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With	  thanks	  to	  



Objec5ves	  

•  Raise	  challenges,	  following	  up	  on	  Daniel’s	  
lecture	  

•  Explore	  the	  role	  of	  mathema5cs	  and	  physics	  
•  Especially	  suggest	  the	  benefits	  of	  an	  ecological	  
and	  evolu5onary	  perspec5ve,	  and	  in	  turn	  the	  
benefits	  to	  ecology	  and	  evolu5on	  of	  studying	  
microbial	  systems	  



From	  physical	  systems	  to	  biological	  systems,	  
macroscopic	  features	  emerge	  from	  microscopic	  
interac5ons,	  largely	  independent	  of	  details	  

hMp://en.wikipedia.org/wiki/
Biofilm	  

Courtesy	  of	  Claudio	  Carere	  /	  StarFLAG	  EU	  FP6	  
project	  

hMp://www.icmp.lviv.ua/
ising/galam.html	  



Like	  	  these	  examples,	  microbial	  
communi5es	  are	  complex	  adap5ve	  

systems	  

•  Challenge	  to	  understand	  them	  as	  emergent	  
from	  individual	  interac5ons,	  with	  
complementarity	  of	  func5on	  

•  And	  to	  understand	  the	  broader	  ecosystems	  of	  
which	  they	  are	  part	  as	  CAS	  



Focus	  on	  macroscopic	  features	  must	  recognize	  
that	  these	  emerge	  from	  microscopic	  

interac5ons,	  but	  do	  not	  depend	  on	  most	  fine	  
details	  

www.piM.edu/~jdnorton	  



This	  implies	  a	  need	  to	  relate	  
phenomena	  across	  scales,	  from	  

	  •  cells	  to	  organisms	  to	  collec5ves	  to	  ecosystems	  and	  
the	  biosphere	  

and	  to	  ask	  	  
•  How	  robust	  are	  the	  proper5es	  of	  ecosystems?	  
•  How	  does	  robustness	  of	  macroscopic	  proper5es	  
relate	  to	  ecological	  and	  evolu5onary	  dynamics	  on	  
finer	  scales?	  

•  Can	  we	  develop	  a	  sta5s5cal	  mechanics	  of	  microbial	  
systems	  and	  the	  ecosystems	  of	  which	  they	  are	  part	  	  ?	  



Simons	  Grant	  

•  Deriving	  macroscopic	  equa1ons	  for	  
interac1on	  rates,	  popula1on	  dynamics,	  and	  
nutrient	  fluxes	  from	  individual-‐based	  models	  
of	  ecological	  interac1ons	  	  

Levin,	  Hein,	  Hagstrom,	  Stocker	  
A	  New	  Framework	  for	  Ecological	  Kine5cs	  in	  Natural	  Environments	  
	  



u	  and	  K	  from	  ECCO2	  GCM	   Phyto	  	  growth	   Remineraliza5on	  
&	  other	  sources	  

Growth	   Mortality	   Grazing	   Sinking	  

MJ	  Follows	  et	  al,	  Science	  315,	  1843	  (2007)	  

Ocean	  dynamics:	  The	  MIT-‐DARWIN	  Model	  

C	  Wunsch	  &	  P	  Heimbach,	  Physica	  D	  230,197	  (2007)	  

N/P/Z=	  nutrients/phytoplankton/
zooplankton	  
Simplis5c	  movement	  



Diatoms	  

Prochlorococcus	  

Synechococcus	  

Large	  eukaryotes	  

Follows,	  Dutkiewicz,	  Chisholm,	  
	  …	  

Ecotypes,	  not	  species,	  are	  predictable	  

Courtesy	  Follows	  and	  Dutkiewicz	  
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Marine Ecosystems as Complex
Adaptive Systems: Emergent
Patterns, Critical Transitions,

and Public Goods

George I. Hagstrom* and Simon A. Levin

Ecology and Evolutionary Biology, Princeton University, Guyot Hall, Princeton, New York 08544, USA

ABSTRACT

Complex adaptive systems provide a unified
framework for explaining ecosystem phenomena.
In the past 20 years, complex adaptive systems have
been sharpened from an abstract concept into a
series of tools that can be used to solve concrete
problems. These advances have been led by the
development of new techniques for coupling eco-
logical and evolutionary dynamics, for integrating
dynamics across multiple scales of organization, and
for using data to infer the complex interactions
among different components of ecological systems.
Focusing on the development and usage of these
new methods, we discuss how they have led to an
improved understanding of three universal features
of complex adaptive systems, emergent patterns;

tipping points and critical phenomena; and coop-
erative behavior. We restrict our attention primarily
to marine ecosystems, which provide numerous
successful examples of the application of complex
adaptive systems. Many of these are currently
undergoing dramatic changes due to anthropogenic
perturbations, and we take the opportunity to dis-
cuss how complex adaptive systems can be used to
improve the management of public goods and to
better preserve critical ecosystem services.

