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Abstract

We investigate how four types of interference competition tfiattaforaging, metabolism,
survival, and reproduction impact the ecology and evolution of sigetsred populations.
Surprisingly, even though all four types of interference competiteduce population bio-
mass, interference competition at intermediate strersgimetimes significantly increases the
abundance of adult individuals and the population’s reproduction raténtMdat the evolu-
tionary response to foraging and metabolic interference adlesmmaturation size at low to
intermediate interference intensity and larger maturatio® &t high interference intensity.
The evolutionary response to survival and reproductive interfensnalways larger matura-
tion size. We also investigate how the four types of intenige competition impact the evolu-
tionary dynamics and resultant structure of size-structuredmumities. Like other types of
trait-mediated competition, all four types of interferemoenpetition can induce disruptive
selection and thus initial diversification. Even though foragind reproductive interference
are more prone to induce initial diversification, they catalymeformation of diverse com-
munities with complex trophic structure only at high levelsntérference intensity. By con-
trast survival interference does so already at interrteediévels. Reproductive interference
supports relatively smaller communities with simpler trophiacsure. Taken together, our

results demonstrate the importance of interference congpeititiecology and evolution.

Keywords: Adaptive dynamics, biodiversity, evolutionary branching, food weilze struc-

tured populations
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1. Introduction

An important aspect of individual life history that has reedigcomparatively little attention is
the interference that takes place between individuals wWiencompete for resources. Inter-
ference competition is hypothesized to be a major forcendrimatural selection (Rosenz-
weig, 1978; Dieckmann et al., 2004; Bolnick, 2004). This bedie€inforced by recent theo-
retical studies on the evolutionary emergence of food webs Galglarelli et al., 1998; Dros-
sel et al., 2001; McKane, 2004; Loeuille and Loreau, 2005; Rossbakg2008; Brannstrém
et al., 2011, 2012), which demonstrate that interference cidimpeatan promote species di-
versity. These studies canonically assume that interferemirgetition elevates individual

mortality, but elevated mortality is in fact only one e¥sral possible outcomes.

Interference competition in general exerts negative &fie individuals (Miller, 1967; Goss-
Custard, 1980; Smallegange et al., 2006), either directly thrmjigry (Briffa and Sneddon,
2007), loss of energy and foraging time (Briffa and Sneddon, 200imatiet al., 1997), or
indirectly through a reduction in food intake rate or in effectecundity (Vahl et al., 2005).
The outcome of interference competition may be any combinatippreduced foraging rate
(e.g., due to reduced searching time), (ii) increase@boét requirements (e.g., by interfe-
rence activities), (iii) reduced survival rate (e.fprotigh fierce contests), and (iv) reduced
reproduction rate (e.g., predation on egg or larvae). Foragfieiderence and metabolic inter-
ference directly affects individual physiology while survival aegroduction interference

directly affect population demographic quantities.

The four different types of interference competition are indigtsigble in unstructured pop-
ulation models, such as those used in the recent studies ewéhoevolution (e.g., Loeuille
and Loreau, 2005; Rossberg et al., 2008; Branstrom et al., 201 ihebunherent differenc-

es become apparent in physiologically structured populatamels that incorporate the onto-
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genetic development of individuals from juvenile to adult (e‘tjkarjula et al., 1999; de
Roos and Persson, 2001, 2013; Claessen and Dieckmann, 2002; CladsserRaos, 2003;
Gardmark and Dieckmann, 2006; de Roos et al., 2006). The widesmeaahd legacy of
unstructured population models have, however, favored a traditiorhich vinterference
competition is represented as increased mortality. Conseqguestittle is currently known
about how different forms of interference competition impactet@ogy and evolution of

size-structured populations and communities.

In this paper, we investigate how the aforementioned four typedesference competition
affect the ecological and evolutionary dynamics of size-stradtpopulations and communi-
ties. We base our investigation on a recently developed modidimgwork for fish popula-
tions. First, we introduce the size-structured population modehihase in our investigation
and, then we phenomenologically model the four types of @rarte competition at the in-
dividual level. Finally, we explore the effects of inteeigce competition on the demography
and evolution of a single population and on the structure of evolvethanities. The paper

concludes with a discussion of the results achieved.

2. Mode€

2.1 Size-structured population dynamics

The size-structured population model used in this paper buildseoimaimework for aquatic

food webs of fish populations by Hartvig et al. (2011). We usé¢etimes ecotype and diversi-
fication rather than species and speciation to reflect tttetHat our model is not concerned
with reproductive isolation. We characterize the ecotype bynatain size that is generally

recognized as one of the most important life history in fish latipus (Charnov et al., 2012).
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The model is briefly outlined below, with a more detailed dpson including model equa-

tions and parameter values given in Appendix A.

We consider a large number of individuals belonging to any ofaleseotypes and which are
characterized by their body sige An ecotypd is exclusively characterized by the matura-
tion sizem;. Individuals grow in size, reproduce, and die at rates thadrdkon their size,
availability of resources, and antagonistic interferendk wther individuals. The growth rate
(gi(w)) is food-dependent and determined from size-based predatibotbrresource and
consumer individuals, following the principle of “big-eat-smdllrsin, 1973). This principle
allows for within-population predation (cannibalism) which iskaquitous phenomenon in
fish populations (Fox, 1975; Polis, 1981; Smith and Reay, 1991; Elg&rasgi, 1992). The
rate at which predators encounter prey depends on the volunibdhmedator can search in
one unit of time. Following an established allometric refahip, this volume scales with
predator body size (Appendix A). Individuals can die as a resylteafation by larger indi-
viduals, background mortality, or starvation mortality, whtolgether combine to give an
individual mortality rateu;(w). Finally, mature individuals produce offspring at a food- and
size-dependent ratg(w). A complete specification of these functions is given in Tadle

(Appendix A).

