, in principle, emerge at each of these life
stages independently, potentially leading to multiple evolutionary branching
events. This question has, to the best of my knowledge, not been investigated
with a mathematical model before.

Here, 1 analyze an extension of the model by Schreiber and Rudolf [37]
in which a consumer species undergoes an ontogenetic niche shift, that is,
juveniles and adults each live in different habitats where they acquire non-
overlapping resources. The system is described by the following equations:

dRyy _ Ryjriy (11— Ry - JRy,ja1,; (4.52)
dt S Ky, o
dRzl] RZ,]
3 =Ry (1 - 1<2]> — JRaja, (4.56)
dRjy 4 IS\
dt’ = Rl,Arl,A < — m — ARl,Aal,A (4.5¢)
dR; 4 Ro A
Tt’ = RZ,A”Z,A ( — m - ARZ,AaZA (4‘5d)
dJ
Q- A(c1,401,4R1 4 + 2 402 AR 4)
— J(c1, a1, Ry + co5a0,; Ry 1) — Jd; (4.5¢)
dA
- / (c1,5a1,) Ry, + 2,582 )Ry j) — Adg, (4.5%)

where Ryj, Ry, Rq,4, and Rp 4 denote the juvenile and adult specific re-
sources, and | and A denote juveniles and adults, respectively. The resources
grow logistically with intrinsic growth rates 7y ; and 7y 4 to carrying capacities
Ky jand Ky 4 (k € {1,2}), and are predated according to a linear functional re-
sponse with resource and life-stage specific feeding efficiencies a; ; and ay 4.
Juveniles mature at a rate proportional to the amount of resources consumed,
where the constant of proportionality is given by the resource specific conver-
sion efficiencies ¢y ;. In the same way, adults reproduce at a rate proportional
to the amount of resources consumed where the constant of proportionality is
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given by the resource specific conversion efficiencies cx 4; and lastly, adult
and juvenile consumers die at rates d; and d 4, respectively.

The feeding efficiencies a;  and a; 4 of juveniles and adults can evolve, and
I assume that there are stage-specific trade-offs, so that better performance at
one resource in one life-stage entails worse performance at the other resource
in the same life-stage. Thus, there is a trade-off between feeding on juvenile
resources 1 and 2, and another trade-off between feeding on adult resources 1
and 2, but no trade-off between feeding as a juvenile and as an adult. I imple-
ment this trade-off as a curve whose curvature — given by parameters zjy and z 4
— determines the strength of such trade-off for juveniles and adults, meaning
whether for each unit of gain in feeding efficiency for one resource there is a
smaller or larger loss in feeding efficiency for the other. The linear trade-off
separates weak trade-offs, determined by z; > 0 and z4 > 0 from strong
trade-offs, determined by z; < 0 and z4 < 0. I parametrize the trade-off
curves in a parameter called 6 for juveniles and 6 4 for adults, which denotes
their specialization coefficients, such that 6; = 0 is a specialist for juvenile
resource 1, 6 = 1 is a specialist for juvenile resource 2, and 6; = 0.5 to
the generalist that is equally specialized for both juvenile resources. The same
applies to the adult trait 64 and adult resources. These two specialization co-
efficients are the evolving traits in each life-stage. I also parametrize these
trade-off curves in a way that the value of both generalist traits are indepen-
dent of the value of parameters z; and z 4, which allows us to investigate the
effects of different trade-off strengths without affecting the population dynam-
ical regime of the system. Figure 4.7 illustrates the trade-off for the juvenile
trait, and the adult trait has an identical trade-off structure.
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0.001

Figure 4.7. Trade-off curves for the two resource specific feeding efficiencies. The
parameter z gives the strength of the trade-off, where z < 0 corresponds to a strong
trade-off and z > 0 corresponds to a weak trade-off. The generalist strategy is fixed
at a specific value regardless of the value of z.

