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Complex Adaptive Systems

B Collections of individual agents
B Agents can be heterogeneous
m Agents interact locally and nonlinearly

B Agents adapt their features/strategies based
on the outcomes of those interactions



Features of Complex Adaptive Systems

. Rapid adaptation

y 4 Codependent agents
- | Emergent phenomena

Y, | Tipping points
= Self-organized criticality

S Social dilemmas
¥ Stakeholder diversity
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Adaptation
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Two Types of Adaptation

m Biological evolution
operates through genetic change (slower)

m Cultural evolution
operates through social learning (faster)



Two Common Misperceptions

m Biological evolution is always slow

On the contrary, rapid contemporary evolution
Is widespread, in particular in response to
anthropogenic environmental change

m Biological evolution is always optimizing
On the contrary, selection operates at the
individual level, implying that population-level
features will rarely get optimized by evolution



Example: Modern Fisheries

m Evolutionary responses of stocks to
modern fishing pressures are inevitable

B Significant evolution can occur within
just a few generations

B Evolutionary changes are not necessarily
beneficial

m Evolutionary changes will often be
difficult to reverse
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Which Traits Are at Risk?

B Age and size at maturation
= Reproducing late is impossible

B Reproductive effort
= Saving for future seasons is futile

B Growth rate
= Staying below mesh size prolongs life

m Morphology and behavior
= Avoiding fishing gear is advantageous



Northern Cod: Fishing History
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The northern cod stock collapsed in 992,
in one of the worst disasters of modern fishing



Northern Cod: Evolutionary Change
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Feeding grounds

Barents Sea,
mature & juvenile fish

Spawning grounds
Norwegian coast,
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With a catch of 400,000 tonnes per year, Northeast Arctic cod is
one of the most important European fish stocks



Northeast Arctic Cod: Evolutionary Change
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This shift in maturation schedule contributes to a drop in
maturation age from 9-10 years to 6-7 years and reduces initial
egg production by about 50%



Fast Pace of Evolutionary Decline

Eco-genetic model of Northeast Arctic cod
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Slow Pace of Evolutionary Recovery
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MEASURING PROBABILISTIC REACTION NORMS FOR AGE AND SIZE
AT MATURATION

Mixko HEmo,!-2:3:4 ULF DIECKMANN,? AND OrLav RUNE Gobeo!
Unstitute of Marine Research, Box 1870 Nordnes, N-5817 Bergen, Norway
2E-mail: mikko@imr.no
3Adaptive Dynamics Network, International Institute for Applied Systems Analysis (IIASA), A-2361 Laxenburg, Austria
4University ofHeismh Department of Ecology and Systematics, FIN-00014 Helsinki, Finland

Abstract—We present a new probabilistic concept of reaction norms for age and size at maturation that is applicable
when observations are carried out at discrete time intervals. This approach can also be used to estimate reaction norms
for age and size at metamorphosis or at other ontogenetic transitions. Such estimations are critical for understanding
phenotypic plasticity and life-history changes in variable environments. assessing genetic changes in the presence of
phenotypic plasticity, and calibrating size- and age-structured population models. We show that previous approaches
to this problem, based on regressing size against age at maturation, give results that are systematically biased when
compared to the probabilistic reaction norms. The bias can be substantial and is likely to lead to qualitatively incorrect
conclusions: it is caused by failing to account for the probabilistic nature of the maturation process. We explain why.
instead. robust estimations of maturation reaction norms should be based on logistic regression or on other statistical
models that treat the probability of maturing as a dependent variable. We demonstrate the utility of our approach with
two examples. First, the analysis of data generated for a known reaction norm highlights some crucial limitations of
previous approaches. Second, application to the northeast arctic cod (Gadus morhua) illustrates how our approach can
be used to shed new light on existing real-world data.

Key words.—Body size, life history, logistic regression, maturation, metamorphosis, phenotypic plasticity. reaction
norm.