Building on the individual-level processes described above, th@gtaphic dynamics of
ecotypei can be described by the following equations (McKendrick, 1926; Ramrster,

1959; de Roos, 1997),
2 N (w, 6) + — (g:(WIN;(w, ) = (W) N;(w, 1), (1a)

9iWoINy(wo, 1) = o= by (w) Ny (w, £)dw. (1b)



112 Here,N;(w, t) is the size spectrum of ecotypat timet. Eq. (1a) describes how the size
113 spectrums of the different ecotypes change over time as agcemse of individual growth
114  and mortality. Newborn individuals enter the populations through the bguooliadition, Eq.
115  (1b) that specify the population’s reproduction rate. Offspringinéw, are produced by
116  adults at a size-dependent birth rgt@v). They survive the larvae stage with probabgity

117  The fractionl/2 reflects an assumed equal sex ratio.

118  The available resourceB(w, t), are continuously distributed along a size spectrum and have

119  dynamics that follow chemostatic growth,
120 SRw,t) =row" ! (KOW_)‘ — R(w, t)) — uyWR(w, 1), )

121 whereryw™ lis the intrinsic renewal rate of resource (Savage.e2@04) andow =" is the
122 maximum resource density in the absence of consumers, botigsalidimetrically with the
123 size of the resource organisms. The tagtw) reflects the consumption of the resource by
124  individuals of all ecotypes. The sizes of the resourcenisges fall within a finite range with
125  upper limitwy, . The lower limit is not important as long as it is far Berahan the size of

126 newborn individualsy,.
127
128 2.2 Four types of interference competition

129 In this section, we derive four possible outcomes of interferemrgetition in a phenomeno-
130 logical manner: a reduction of time spent searching for (foegging interference), an extra
131  loss of energy for activity during encounter (metabolic interfee), a risk of dying as a result
132 of interference encounter (survival interference), andi@yge predation (reproductive inter-

133 ference).
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We assume that interference occurs when two simdividuals encounter one another for
the first three types of interference. Here “similagans that the two individuals have similar
body size and similar maturation size. The reason for thigasityl is the ontogenetic trophic
niche shifts (Werner, 1988), which means that only individuatsroilar sizes share the same
feeding niche. The similarity between two individuals wiéspective body sizeg andw’

and maturation sizea andm’ are governed by two interference kernels,

I,(w/wW') = exp (— lnzz‘:‘ziwl), (3a)
Ih,(m/m") = exp (— 1n221:r21m’) (3b)

Here,o? ando? are parameters which respectively describe how quicklyfénemce will

attenuate with differences in body size (Eqg. 3a) and in miidarsize (Eq. 3b).

Interference encounters between a focal individual and anotherdmalican happen either
when the focal individual encounters the other individual or vigsaveAs the volumetric

search rate increases with body size, it is expectedhbdarger of the two individuals en-
counters the smaller. From these considerations the rateedérence encounter for an indi-

vidual of ecotype is estimated as

nw,mo) = 51w (52) ([ v () Mo, 0dw’ + [ v, (5) N, dw).(4)

m
wherev(w) = yw? is the rate of foraging encounters (Eq. M3 in Table Al).

For reproductive interference, we assume that offspring is nallfeeto individuals of any
body size and that encounter with offspring is proportional to ichai encounter searching

volume. The rate of interference encounter for ecotypehen estimated as

Fmo) =3I (22) S0 v )Ny v, O, ©)

mj

7
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The four types of interference competition are modeled asns|l

(1) Foraging interference, i.e., reduction in searchwétd by a factore v 1(w.m:)
such that(w) = yw? is replaced by Y<"Wmdywa Herey,is a free parameter

characterizing the interference intensity.

(2) Metabolic interference, i.e., increase in metabalgts due to interference, conse-
guently decreasing energy available for growth and reprodudgoliowing metabol-

ic scaling (West et al., 2001), we model interferencabwdic cost byc.r(w, m;)w?,
wherek. is the interference intensity, a free parameter. @tss is added to individual

maintenance cost.

(3) Survival interference, i.e., death of individuals duenterference. It is assumed
that mortality increases with interference encounterdiyiglan extra mortality risk of
U, = pci(w,m;) wherep,. is the constant regulating survival interference intgnsit

This mortality is added to the individual mortality rate.

(4) Reproductive interference, i.e., egg or larvae predalibe consequence is that
the recruitmenr (the right-hand side of Eq. 1b) is reduced by a fagt§¢/ (™, In
this expressiom. is a free parameter indicating the strength of interferevitiée

f(m;) is the predation rate of egg of ecotype with maturationmajze

We stress that the aforementioned descriptions of intedereompetition are phenomeno-
logical rather than mechanistic, as the rate of iaterfce encountergw, m;) can only be

estimated.