This system can exhibit highly complex population dynamical behavior and
alternative stable states where each life-stage dominates a population dynam-
ical equilibrium (i.e. has higher population density). And by increasing or
decreasing model parameters such as consumer feeding efficiency, mortality,
and resource carrying capacities, alternative stable states appear, where the
distribution of the consumer population at equilibrium can abruptly shift from
being dominated by juveniles to being dominated by adults, or vice-versa.

Analyzing this model, I find that the potential for evolutionary branching is
remarkably larger for the trait of the life-stage which dominates that population
(compare Figure 4.8a,b with c,d) — and, as a corollary, when both populations
have identical densities, evolutionary branching occurs for the same range of
trade-off curvatures in both life-stage traits (Figure 4.8e,f).

An interesting result of intra-stage competition for resources is that selec-
tion favors character displacement as a way to minimize resource competition
and maximize resource intake, such that specialists tend to occupy either the
diagonal or anti-diagonal corners in the trait plane (Figure 4.9). And despite
being ecologically attainable, a community composed of four resource special-
ists cannot be formed by a process of gradual evolution.

26



Finally, when I allow for asymmetries in the parameters regulating resource
growth, I find that different life-stages can continue to experience disruptive se-
lection after an initial branching event. Thus, an additional branching event oc-
curs where evolution leads to a trimorphic consumer population (Figure 4.10).
This lends support to the hypothesis that complex life-cycles and the ensuing
modularity of trait evolution promotes biological diversity [44].
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Figure 4.8. Bifurcation diagrams for cases that only the juvenile or only the adult
trait evolves while the non-evolving trait is fixed at the generalist strategy. All non-
evolving model parameters are symmetric within each life stage and give rise to a
juvenile dominated population in panel a and b, to an adult dominated population in
panel ¢ and d and to equal population sizes for juveniles and adults in panel e and f.
The location of singular points is shown by colored lines, where black represents a
repelling singular point, orange represents an evolutionary branching point, and green
represents an uninvadable attracting singular point. Arrows indicate the direction of
trait evolution.
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Figure 4.9. Simulation results for the evolution of §; and 64 for symmetric model
parameters. Panels (a,d,e,f) are based on a juvenile dominated population, panel (b)
is based on an adult dominated population, and panel (c) is based on a population of
equal density of juveniles and adults. Gray arrows give the evolutionary trajectories
in the (0,604 ) trait plane, and the gray lines are the isoclines. Each circle represents a
population in time after a successful mutation event, and the colors indicate the passage
of time counted as successful mutations where dark blue is ¢ = 0 and dark red is
t = 500.
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Figure 4.10. Simulation results for the evolution of 6] and 64) for the case where
within stage resource growth is asymmetric. Panel (a) is a juvenile dominated popula-
tion, panel (b) is an adult dominated population, and panel (c) is a population of equal
density of juveniles and adults. Gray arrows give the evolutionary trajectories in the
(67, 64) trait plane, and the gray lines are the isoclines. Each circle represents a popu-
lation in time after a successful mutation event, and the colors indicate the passage of
time counted as successful mutations where dark blue is t = 0 and dark red is t = 700.
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4.4 Paper IV: Complex life cycles drive community
assembly through immigration and adaptive
diversification

And, finally, on Paper IV [ address the question of how complex life-cycles
affect ecological community assembly. Extending the model of Schreiber and
Rudolf [37], and based on the analysis of the previous model described in Pa-
per 111, I investigate how ontogenetic niche shifts affect the maximum num-
ber of species that can coexist in an ecological community by means of two
assembly mechanisms. First, under a gradual evolution process, diversity ac-
cumulates via repeated evolutionary branching events — that is, I study adaptive
radiations. And second, under an immigration process, immigrants are added
at random points in trait space until no further immigrant can successfully es-
tablish itself in the community. Then I (i) compare the outcome of these two
mechanisms in terms of species richness and phenotypic composition of the
resulting community, and (ii) compare the results derived from the scenario
of life-cycle complexity with a corresponding model where the species have
simple life-cycles (i.e. no ontogenetic niche shifts). Like Paper II, this inves-
tigation is done entirely via simulations of adaptive dynamics.