Maturation trends indicative
of rapid evolution preceded
the collapse of northern cod

Eshen M. Olsen'*, Mikko Heino"~, George R. Lilly’, M. Joanne Morgan’,
John Brattey’, Bruno Ernande’ & UIf Dieckmann'

'Adaptive Dynamics Network, International Institute for Applied Systems
Analysis, A-2361 Laxenburg, Austria

*Institute of Marine Research, P.O. Box 1870 Nordnes, N-3817 Bergen, Norway
*Northwest Atlantic Fisheries Centre, Department of Fisheries and Oceans,

P.O. Box 5667, St John's, Newfoundland, Canada A1C 5X1

* Present address: Division of Marine Biology and Limnology, Department of Biology, University of Oslo,
P.0. Box 1064, Blindern, N-0316 Oslo, Norway

Northern cod, comprising populations of Atlantic cod (Gadus
morhua) off southern Labrador and eastern Newfoundland,
supported major fisheries for hundreds of years'. But in the
late 1980s and early 1990s, northern cod underwent one of the
worst collapses in the history of fisheries®*. The Canadian
government closed the directed fishing for northern cod in July
1992, but even after a decade-long offshore moratorium, popu-
lation sizes remain historically low". Here we show that, up until
the moratorium, the life history of northern cod continually
shifted towards maturation at earlier ages and smaller sizes.

nawure

2004

Because confounding effects of mortality changes and growth-
mediated phenotypic plasticity are accounted for in our analyses,
this finding strongly suggests fisheries-induced evolution of
maturation patterns in the direction predicted by theory™*. We
propose that fisheries managers could use the method described
here as a tool to provide warning signals about changes in life
history before more overt evidence of population decline
becomes manifest.
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E{:u—gcm:ti{; mudcling of contemporary lif{:—hiﬁtur}’ evolution

Ermv S. Duncor, %% Mikko Hemo,"* anp ULF Disckmann'

'Evolution and Ecology Program, International Institute for Applied Systems Analysis, Schlossplatz 1, A-2361 Laxenburg, Ausiria
*Institute of Marine Research, P.O. Box 1870 Nordnes, N-3817 Bergen, Norway
*Department of Biology, University of Bergen, P.O. Box 7800, N-5020 Bergen, Norway
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Ontario K97 788 Canada

Abstract.  We present eco-genetic modeling as a flexible tool for exploring the course and
rates of multi-trait life-history evolution in natural populations. We build on existing modeling
approaches by combining features that facilitate studying the ecological and evolutionary
dynamics of realistically structured populations. In particular, the joint consideration of age
and size structure enables the analysis of phenotypically plastic populations with more than a
single growth trajectory, and ecological feedback 1s readily included in the form of density
dependence and frequency dependence. Stochasticity and life-history trade-offs can also be
mmplemented. Critically, eco-genetic models permit the incorporation of salient genetic detail
such as a population’s genetic variances and covariances and the corresponding heritabilities,
as well as the probabilistic inheritance and phenotypic expression of quantitative traits. These
mclusions are crucial for predicting rates of evolutionary change on both contemporary and
longer timescales. An eco-genetic model can be tightly coupled with empirical data and
therefore may have considerable practical relevance, in terms of generating testable predictions
and evaluating alternative management measures. To illustrate the utility of these models, we
present as an example an eco-genetic model used to study harvest-induced evolution of
multiple traits in Atlantic cod. The predictions of our model (most notably that harvesting
induces a genetic reduction in age and size al maturation, an increase or decrease in growth
capacity depending on the minimum-length limit, and an increase in reproductive investment)
are corroborated by patterns observed in wild populations. The predicted genetic changes
occur together with plastic changes that could phenotypically mask the former. Importantly,
our analysis predicts that evolutionary changes show little signs of reversal following a harvest
moratorium. This illustrates how predictions offered by eco-genetic models can enable and
guide evolutionarily sustainable resource management.

Kev words:  Atlantic cod, Gadus morhua; density-dependent growth,; eco-evolutionary dynamics;
evolution; fisheries-induced evolution; fishing-induced adaptive change; harvesi; life-hisiory theory;
phenotypic plasticity,; probabilistic maturation reaction norm; guantitative genetics; reproductive invesiment.
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Managing Evolving Fish Stocks

Christian Jergensen,'* Katja Enberg,? Erin S. Dunlop,>' Robert Arlinghaus,®*

David S. Boukal 2! Keith Brander,® Bruno Ernande,5” Anna Gardmark ® Fiona Johnston,’
Shuichi Matsumura,’? Heidi Pardoe,®" Kristina Raab,'" Alexandra Silva,"