In principle, all four types of interference competition désd above can simultaneously
occur in a population, but to understand the role of each typ#esference in population

dynamics, they are here investigated separately. Theargade-intensity parametexs .,
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pe, anda. are nonnegative scalars whose values are difficultiima&® due to the problem of
disentangling interference competition and exploitative conpet{fNakayama and Fuiman,
2010). To facilitate comparison between different types eff@tence competition, we scale
each interference-intensity parameter so that a valdecafuses the biomass of a reference
population to be exactly one percent of the interferencebi@®mass. The trait value; of

the reference population is chosen as the unique evolutiosargular maturation size for

single populations without interference, as described ingkesubsection..

2.3 Evolutionary dynamics

We employ adaptive dynamics theory to study the evolutionad@iration size (e.g., Metz et
al., 1996; Geritz et al., 1997; Brannstrom et al., 2013). Theugoolof maturation size is
governed by the canonical equation under the assumption of mutatited evolution (Di-
eckmann and Law, 1996). For a single population, evolution is aldiegstion towards a
unique singular maturation size at which directional selectisapgiears (Hartvig, 2011; see
also Appendix B). At the singular maturation size, evoluéther comes to halt or undergoes
evolutionary branching, leading to emergence of dimorphic populafitis process of gra-
dual evolution and evolutionary branching often continues, resultingiarhergence of eco-
logical communities (e.g., Loeuille and Loreau, 2005; Diecknmedrad., 2007; Brannstrom et
al., 2011; Brannstrom et al. 2013). We assume a strict sepalsiween the ecological and
evolutionary time scales typical of many studies in adaghweamics (e.g., Doebeli and Di-
eckmann, 2000) with ecological dynamics proceeding faster thagvttetionary dynamics,
meaning that the resident community dynamics has settléd demographic attractor before
the next mutation occurs. Further details of the canonicahtiesquand the community-

assembly process are used are provided in Appendix C.



201

202

203

204

205

206

207

208

209

210

211

212

213

214

215

216

217

218

219

220

3. Reaults

The effects that the four types of interference competitiave on the ecology and evolution
of populations and communities are explored below. We first studgetmegraphic impacts
of interference competition and then we examine the ewalwf maturation sizen™ in a
population under different types and intensities of interferenogpetition. Finally, moving
beyond a single population, we consider the importance of intereex@mpetition for the

diversity and trophic structure of evolved communities.

3.1 Demographic impacts of interference competition

Figure 1 shows that, unexpectedly, three out of four demograpticators are positively
correlated with at least one type of interference competifroraging interference positively
affects adult abundance for a range of interference inten@igs1C) but negatively affects
the three other demographic indicators considered. Metaboliteiiece negatively affects
all four of the considered demographic indicators. Survivalference causes a considerable
initial increase in population abundance followed by a declirmiasval-interference intensi-
fies (Fig. 1B). The increase in abundance comes in spaenainotonous decline in popula-
tion biomass with survival-interference intensity. From this,infer an increase in the num-
ber of juveniles. This is corroborated by a reduction in abund&ingel(C). In stark contrast
to the decrease in adult abundance is the rise in the populegimyduction rate (Fig. 1D).
Finally, reproductive interference raises the population reptamfurate at low interference

intensity (Fig. 1D), although it decreases all of the tlotber indicators considered.

10
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Fig. 1. Influence of interference competition on four demographic indisa{é) Population

biomass decreases for all types of interference compet{@)nPopulation abundance de-

clines for all interference types except survival. (C) Adblundance declines for all interfe-

rence types except foraging. (D) Both survival interferearue reproduction interference can

increase the population’s reproduction rate. All demographic diegndire scaled in relation

to the interference-free quantities. In case of os@lati long-term averages of mean popula-

tion quantities were considered, which usually happens to therigragd metabolic interfe-

rence with high intensity. The reference population has madaraizem;, which is the

unigue evolutionarily singular maturation size in the absenastefference competition (see

Appendix B). Parameter values are as in Table A2 (Appendix A) mierference-intensity

ranging from10~° to 1.
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The surprising positive impact that some types of interfereangetition have on the demo-
graphic indicators under consideration is primarily due to thagshén the size-structure of
consumer population. This is corroborated by Fig. 1A, which showsstemsdeclines of
total population biomass with increased interference. Thuaaease in adult, total popula-
tion abundance or reproduction rate can then only come about thralnginged size distri-
bution of the consumer. Take the increased reproduction rateriyad interference for ex-
ample, interference competition raises individual mortalitgsiarelieving exploitative com-
petition and hence enhancing resource abundance. Surviving jusgroile$aster, potentially
compensating for the loss of adult abundance. The population’s repordrati depends on
the adult size distribution and the adults’ size-dependent bighAa the latter increases with
the resource abundance, while the former is fairly constanh wiexe is little interference
competition, the sum of these two changes explains the obsewredse in reproduction
rate. However, this advantage of resource availabilitpss when interference competition

intensifies and fast-growing juveniles can no longer compefwaltegher mortality.