The combined dynamics of n consumer species foraging on two continuous
arrays of resources is given by

dRC{t(Z) = Ry (z)r (1 — ﬁfg'Z;) —Rj(z) i aj(z, xi])]i (4.6a)
J\= i=1
dRa(z) R4(z)

5 =Ra@)ra (1 — KA(Z>> —RA(z)inZlaA(z,x{-“)Ai, (4.6b)

N A P i ] T
T = Ajcx B aa(z,x{")Ra(z)dz — Jicy i aj(z,x; )Ry(z)dz — J;dj,
(4.6¢)

dA; +o0
L= ]iC] Lw ﬂ](Z,X{)R](Z)dZ—AidA. (4.6d)

dt

Resources grow logistically with trait-independent intrinsic growth rates 7y
and 74 and trait-dependent carrying capacities Kj(z) and K4 (z). Resources

are consumed according to a linear functional response with trait and resource

dependent feeding efficiency a;(z, xi] ). The rate of maturation from juveniles

to adults is proportional to the amount of consumed resources with constant
conversion efficiency ¢;. Adults consume their resource according to a lin-
ear functional response with trait and resource dependent feeding efficiency
a,(z, sz)’ and they produce offspring at a rate proportional to the amount of
consumed resources with constant conversion efficiency c4. The feeding effi-
ciencies ay and a4 are monotonically increasing with decreasing distance be-
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tween the consumer and resource trait values, and I use the Gaussian functions

] 2
a(z, x]) = b exp —u , (4.7a)
I 2 202
Znaa,] a,]
2
1 (xA —z)
A
au(z,x%) = ————exp [—] ) (4.7b)
\ /271(73,14 207,

to parametrize them, where 0' o] and o 24 are the widths of the juvenile and adult
feeding efficiency function, respectlvely I refer to these parameters as juve-
nile and adult niche width. For the resource carrying capacities I also choose
Gaussian functions centred around z = 0,

ZZ
k =
K = — , 4.8b
A (Z) A EXp 2012<,A ( )

where kj and k 4 are stage-specific scaling factors and (712(, i and (712(’ 4 describe
the width of the resource distributions in absence of consumers. Finally, d;
and d 4 are the constant death rates of juveniles and adults, respectively.

In order to understand the role of complex life cycles on community rich-
ness, | compare the above model with an analogous model for unstructured
populations,

dl;iz) = R(z)r (1 - Iiii) — R(z) iila(xi,z)Ni (4.92)
d(i’i = Njc ‘/::’ a(z,x;)R(z) dz — Ny, (4.9b)

where K(z) and a(z, x) are defined as in Equations (4.7) and (4.8), respec-
tively.

I found that life-cycle complexity increases community species richness via
evolutionary branching compared to simple life-cycles only if at least one of
the life-stages of the complex life-cycle species has a narrower niche width
than that of the species with simple life-cycle, meaning that life-cycle com-
plexity per se does not increase community species richness via a process of
adaptive radiation (Figure 4.11). Instead of species richness, gradual evolu-
tion in organisms with complex life-cycles promote character displacement in
both juvenile and adult traits, thus minimizing interspecific competition for
resources (Figure 4.12). However, when it comes to community assembly
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via immigration, life-cycle complexity approximately squares the number of
species that can coexist when compared to the number of coexisting species
in organisms with simple life-cycles (Figure 4.13), since immigrants can oc-
cupy isolated peaks of the dynamic fitness landscape that are not accessible via
gradual evolution.
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Figure 4.11. Average number of coexisting species in a community assembled via
gradual adaptive evolution. x-axis: niche widths ¢, 4 of adults, y-axis: number of
species averaged over 10 simulation runs. Colored dots represent different niche
widths o ; of juveniles for organisms with complex life-cycles and black bars rep-
resent the niche widths o, of organisms with simples life-cycles, which are equal to
the values for 0, 4 along the x-axis.
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Figure 4.12. Composition of saturated communities in the juvenile-adult niche width
space for different values of the niche width ¢;,. Panels A and C: communities assem-
bled via immigration, panels B and D: communities assembled via gradual adaptive
evolution. A and B have equal niche widths for juveniles and adults: 0, ; = 07 = 0 4.
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ange) or gradual adaptive evolution (green). Circles and triangles represent averages
over 10 simulations for increasing values of 0, ) = 0, = 0 4.