Anssi Vainikka® Ulf Dieckmann,” Mikko Heino,>'? Adriaan D. Rijnsdorp™

arwinian evolution 1s the driving

process of innovation and adaptation

across the world’s biota. Acting on
top of natural selection, human-induced selec-
tion pressures can also cause rapid evolution.
Sometimes such evolution has undesirable
consequences, one example being the spread-
Ing resistance to antibiotics and pesticides,
which causes suffering and billion-dollar
losses annually (/). A comparable anthro-
pogenic selection pressure originates from
fishing, which has become the main source of
mortality in many fish stocks, and may exceed

natural mortality by more than 400% (2). This
has, however, been largely ignored, even
though studies based on fisheries data and
controlled experiments have provided strong
empirical evidence for fisheries-induced evo-
lution over a range of species and regions (see
table, page 1248). These evolutionary changes
are unfolding on decadal time scales—much
faster than previously thought.

Life-history theory predicts that increased
mortality generally favors evolution toward
earlier sexual maturation at smaller size and
elevated reproductive effort. Fishing that 1s

Evolutionary impact assessment is a framework
for quantifying the effects of harvest-induced
evolution on the utility generated by fish stocks.

question 1s not whether such evolution will
occur, but how fast fishing practices bring
about evolutionary changes and what the con-
sequences will be.

Life-history traits are among the primary
determinants of population dynamics, and
their evolution has repercussions for stock
biomass, demography, and economic yield
(3, 6). Fisheries-induced evolution may also
be slow to reverse or even irreversible (3),
with implications for recruitment and recov-
ery (7). Consequently, predator-prey dynam-
ics, competitive interactions, relative species



FISH and FISHERIES

FISH and FISHERIES

Evolutionary impact assessment: accounting for evolutionary
consequences of fishing in an ecosystem approach to
fisheries management

Ane T Laugen™?, Georg H Engelhard’®, Rebecca Whitlock®>*®, Robert Arlinghaus”®, Dorothy | Dankel’,

Erin S Dunlopg'm'”, Anne M Eikeset'?, Katja Enbe_rgg'm, Christian ]@rgensenm'”, Shuichi Matsumura™”#,
Sébastien Nusslé®> 18, Davnah Urbach**7, Loic Baulier”*%'8, David S Boukal’*®*°, Bruno Ernande*>°,
Fiona D ]ohnston4'7 8 Fabian Mollet*?!, Heidi Pardoe??, Nina O Therkildsen?>, Silva Uusi-Heikkild” %,
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Resource heterogeneity can facilitate cooperation

Adam Kun'234 & UIf Dieckmann'

Although social structure is known to promote cooperation, by locally exposing selfish agents
to their own deeds, studies to date assumed that all agents have access to the same level of
resources. This is clearly unrealistic. Here we find that cooperation can be maintained when
some agents have access to more resources than others. Cooperation can then emerge even
in populations in which the temptation to defect is so strong that players would act fully
selfishly if their resources were distributed uniformly. Resource heterogeneity can thus be
crucial for the emergence and maintenance of cooperation. We also show that resource
heterogeneity can hinder cooperation once the temptation to defect is significantly lowered.
In all cases, the level of cooperation can be maximized by managing resource heterogeneity.



A few rich cooperators suffice to enable
cooperation under adverse conditions

With wealth inequality Without wealth inequality

Blue: cooperators, red: defectors, bright: rich sites, dark: poor sites
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Social planners can maximize cooperation by
managing wealth inequality

High temptation to defect Low temptation to defect
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Emergent
Phenomena



Langton’s Ant

Ant moves:
(1) On a white
square, turn
90° right, on a
black square,
turn 90° left
(2) Flip the
color of the
square and
move forward
one square




Evolution under Local Competition
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Agent-based Evolution

Phenotype

*" Directional selection

Evolutionary time



Phenotype

Endogenous Diversification
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Fitness Landscape of Evolving Vegetation
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The take-it-or-leave-it option allows small penalties to

overcome social dilemmas

Tatsuya Sasaki®, Ake Brannstrdm®®, UIf Dieckmann?, and Karl Sigmun

da.C."I

*Evolution and Ecology Program, International Institute for Applied Systems Analysis, 2361 Laxenburg, Austria; “Department of Mathematics and
Mathematical Statistics, Umea University, 90187 Umead, Sweden; and “Faculty of Mathematics, University of Vienna, 1090 Vienna, Austria