3.2 Evolutionary impacts of interference competition on populations

Figure 2A shows that among the four types of interferenceivalimaterference gives rise to
the largest maturation size, followed by the reproductivefarence. Both foraging and me-
tabolic interference decrease maturation size considerably inteeference intensity is small
but this tendency is reversed when interference is continuauslysified. An opposite situa-
tion for foraging interference is observed where sufficiestigng intensity drives the matu-
ration size slightly down. The presented evolutionarily singaiaturation size is conver-

gence stable for all four types of interference competit@oss the entire range of interfe-

12
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rence strengths, meaning that a single population always gsadualles towards the singu-

lar maturation size (see Fig. B1 in Appendix B).
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2
10 ‘ ‘ ‘ ‘ ]
A 10° | B
c 1
Qo o 5 g 10
s 1 £ 3
— (@)} 9
g g2 10
® b3 /
8 107 2 10|
-3 —1
10 10
10° 10 10° 107 107 10° 10° 10" 10° 107 107 10°
Interference intensity Interference intensity

Fig. 2. Influence of interference competition on the evolution of poparati (A) Survival
and reproductive interference promotes maturation at smaéeaslow to intermediate inter-
ference intensity and larger size at high interferencensitie (B) All four types of interfe-
rence competition promote diversification of the populationafiog, metabolic, and surviv-
al interference are more likely to induce diversificatiban reproductive interference. The
strength of disruptive selection is assessed by the secondderdeative of the invasion fit-
ness at the resident trait value. Parameter valuesaneTable A2 (Appendix A) with inter-

ference-intensity ranging frod0~> to 1.

Once a population has evolved to the singular maturation sizepiiie selection can cause
the ancestral population to diversity into two new ecotypesur model. Figure 2B shows
that selection is always disruptive at the evolutionarihgsiar maturation size and that the
strength of disruptive selection increases with interfera@rteasity. This implies that the four

types of interference all promote diversification, albeidifferent extents. Foraging, metabol-
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ic, and survival interference are more likely to enablerdification than reproductive inter-

ference.

The effect of interference competition on the singularunaéion sizen™ can be understood
from changes in size-dependent consumption rates. Foragingretee reduces individuals’
volumetric search rates and hence also their foraging fettesreduced foraging rate increas-
es resource abundance. When interference is weak, the reghémnt of food intake resulting
from reduced foraging rate and increased resource abundanegaiive, which cause indi-
viduals to grow slower. As a consequence, maturation is etkldgading to higher risk of
dying before the onset of reproduction. Directional selectioncesdthe maturation size until
a new evolutionarily singular maturation size is reachedhith the gain of short juvenile
stage from lower maturation size exactly balances theflossthe associated lower fecundi-
ty rate. However this tendency is reversed when theoetment of food intake turns out to
be positive, which happens at the intermediate levels of @énéarte intensity. A similar me-

chanism explains the effects of metabolic interference.

For survival and reproductive interference, an increaseténference intensity relieves ex-
ploitative competition for resource among the remaining consundimduals. The increased
resource availability results in faster individual growth rakeading to lower risk of dying

before the onset of reproduction. Directional selection ise®dhe maturation size until a
new evolutionarily singular maturation size is reached atiwttie gain of higher fecundity

rate exactly balances the loss of longer juvenile stageifforeased maturation size.

3.3 Evolutionary impacts of interference competition on communities

A single ecotype eventually evolves to the evolutionarily seagmiaturation size at which
point it experiences disruptive selection. Evolutionary brancinay then result in the emer-

gence of two coexisting ecotypes from the single ancestooughrdirectional selection and

14
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further evolutionary branching, an entire community of coexisgicgfypes is eventually es-
tablished. Figure 3 shows an example of evolutionary comgnasgembly under survival
interference. Through evolutionary branching, a community of 18 stir@xiecotypes in evo-
lutionary equilibrium eventually emerges (Fig. 3A). Among ¢neergent ecotypes, the larg-
est maturation size can be 100 kg, 6 orders of magnitude thegeits distant ancestor. The
size spectra of ecotypes are shown in figure 3B, which sH@tdhe body size of large eco-
types covers a broad range from newborn to adult. Individualesetecotypes undergo an
ontogenetic niche shift as they grow, eventually switchieg gorimary dietary source from
the resource to other consumer individuals including conspecifiesl lmasthe size-dependent
predation (Egq. M1 in Table Al). Characterizing ecotype trolgviel via the averaged trophic
positions of adults facilitates an illustration of the comitys trophic structure (Fig. 3C).
The ecotypes span three trophic levels with the largesy@e having trophic level greater

than 4, assuming that the basal resource has trophic level 1.

10 A 100 \B Initial resource spectrum
B10° — - [
© - S Final resource spectrum >
N 2 D o
e z10° 9
S 10 o @ 5
',5 Py GC) [e]
5 =) =
2 4
< 10 ~10
= 10

3 . .
10,40 10" 102 10° 108 10" 107 103 105
Evolutionary time Body size (g)

Fig. 3: An example of an evolved community under survival interferef#deA single ances-
tor eventually gives rise to a community of 18 coexisting ecstygieevolutionary equili-
brium. (B) Ecotype size spectra (solid lines), together #ighinitial (solid dark-green line)
and final (dashed-green line) resource size spectra. Phitr structure of the evolved com-
munity. We identify an ecotype’s trophic level with the trophicitpms of adults of that eco-
type, to account for the change in trophic level that individemperience as they grow. The

arrows between ecotypes (nodes) indicate the presence arbdicd@nergy flows account-
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ing for more than 15% of the recipient ecotypes’ diet. Trophiel lexertical axis) is defined
as the average path length from a focal ecotype down teesoeirce (node 0), weighted by
the proportion of energy along each path relative to the ¢oklgy that is consumed by the
adult individuals of the focal ecotype (Levine, 1980). The nodesmlered according to
ascending maturation size. Parameter values are in Pabl@ppendix A) with survival-

interference intensity set to 0.03.