33



5. Synthesis

In this thesis I aimed to understand the role of biological complexity, framed as
multiple co-evolving traits, on the potential for diversification via evolutionary
branching. More specifically, I tried to understand the mechanisms by which
this process occurs — or fails to occur — in different biological systems such
as organisms with simple and complex life-cycles, and those with and without
plasticity.

What stands out from this collection of papers is that the effects of complex-
ity on the potential for diversification are in no way straightforward. Adding
more dimensions to trait space can, as seen in Paper I, result in epistatic in-
teractions which shift the generalist strategy from an invadable attractor to an
invadable repeller of the evolutionary dynamics. A clear trend is that, when
feeding efficiency is among the co-evolving traits, increasing the space of co-
evolving traits always increases the likelihood that, given a range of trade-off
parameters, the generalist strategy is an invadable repeller. This by itself does
not necessarily mean that evolutionary branching becomes harder per se, but
the trade-off combinations that lead to such a phenomenon shift towards ever
weaker values. Whether that is considered a hindrance or not depends on what
trade-offs are realized in nature.

The effects on branching also depend on the kind of co-evolving traits one
includes in the model and how these affect fitness. As seen in Paper I, adding
a plasticity modifier trait to the co-evolution of feeding efficiency and handling
time actually does not have a major impact on the potential for evolutionary
branching. The plasticity trait modifies the existing phenotype and, therefore,
does not give rise to epistatic interactions with the other two co-evolving traits.
In fact, the epistatic interactions between feeding efficiency and handling time
often reduce plasticity in populations that evolve to become resource special-
ists.

Plasticity does make evolutionary branching more likely to occur than not,
but only in regions of trade-off parameter space close to where it is already pos-
sible to occur. Plasticity facilitates branching by both speeding up phenotypic
evolution and by placing mutants within the zone where divergent phenotypes
can coexist. However, plasticity does not alter the fundamental conditions that
lead to evolutionary branching, so one cannot conclude that merely adding
more co-evolving traits (even in the case of very similar models) gives con-
gruous results.

However, when we looked at two co-evolving traits in organisms with com-
plex life-cycles characterized by a juvenile and an adult stage, each of which
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feeds on two stage-specific resources, the added trait dimension does lead to in-
creased potential for evolutionary branching. Paper I1I shows that this occurs
due to the fact that, in such organisms, the life stage with the higher population
density always has a significantly larger interval of trade-off curvatures where
the generalist strategy is a branching point. In this model, complex life-cycles
also allow for the occurrence of more than one evolutionary branching event,
leading to the coexistence of three specialists. This finding seems to support
the hypothesis that life-cycle complexity, and the corollary modularity of trait
evolution in these organisms, contribute to higher rates of diversification [44].

I then looked at a different model of organisms with complex life-cycles
in Paper IV, where the co-evolving traits are juvenile and adult niche widths.
There I find that the second co-evolving trait only facilitates evolutionary branch-
ing when the niche width of one of the life-stages is narrower than the niche
width of the equivalent model of an organism with simple life-cycle. Nonethe-
less, the contribution to biological diversity of the larger trait space afforded
by life-cycle complexity is seen when one looks at community assembly via
immigration rather than evolutionary branching. Then I find that complex life-
cycles do facilitate coexistence of more species than the equivalent model with
only one life-stage.