Edited by Kenneth Wachter, University of California, Berkeley, CA, and approved December 2, 2011 (received for review September 15, 2011)

Self-interest frequently causes individuals engaged in joint enter-
prises to choose actions that are counterproductive. Free-riders
can invade a society of cooperators, causing a tragedy of the
commons. Such social dilemmas can be overcome by positive or
negative incentives. Even though an incentive-providing institution
may protect a cooperative society from invasion by free-riders, it
cannot always convert a society of free-riders to cooperation. In the
latter case, both norms, cooperation and defection, are stable: To
avoid a collapse to full defection, cooperators must be sufficiently
numerous initially. A society of free-riders is then caught in a social
trap, and the institution is unable to provide an escape, except at
a high, possibly prohibitive cost. Here, we analyze the interplay of
(a) incentives provided by institutions and (b) the effects of volun-
tary participation. We show that this combination fundamentally
improves the efficiency of incentives. In particular, optional partic-
ipation allows institutions punishing free-riders to overcome the
sodial dilemma at a much lower cost, and to promote a globally
stable regime of cooperation. This removes the social trap and
implies that whenever a society of cooperators cannot be invaded
by free-riders, it will necessarily become established in the long
run, through social learning, irrespective of the initial number of
cooperators. We also demonstrate that punishing provides a “ligh-
ter touch” than rewarding, guaranteeing full cooperation at con-
siderably lower cost.

punishment | rewards | public goods | social contract | evolutionary games

www. pnas.org/cgifdoif10.1073/pnas. 1115219109

Here, we show that the option to abstain from the joint en-
terprise (14-17) offers an escape from the social trap. Indeed,
when free-riding is the norm, players will tum away from un-
promising joint ventures. This leads to the decline of exploiters
and allows the reemergence of cooperators. If the incentives are
too low, this is followed by the comeback of defectors, in a rock-
paper-scissors type of cycle (18, 19) (Fig. 2a). However, even
a modest degree of punishment breaks the rock-paper-scissors
cycle and allows the fixation of the cooperative norm (Fig. 2 e-g).
Thus, optional participation allows a permanent escape from the
social trap. In contrast, we show that optional participation has
little impact on rewarding systems (Fig. 2 b-d).

Methods

Specifically, we apply evolutionary game theory (20) to cultural evolution,
based on (a) social learning (i.e., the preferential imitation of more suc-
cessful strategies) and (b) occasional exploratory steps (modeled as small and
rare random perturbations). Because the diversity of public good inter-
actions and sanctioning mechanisms is huge, we first present a fully ana-
lytical investigation of a prototypical case (5/ Text). We posit a large, well-
mixed population of players. From time to time, a random sample ofn = 2
players is faced with an opportunity to participate in a public good game, at
a cost g > 0. We denote by m the number of players willing to participate
(0 <m < n) and assume that m = 2 players are required for the game to take
place. If it does, each of the m players decides whether or not to contribute
a fixed amount ¢ > 0, knowing that it will be multiplied by r {with 1 < r<n)
and distributed equally among all m — 1 other members of the group. If
all group members invest into the common pool_each obtains a_pavoff

PNAS lanuary 24, 2012 vol. 109 no. 4 1165-1169
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Voluntary Participation
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Abrupt community transitions and cyclic evolutionary dynamics
in complex food webs™

Daisuke Takahashi®* Ake Brinnstrém ¢, Rupert Mazzucco ¢, Atsushi Yamauchi?,
UIf Dieckmann
* Center for Ecological Research, Kyoto University, Hirano 2-509-3, Otsu 520-2113, Japan

b Department of Mathematics and Mathematical Statistics, Umed University, 901 87 Umed, Sweden
© Evolution and Ecology Program, International Institute for Applied Systems Analysis (IASA) Schlossplatz 1, 2361 Laxenburg, Austria

HIGHLIGHTS

¢ We present the first individual-based model of community evolution in which linear functional responses suffice to enable the emergence of multiple
trophic levels.

* Evolving communities stochastically alternate between two states that are either dominated by producers or additionally feature diverse consumers.

* We explain these cyclic transitions by an inexorable evolutionary drive towards particularly fragile community structures that allow extinction
cascades causing consumer collapse.

* Qur findings are shown to be robust to a wide range of model variations.




Assembly and Collapse

A generalist consumer emerges at
random, foraging on the producers
and itself
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