We investigate how two salient measures of the evolved comiggjr@cotype diversity (Fig.

4A) and maximum trophic level (Fig. 4B), are affected bynfierence competition. Figure
4A shows that all types of interference competition promatgelaommunities, but metabolic
interference most strongly promotes diverse communities with thagphic levels, followed

by foraging and survival interference. Reproductive interfaregives rise to less diverse
communities with simpler trophic structure. In addition, fartetype of interference competi-
tion, the most diverse community emerges at intermediagdsle¥ interference intensity for
survival interference while they only emerge at high leeélsmterference intensity for the
other three types of interference competition. Finally, diygaring the ecotype diversity and
the maximum trophic level of evolved communities, we find thatmost diverse communi-

ties usually have the highest maximum trophic level.
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Fig. 4: Influence of interference competition on the evolution of comitres. (A) Survival
interference promotes diverse communities at intermediteference strength. The three
other types of interference promote diverse communities only htléigls of interference
competition. (B) The maxim trophic level of the evolved commesifollows a similar pat-
tern as the evolved diversity. The trophic level of the resogpecies is assumed to be 1. Pa-
rameter values are as in Table A2 (Appendix A) with fetence intensity ranging from

107> to 1.

3.4 Summary

Our principal findings are summarized in Table 1. The foursygdanterference competition
generally have a negative impact on demographic indicaterexceptions to this rule, forag-
ing interference can increase the adult abundance, sumigdierence can increase the total
abundance and the population’s reproduction rate, and reproductiferatiee can increase
the population’s reproduction rate. These exceptions are significantat intermediate

strengths of interference competition. We find that a populatimturation size is first re-
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359

duced then increased by foraging and metabolic interferdntet is always increased by
survival and reproductive interference when compared to a pmpulaithout interference.
Interference competition also has profound impacts on commuriidsur types of interfe-
rence competition can induce disruptive selection and suppognibegence of diverse com-
munities, though survival interference might be more likelgirtee the emergence of diverse
communities in practice as it has large effects alreadgw and intermediate levels of inter-

ference intensity.
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4. Discussion

In this paper, we have modeled four types of interferenceramdtigated their impacts on
the ecology and evolution of size-structured populations and fobd. @ir results show that
interference competition is essential for promoting spetikessity and the four types of in-
terference competition have different impacts on the emgmppulation structure, the poten-
tial for initial diversification, and the diversity of evolvéood webs. All types of interference
competition promote the emergence of diverse food webs wgth maximum trophic level,

but only survival interference does so significantly at mttiate interference intensities,
implying that survival interference may be more likelydiive the emergence of diverse

communities.

The four types of interference competition were modeled phenomérailpgbuilding on an

idealized expression for the interference encounter ratehvassumes that all individuals are
available for interference encounters. A rigorous mecharstization of interference com-
petition which accounts for the fact that other individuals slagady be tied up in interfe-
rence encounters appears to be out of reach for generalrsizaired populations, as the in-
terference encounter rate (i.e., Eq. 4) must be solved dromtegral equation. For popula-
tions with stage structure, Ruxton et al. (1992) mechanigtidallived interference competi-
tion. They found that weak interference promotes unstable poputtiamics. We observed
that interference competition generally has a stabilizifegteon the population dynamics. As
the rare exception, we found that foraging and metabolic énter€e had a destabilizing ef-

fect when interference intensity is high (result not shown).

While many ways by which interference competition affects iddais can be modeled using
size-structured population models, the range of options in utgtdcpopulation models is

considerable lower. In practice, interference competitiamstructured population models is
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almost invariable represented as an increase in moytatitigh negatively affects population
demographic properties (e.g., Case and Gilpin, 1974; Schoener, 1956;eCal., 1979;

Vance, 1984; Amarasekare, 2002; Kuang et al., 2003). In sizetstdgqiopulation models,
the negative effects of interference competition c&e @ifferent forms. Importantly, these
negative effects can partially or completely be compendatethanges in resource availabili-
ty and population size structure. This accounts for the inciaasleundance seen from in-
creased survival interference and foraging interferenceyetisas for the increase in repro-
duction rate seen from reproductive and survival interfereé®eh indirect benefits of inter-
ference competition cannot be realized in unstructured populationisnodess they are as-

sumed a priori (e.g., Amarasekare, 2002).

Theoretical studies of evolutionary impacts of interference etitign mainly focus on the
emergence of food webs of unstructured populations in which ireade is represented as
increased mortality. In the presence of interference cotigpgetiarger communities can be
successfully evolved from a small ancestor (Loeuille amedu, 2005; Rossberg et al., 2008;
Bréannstrom et al., 2011). We observed similar results in tleessiactured model. However,
our study offers more insights into the role of interferencleretolution of both populations
and communities. On the one hand, in addition to survival ingeréer, foraging and metabol-
ic interference also catalyze the formation of divem®rmunities and the formed communi-
ties can even be more diverse than the communities evblwedsurvival interference, al-
though this usually occurs at high levels of interference iityer@3n the other hand, although
all types of interference competition promotes species sityephysiologically-related inter-
ference (i.e., foraging interference and metabolic intenfee) can exert both negative and
positive effects on the evolution of maturation size, dependingterierence intensity, while
physiologically-unrelated interference (i.e., survival iifgence and reproductive interfe-

rence) generally exerts positive impacts (Fig. 2 and4@.positive impact has been observed
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in unstructured population models (Brannstrom et al., 2011). Theliegs reveal that inter-
ference competition in size-structured population models caavbeiualitatively differently
from unstructured population models and that predictions of inéexdercompetition in size-
structured population models are considerably more diversdttaim unstructured popula-

tion models.