An important pattern to emerge is that the effects of positive epistatic in-
teractions between traits on fitness, as seen in the models of Papers I and
11, break the expectation that weak trade-offs predict one resource generalist
and strong trade-offs predict one or many resource specialists [16]. Positive
epistatic interactions are mathematically represented as positive off-diagonal
entries in the Hessian and Jacobian matrices. These give invadability and at-
tractivity of the generalist singular point, respectively, and their eigenvalues
are more prone to be positive with positive off-diagonal entries, which renders
the generalist singular point both invadable and repelling. However, when
there are no interactions between co-evolving traits, as is the case of the mod-
ular trait evolution in organisms with complex life-cycles, one does see that
this expectation holds true. The Hessian and Jacobian matrices of the models
in Papers I1I and IV are diagonal, so there are no interactions between the two
traits that lead to effects on invadability or attractivity.

Nonetheless, the broadest emerging pattern from the papers presented in this
thesis is that the potential for evolutionary branching in multidimensional trait
spaces is dependent on the system being modelled and, therefore, on model
details that are not easily generalizeable. | envisage that future modeling efforts
will focus on describing specific biological systems in as much mechanistic
detail as possible to understand the precise conditions under which one can
expect phenotypic diversity to evolve.
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6. Sammanfattning pa Svenska

I denna avhandling dmnade jag att forsta den roll som biologisk komplexitet,
hir forstddd som flera samevolverade egenskaper, har pa potentialen for di-
versifiering genom evolutiondr forgrening. Mer specifikt forsokte jag forsta
de mekanismer genom vilka denna process sker - eller inte sker - i olika biol-
ogiska system, s& som organismer med enkla och komplexa livscykler, samt
sddana med och utan plasticitet.

Det som star ut fran denna samling artiklar ar att det &r svart att dra en-
kla slutsatser kring effekterna biologisk komplexitet har pa potentialen for
diversifiering. Att utdka antalet dimensioner pa egenskapsrymder kan, som
Artikel I visar, resultera i epistatiska interaktioner vilket skiftar generalis-
tens strategi fran den invarderbara attraktorn, till den invarderbara repellern
av den evolutiondra dynamiken. En tydlig trend &r att utokandet av rymden
for samevolverande egenskaper — fran en, till tva och sedan tre egenskaper
— alltid 6kar sannolikheten att generalistens strategi dr den invarderbara re-
pellern, givet ett antal evolutiondra avvigningsparametrar (trade-off param-
eters). Detta i sig betyder inte nodvandigtvis att evolutiondr forgrening blir
svarare per se, utan att de kombinationerna av evolutiondra avviagningar som
leder till ett sddant fenomen forskjuts mot allt svagare viarden. Huruvida det
betraktas som ett hinder eller inte beror pa vilka avvédgningar som yttras i na-
turen.

Effekterna pa forgrening beror ocksa pé vilken typ av samevolverade egen-
skaper som inkluderas i modellen samt hur dessa paverkar fitness. Som kan ses
i1 Artikel 11 sa har tillagget av plasticitetsmodifierande egenskaper till samevol-
veringen av fodoeffektivitet (feeding efficiency) och hanteringstid (handling
time) ingen stor inverkan pa potentialen f6r evolutionér forgrening. Plasticitet-
segenskapen modifierar den befintliga fenotypen och ger dérfér inte upphov
till epistatiska interaktioner med de tva andra samevolverade egenskaperna.
I sjdlva verket minskar ofta de epistatiska interaktionerna mellan fodoeffek-
tivitet och hanteringstid plasticiteten i populationer som utvecklas till att bli
resursspecialister.

Plasticitet gor det mer sannolikt att evolutionér forgrening sker, 4dn att det
inte sker, men endast i sddana regioner av rymden av avvigningsparametrar
néra dér det redan dr mojligt att intrdffa. Plasticitet underléttar forgrening, bade
genom att paskynda fenotypisk evolution och genom att placera mutanter inom
omradet dédr divergenta fenotyper kan samexistera. Déremot fordndrar inte
plasticitet de grundldggande forhallanden som leder till evolutiondr forgren-
ing, s& man kan dérfor inte dra slutsatsen att en utékning av samevolverade
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egenskaper (dven i fall med vildigt snarlika modeller) ger 6verensstimmande
resultat.