Key words: complex adaptive systems; public
goods; emergent patterns; critical transitions; mar-
ine ecosystems; evolution of cooperation; theoret-
ical ecology.

INTRODUCTION

Twenty years ago, as Ecosystems was setting out on
its path to become one of the leading-edge outlets for
progress in ecosystems research, it featured a special
issue on viewing ecosystems as complex adaptive

systems (Hartvigsen and others 1998; Levin 1998).
Since that time, this perspective has seen impressive
development, from both theoretical and applied
perspectives (Scheffer and others 2012; Filotas and
others 2014;Messier and others 2015). In this paper,
we will focus on three features of complex adaptive
systems, through the lens of marine ecosystems.
Complex adaptive systems are characterized first of
all by emergent patterns, like collective behavior,
trait biogeography, and nutrient cycling, that char-
acterize community and ecosystem patterns at the
macroscopic level, but that to a large extent are
byproducts of evolution at lower levels of organiza-
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Agent-‐based	  models	  are	  increasing	  
in	  power	  

12	  

hMp://ses.jrc.ec.europa.eu/agent-‐based-‐modelling-‐smart-‐grids	  



Animal	  flocks,	  herds	  and	  swarms	  

13	  

Claudio	  Carere	  +	  StarFLAG	  EU	  FP6	  project	  

Couzin/BBC	  

Source	  Unknown	  



But	  reduced-‐dimensional	  descrip5ons	  
will	  be	  essen5al	  for	  robustness	  of	  

conclusions	  

•  Hydrodynamic	  limits	  
•  Moment	  closure	  
•  Equa5on-‐free	  methods	  
•  Other	  approaches	  to	  aggrega5on	  

14	  



Ecosystem	  ecology	  of	  the	  microbiome:	  
Theore5cal	  ques5ons	  

•  Macroecology	  and	  geographical	  ecology	  
•  Theories	  and	  measures	  of	  diversity/neutral	  
theory	  

•  Compe55ve	  release	  (C.	  difficile)	  
•  Emergence	  of	  nutrient	  cycles	  and	  public	  
goods/bads	  produc5on	  (e.g.,	  H.pylori)	  

•  Biological	  invasions	  and	  probio5cs/an5bio5cs	  
•  Evolu5on	  and	  ecosystem	  proper5es	  



Topics	  of	  interest	  

•  Temporal	  paMerning	  
•  Alterna5ve	  stable	  states	  
•  Spa5al	  paMerns	  
•  Coupling	  space	  and	  5me	  



Ecological	  succession	  

hMp://
www.physicalgeography.net/

fundamentals/9i.html	  



The	  temporal	  microbiome	  and	  
microbial	  ecosystems	  

•  What	  do	  we	  know	  about	  paMerns	  of	  
coloniza5on	  and	  succession	  in	  the	  
microbiome,	  and	  in	  microbial	  communi5es	  
more	  generally?	  

•  What	  about	  diurnal	  and	  other	  cycles?	  
•  Seasonality?	  



From	  evolu5on	  at	  lower	  levels,	  
ecosystem	  structure	  and	  func5on	  

emerge	  
•  To	  some	  extent,	  there	  is	  coevolu5on,	  at	  mul5ple	  
levels,	  to	  the	  mutual	  benefit	  of	  host	  and	  
microbiota	  

•  To	  some	  extent,	  there	  is	  self-‐organiza5on,	  at	  
mul5ple	  levels,	  some5mes	  to	  the	  mutual	  benefit	  
of	  host	  	  and	  microbiota	  

•  To	  some	  extent,	  coevolu5on	  and	  self-‐
organiza5on	  can	  be	  destruc5ve	  to	  the	  host	  

•  That	  applies	  as	  well,	  though	  less	  so,	  to	  our	  own	  
cells	  (cancer	  is	  an	  example)	  



Coevolu5on	  and	  self-‐organiza5on:	  
H.pylori	  and	  humans	  

•  Increased	  rates	  of	  stomach	  cancer	  with	  
H.pylori	  

•  Decreased	  rates	  of	  GERD	  and	  esophageal	  
cancer	  

•  Other	  costs	  and	  benefits	  



Tumor	  growth	  

wikipedia	  
hMp://
www.cancerresearchuk.o
rg/	  



Tumors	  rely	  on	  public	  goods	  as	  well:	  
Selec5ng	  for	  cheaters	  to	  fight	  cancer,	  

with	  

22	  

hMp://www.cienciahoje.pt/	  
index.php?oid	  

hMp://sweet.ua.pt/sdorogov/	  
photos-‐networkers.html	  

hMp://www.	  
the-‐scien5st.com/	  

David	  Dingli	   Jorge	  Pacheco	   Corina	  Tarnita	  



Topics	  of	  interest	  

•  Temporal	  paMerning	  
•  Alterna5ve	  stable	  states	  
•  Spa5al	  paMerns	  
•  Coupling	  space	  and	  5me	  



Scheffer	  et	  al.	  2003	  

Alterna5ve	  states	  and	  cri5cal	  transi5ons	  



REVIEWS

Early-warning signals for critical transitions
Marten Scheffer1, Jordi Bascompte2, William A. Brock3, Victor Brovkin5, Stephen R. Carpenter4, Vasilis Dakos1,
Hermann Held6, Egbert H. van Nes1, Max Rietkerk7 & George Sugihara8

Complex dynamical systems, ranging from ecosystems to financial markets and the climate, can have tipping points at which
a sudden shift to a contrasting dynamical regimemay occur. Although predicting such critical points before they are reached
is extremely difficult, work in different scientific fields is now suggesting the existence of generic early-warning signals that
may indicate for a wide class of systems if a critical threshold is approaching.