The emerging community in Fig. 3 is evolutionarily stable. Thayever, is not always the
case in particular for foraging and metabolic interfereif¢e.occasionally observed evolu-
tionary limit cycles, reminiscent of Red Queen dynamics(Valen, 1973). Red Queen dy-
namics can be triggered by diverse mechanisms, for instaremgtor-prey interactions (Di-
eckmann et al., 1995) or alternative ecotype-dynamical attra@émdi et al., 2001). Since
alternative steady states frequently appear in size-stagcecotype models with abundant
resource supply (de Roos et al., 2003), we speculate thdiieteze competition might cause
the population dynamics to switch between distinct ecologiesdy states, thus, potentially
favoring Red Queen dynamics at the evolutionary time scasgli(t al., 2001). Elucidating
the conditions that give rise to non-equilibrium evolutionary dynansian important chal-

lenge for future work.

Acknowledgements

LZ was financially supported by the Danish Otto Mgnsted Foumtathe Evolution and
Ecology Program at the International Institute for Appliedt&n Analysis (IIASA), the
Swedish Kempe Foundations, and the Swedish Strategic Reseagran®me eSSENCE.
KHA was supported by the VKR Center of Excellence “Oceae’LiJD acknowledges sup-
port by the European Science Foundation, the Austrian Science thendyustrian Federal
Ministry of Science and Research, the Vienna Science anldnblogy Fund, and the Euro-

pean Community’s Sixth Framework Programme, through the Marie ®asearch Training

22



74

75

76

77

78

79

80

81

82

83

84

85

86

87

88

89

90

91

92

93

94

95

96

Network FishACE (Fisheries-induced adaptive changes in egglsibcks, grant MRTN-CT-
2004-005578) and the Specific Targeted Research Project FinE (€ssimeluced evolution,
grant SSP-2006-044276). AB acknowledges support by the Swedish KenmpeaFons, the
Swedish Strategic Research Programme eSSENCE, the EurSpeace Foundation, and
the European Community’s Sixth Framework Programme, through the Marie Research
Training Network FishACE (Fisheries-induced adaptive chaimgesxploited stocks, grant

MRTN-CT-2004-005578).

Appendix A: Size-structured population model

We build on the recently developed food-web framework by Haewaj. (2011), which is a
promising approach to construct food webs of continuously size-structactgpes. Table
Al and A2 summarize the model equations and model parameterdraim@wvork is de-

scribed in more detail below.

Each population, henceforth denoted ecotype, is characterized by its at@trsizem. In-
dividuals within this ecotype are represented by bodywizarying fromw to M; = m;/n.
Here,w, is the size of offspring, which is assumed to be uniform araéiregotypes, anttf;

is the maximum attainable body size of individuals in ecotydde species size spectrum,
I.e., the distribution of individual abundance as a function of by s denoted;(w, t) or
simply N;. The aggregated size spectra of all species in a comygind rise to the commu-

nity size spectrum (Andersen and Beyer, 2006).

Predation is size selective and mathematically formulatead d®tection function (M1), which
is lognormal (Ursin, 1973) and peaks when the size ratwredator to prey equals the pre-

ferred predator-prey mass rafio The size range of prey individuals that a predator individual
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97 consumes is determined by the standard deviatidnteractions between individuals with
98 size ratio that are several standard deviations ffoane negligible and can be entirely ig-

99  nored.

100 Encountered food fow-sized individuals comes from predation upon resource and consumer
101 individuals (M2). The amount of food is proportional to the size-depemndéunnetric search

102 rate (M3). Satiation is described by the feeding levit)( which multiplied with the maxi-

103  mum food intake (M5) gives rise to the ingested food. Widlnatation efficiencyr, ingested

104 food is converted to energy (M6) that is utilized for lifettwg processes. Energy is in priori-

105 ty used for paying maintenance cadst®’? and then, if there is any, used for individual so-
106  matic growth and reproduction. The distribution of the remaieimgrgy between these two
107  processes is governed by an allocation function (M7). The groguhtien (M8) indicates

108 that the surplus energy after paying metabolic cost isegntised for juvenile growth but

109  drops due to the onset of reproduction (M9). The growth of individeases when they ap-

110  proach their maximum body size at which all energy is routedgroduction.

111 In addition to the predation mortality (M10), individuals expece trait-dependent back-
112 ground mortality at the ragg,m?~*, as well as starvation mortality (M11) when the assimi-
113 lated energy is insufficient to cover metabolic costs idtal mortality rate ofv-sized indi-
114 viduals is thug,;(w) = pp + tom** + ug(w). Moreover, in case of starvation, growth and
115  reproduction stop instantaneously. The background mortality psevetimited growth of

116  large individuals that do not experience predation.

117  The ecotype dynamics are described by the McKendrick-von Foetgiation, Eg. (1a). The
118  boundary condition, Eq. (1b), represents the recruitment of offsprirggresources are conti-
119  nuously distributed along the size spectrum and have dynamicdotluat chemostatic

120 growth (Eqg. 2). The resource spectrum is truncated dower sizew,,.. This lower limit of
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128

129

130

131

resource size does affect the results as long as it $sralter tharwp. Both the resource car-

rying capacity (M12) and the resource regeneration rate (BrE33ize-dependent.