Nir vi tittade pa tva samevolverande egenskaper i organismer med kom-
plexa livscykler, kdnnetecknade av ett juvenilt och ett vuxet stadium, dar var
och en livnér sig pa tva stadiespecifika resurser, leder den utokade egenskaps-
dimensionen till en dkad potential for evolutiondr forgrening. Artikel I1I
visar att detta intrdffar pa grund av det faktum att livsstadiet med hogre pop-
ulationsdensitet i sdidana organismer alltid har ett betydligt storre intervall av
avvigningskurvor dér generaliststrategin ér en forgreningspunkt. I denna mod-
ell mojliggor dven komplexa livscykler for forekomsten av fler dn en evolu-
tiondr forgreningshiandelse, vilket leder till samexistensen av tre specialister.
Detta fynd tycks stodja hypotesen att livscykelkomplexitet samt den atféljande
modulariteten av egenskapsevolution i dessa organismer bidrar till hogre grad
av diversifiering.

Jag tittade sedan pa en annan modell av organismer med komplexa livscyk-
ler i Artikel 1V, ddr de samevolverade egenskaperna &r juvenila och vuxna
nischbredder. Déri finner jag att den andra samevolverande egenskapen en-
dast faciliterar evolutiondr forgrening nér nischbredden for en av livsstadierna
ar smalare @n nischbredden f6r motsvarande modell av en organism med enkel
livscykel. Anda kan bidraget till den biologiska mangfalden av den storre
egenskapsrymden, som livscykelkomplexiteten ger, tydas nidr man tittar pa
samhéllshopsittning genom invandring snarare &n genom evolutiondr forgren-
ing. Jag finner sedan att komplexa livscykler faciliterar samexistensen av fler
arter &n den motsvarande modellen med endast ett livsstadium.

Ett viktigt monster som framtréder 4r att effekten positiva epistatiska inter-
aktioner mellan egenskaper har pa fitness, som visats i modellerna i Artikel I
och I, bryter forvéantningen att svaga avvagningar predicerar en-resursgenera-
lister och att starka avvégningar predicerar en- eller flerresursspecialister. Pos-
itiva epistatiska interaktioner representeras matematiskt som icke-diagonala
element i hessematriserna och jacobimatriserna. Dessa ger invarderbarhet och
attraktivitet for generalistens respektive singuldra punkt, och deras egenvir-
den dr mer benégna att vara positiva icke-diagonala element, vilket gor gener-
alistens singulédra punkt badde invarderbar och repellerande. Diremot, nir det
inte foreligger nagra interaktioner mellan samevolverande egenskaper, vilket
ar fallet med den moduléra egenskapsutvecklingen i organismer med komplexa
livscykler, ser man att denna férvantning stimmer. Hessematriserna och jaco-
bimatriserna av modellerna i Artikel Il och IV ér diagonala, sé det finns inga
effekter pa invarderbarhet eller attraktionskraft for interaktioner mellan de tva
egenskaperna.

Icke desto mindre &r det Gvergripande monstret fran artiklarna som presen-
teras i denna avhandling att potentialen for evolutiondr forgrening i multidi-
mensionella egenskapsrymder dr beroende pa det system som modelleras, och
darfor pa modelldetaljer som inte enkelt kan generaliseras. Jag forestédller mig
att framtida modelleringsinsatser kommer att fokusera pa att beskriva specifika
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biologiska system i sa stor mekanisk detaljrikedom som mojligt for att forsta
de specifika forhallanden under vilka man kan f6rvénta sig att fenotypisk di-
versitet utvecklas.

Swedish summary by Jonatan Blomberg, reviewed by Mattias Siljestam
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