In order to express units in integer powers, we scale individual $isdyand the maturation
size with a reference weight. = 1 g, by settingv = w/w, andm = m/w,, respectively.
This gives rise to scaling constants in some of the equdisted in Table S1. For instance,
the volumetric search ratéw) = yw? is transformed to (i) = yw,” w? after which we
define 7 = yw,/. Other relevant equations and parameters are similzalgds From here on,
we will use the scaled variables although, for brevity,wile not write out the tilde. The

scaled parameters are presented in Table A2.

Table Al: Model equations

Num Equation Interpretation

M1 p(w/w") = exp (—log?(w'S/w)/(2¢62)) Selection function

M2 E(w) = v(w) (fWC“‘w’ Rw"e (i,) dw' +3; J“Z)jwl Nj(w')q)(w/w')dw') Encountered food from resource and

0 w

consumers
M3 viw) = ywt Encounter search r:
M4 F(w) = EW)/(EW) + Inax(W)) Feeding level
M5 Imax(W) = hw™ Maximum food intake
M6 S(w) = alyax(W)F(w) Assimilated energy
M7 Yw,m) =1+ w/m)~19)(wnp/m)t ™" Allocation function
M8 gw,m) = max{0, (1 — Y(w,m))S(w) — kswP } Individual growth rate
M9 b(w,m) = max{0, Y (w, m)(S(w) — kswP)} Individual birth rate
M0 o w) =3, fMIva(w’)(l — FW") N;wew' /w)dw’ Predation mortality
M11  ps(w) = max{(S(w) — kswP)/(éw),0} Starvation mortality
M12 k(w) = kow ™4 Maximum resource density
M13  r(w) = row™ ! Resource generation rate

25



132  Table A2: Parametersand values of the size-structured population model

Parameter Value Unit Interpretation

Consumer

B 100 - Preferred predator-prey mass ratio

o 1 - Width of selection function

a 0.6 - Assimilation efficiency

£ 0.1 - Reproduction efficiency

h 85 alyr Scaled prefactor of maximum food intake

ks 10 alyr Scaled prefactor of standard metabolism

n 0.75 - Exponent of maximum food intake

D 0.75 - Exponent of metabolic costs

q 0.8 - Exponent of volumetric search rate

n 0.25 - Ratio of maturation size to maximum size

u 0.84 alyr Scaled background mortality

& 0.1 - Fraction of energy reserves

W 0.0005 - Scaled egg size

fo 0.6 - Initial feeding level

y fohB? *w, alyr Scaled factor of volumetric search rate

A 1 g Reference weight for scalfhg

Resource

Ko 0.005 g/md Scaled magnitude of resource size spectrum
I 4 Llyr Scaled generate rate

Weut 0.5 - Upper limit of resource spectrum

A 2+q—n - Slope of resource spectrum

Interference

Ow 05 - Interference variance in the direction of bodyeiz
Om 0:5 - Interference variance in the direction of matumatizé
o 0.001 - Standard deviation of mutation

n
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133
134

135

136

137

138

139

140

141

142

143

144

145

146

Om 0.001 - Mutation raté

Ye varied - Foraging interference intensity

K¢ varied - Metabolic interference intensity

De varied - Survival interference intensity

a. varied - Reproductive interference intensity

2Arbitary. The remaining parameters are from Harteigal., 2011°Ensure that interference occurs between
individuals with similar trait and similar body siZDieckmann and Doebeli,1999.

Appendix B: Adaptive dynamics of the size-structured population modélowttinterference

competition

In this appendix, we demonstrate the evolutionary dynamics afrat@in size in a mono-
morphic population (Fig. B1) and dimorphic population (Fig. B2) in theeace of interfe-

rence competition.

Figure B1 shows that through a sequence of small mutations, aheation size will ap-
proach the evolutionarily singular maturation sizg Upon reachingn;, mutant strategies
with both higher and lower maturation size are able to ineadedisruptive selection results.
The singular maturation size; = 0.18 g that is realized in the absence of interference com-
petition and interspecific predation is evolutionarily unstabiel the ecotype undergoes evo-

lutionary branching.
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Fig. B1: Pairwise invasibility plot showing the evolutionary dynamita gingle population.
There is exactly one evolutionarily singular maturation sizg, (vertical dashed line). It is
convergence stable, in the sense that any population will etehards the singular matura-
tion size given sufficiently small mutational steps.e88bn is disruptive at the singular matu-
ration size, eventually allowing the population to diversify dedome dimorphic through
evolutionary branching. The positive and negative areas correspa@othtmnations of resi-
dent and mutant trait values for which the mutant ecotypamaue the resident ecotype.

Parameter values are given in Table A2.

Evolutionary branching causes the emergence of two ecotypes witittdisaturation sizes.
As the two ecotypes coevolve, their trait values divérge each other in the direction indi-
cated by the arrows in the two-dimensional trait evolutian ipl figure B2. The deterministic
evolving trajectories from the monomorphic population to the dimorcommunity are
shown by the dashed lines. The difference in maturationb&geen the two ecotypes in-
creases until the pair crosses the thick solid isoclinehath directional selection in the eco-
type with the smaller maturation size ceases. The caegopopulations then stay within the
region between the two isoclines until they reach the-geekn area. As they pass the boun-

dary, one of the two ecotypes will go extinct, depending onhwéiotype first overshoots the
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boundary. When the ecotype becomes monomorphic, the evolutionary dgretanits over
again, leading to a perpetual cycle of evolutionary branchingeatidction reminiscent of
Red Queen dynamics (Van Valen, 1973). Evolutionary diverdiiicadf the system beyond

two ecotypes does not appear possible without introduction of irgecke competition.

=
o

Muturation size of ecotype 2 (g)
o
= =

0.1 1 10
Muration size of ecotype 1 (g)

Fig. B2: Trait evolution plot showing the evolutionary dynamics of two csiéxg ecotypes.
Light-green areas indicate the coexistence region for ésment ecotypes, while the dark-
green areas indicate that ecotype 1 and 2 can invade oneramogmerare, but still not coex-
ist. The isoclines (continuous lines) indicate where gradualigenlceases in one of the res-
ident ecotypes. Thick and thin line styles indicate whetHectsen in the ecotype for which
gradual evolution has ceased is stabilizing or disruptive, regpkgc Horizontal (vertical)
arrows indicate the direction of evolutionary change in maturatize of resident ecotype 1
(2). The dashed line is the predicted evolutionary trajgabthe dimorphic population fol-
lowing evolutionary branching at maturation sizg. Upon entering the dark-green area, one
of the two coexisting ecotypes become extinct and the populatiagaim monomorphic,

leading to a perpetual evolutionary cycle.
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Appendix C: Algorithm for evolutionary community assembly

We use adaptive dynamics techniques to study the evolutiontofatian size (e.g., Metz et
al., 1996; Geritz et al., 1997; Brannstrom et al., 2013). Ec@bgommunities emerge as a
consequence of gradual evolution and evolutionary branching. Téwtiaial evolutionary
change in an ecotype is determined under the assumption dfomiaited evolution by the

canonical equation of adaptive dynamics (Dieckmann and Law, 1996),

dx

E = %ﬂmOﬁR(x)any(Y)ly=x ’ (Cl)

in whichx andy are the logarithmical values of the traits of residewt mutant ecotypeg,,

is the rate of mutations amxjis standard deviation of mutatior&,x) is the reproduction rate
of the resident ecotype whifg (y) is the fitness of a mutant with trait valuenvading a
resident with trait valu (Dieckmann and Law, 1996). Differentiating and evaluating at
y = x then gives the selection gradiedys,(y)|,-,. Positive selection gradient means that
mutant ecotypes with trait value (maturation size) largar tha resident ecotype can invade.
An important case is that the gradient vanishes. A trait \atlwehich the selection gradient
vanishes is called an evolutionarily singular maturatioa. dizis either a minimum or maxi-
mum of the invasion fitness, (y). Being a minima (positive curvature of the fithess curve at
the singular maturation size) implies that the singular mabaratze is evolutionarily unsta-
ble and, if directional evolution leads up to the maturatiaa, volutionary branching will
eventually unfold and cause the population to become dimorphianbritaspecies environ-
ment, if all ecotypes have trait values that are locatedaxima of the invasion fitness, then
no further evolutionary change occurs. We say that the commhastyeached an evolutiona-

rily stable state (ESS).
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204  Evolutionary community assembly starts with the resource aiugbe ancestor ecotype in a

205 demographic steady state. A community is then assembledtlaty@s follows,

206 (1) Suppose there are multiple species in the current environmigntrait values
207 x = (x4,**,x,). Their demographic dynamics are described by the McKendrick-von
208 Foester (MVF) equation (1). The demographic equations areatgegiumerically to
209 a demographically steady state.

210 (2) The selection gradient of each ecotypé.e.,D(x;) = 9, S,(y = x;), is evaluated
211 at the trait value of that ecotype. There are threesta@) Non-vanishing selection
212 gradient. An ecotype with trait valug ., = x; + §; is added to the environment with
213 0 being a random value proportional@x;). A corresponding MvF equation describ-
214 ing is added to describe the new ecotype’s demographic dysantide the MvF eq-
215 uation associated with the parent ecotype is removed/djijshing selection gradient
216 with a corresponding maximum of the invasion fitness. Thereiking to do with
217 this resident ecotype. (iii) Vanishing selection gradient witorresponding minimum
218 of the invasion fitness. In this case, the resident ecdiggareached an evolutionary
219 branching point. Two mutants are inserted symmetrically ardumgdrent ecotype’s
220 trait value, i.e.x,,; = x; — 6, andx, ., = x; + 6,, whered; and§, are chosen at
221 random from a Gaussian distribution with mean value 0 amdiatd deviatiomrlf. In
222 addition, two MvF equations corresponding to the two mutant ecopgeadded.

223 (3) If all ecotypes have vanishing selection gradients correspgpitalia maxima of the
224 invasion fitness, then assembly ceases. Otherwise, chatogéhe new number of
225 ecotypes and repeat from step 1.

'Strictly speaking, there is also a fourth caseép € that of a vanishing selection gradient andenthe inva-
sion fitness is neither at a maximum nor a minimiWihis degenerate case did not occur in our invastgs.
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In the algorithm above, the invasion fitness is calculaseiti@ asymptotic exponential growth
rate of mutant population (Metz et al., 1992), and the selectamtient (€.9.9,5,(y = x;))
can then be approximated numerically using finite differenbe. @iomass of a new ecotype
is initially set t01072° g/m® and this value is also taken as the extinction threshatenie-

ter values can be found in Table A2.
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