I
t is becoming increasingly clear that many complex systems have
critical thresholds—so-called tippingpoints—atwhich the system
shifts abruptly from one state to another. In medicine, we have
spontaneous systemic failures such as asthma attacks1 or epileptic

seizures2,3; in global finance, there is concern about systemic market
crashes4,5; in the Earth system, abrupt shifts in ocean circulation or
climatemay occur6; and catastrophic shifts in rangelands, fish popula-
tions or wildlife populations may threaten ecosystem services7,8.

It is notably hard topredict such critical transitions, because the state
of the system may show little change before the tipping point is
reached. Also, models of complex systems are usually not accurate
enough to predict reliably where critical thresholds may occur.
Interestingly, though, it now appears that certain generic symptoms
mayoccur in awide class of systemsas they approacha critical point. At
first sight, itmay seem surprising that disparate phenomena such as the
collapse of an overharvested population and ancient climatic transi-
tions could be indicated by similar signals. However, as we will explain
here, the dynamics of systems near a critical point have generic prop-
erties, regardless of differences in the details of each system9. Therefore,
sharp transitions in a range of complex systems are in fact related. In
models, critical thresholds for such transitions correspond to bifurca-
tions10. Particularly relevant are ‘catastrophic bifurcations’ (see Box 1
for an example), where, once a threshold is exceeded, a positive feed-
back propels the system through a phase of directional change towards
a contrasting state. Another important class of bifurcations are those
thatmark the transition froma stable equilibrium to a cyclic or chaotic
attractor. Fundamental shifts that occur in systems when they pass
bifurcations are collectively referred to as critical transitions11.

We will first highlight the theoretical background of leading indica-
tors that may occur in non-equilibrium dynamics before critical tran-
sitions, and illustrate how such indicators can perform in model
generated time-series. Subsequently,wewill reviewemerging empirical
work on different systems and discuss prospects and challenges.

Theory
Critical slowing down and its symptoms. The most important clues
that have been suggested as indicators of whether a system is getting
close to a critical threshold are related to a phenomenon known in
dynamical systems theory as ‘critical slowingdown’12. Although critical
slowing down occurs for a range of bifurcations, we will focus on the
fold catastrophe (Box 1) as a starting point. Inappropriate use of this
classical model caused some controversy in the past13, but it is now

considered to capture the essence of shifts at tipping points in a wide
range of natural systems ranging from cell signalling pathways14 to
ecosystems7,15 and the climate6. At fold bifurcation points (F1 and F2,
Box 1), the dominant eigenvalue characterizing the rates of change
around the equilibrium becomes zero. This implies that as the system
approaches such critical points, it becomes increasingly slow in re-
covering from small perturbations (Fig. 1). It can be proven that this
phenomenon will occur in any continuous model approaching a fold
bifurcation12. Moreover, analysis of various models shows that such
slowing down typically starts far from the bifurcation point, and that
recovery rates decrease smoothly to zero as the critical point is
approached16. Box 2 describes a simple example illustrating this.

The most straightforward implication of critical slowing down is
that the recovery rate after small experimental perturbation can be
used as an indicator of how close a system is to a bifurcation point16.
Because it is the rate of change close to the equilibrium that matters,
such perturbations may be very small, posing no risk of driving the
system over the threshold. Also, models indicate that in spatially
extensive systems at risk of systemic collapse, small-scale experi-
mental probing may suffice to test the vicinity of the threshold for
such a large-scale transition. For instance, it has been shown that
recovery times after local perturbation increase in models of frag-
mented populations approaching a threshold for global extinction17.

For most natural systems, it would be impractical or impossible to
monitor them by systematically testing recovery rates. However,
almost all real systems are permanently subject to natural perturba-
tions. It can be shown that as a bifurcation is approached in such a
system, certain characteristic changes in the pattern of fluctuations
are expected to occur. One important prediction is that the slowing
down should lead to an increase in autocorrelation in the resulting
pattern of fluctuations18 (Fig. 1). This can be shown mathematically
(Box 3), but it is also intuitively simple to understand. Because slow-
ing down causes the intrinsic rates of change in the system to
decrease, the state of the system at any given moment becomes more
and more like its past state. The resulting increase in ‘memory’ of the
system can be measured in a variety of ways from the frequency
spectrum of the system19,20. The simplest approach is to look at lag-1
autocorrelation21,22, which can be directly interpreted as slowness of
recovery in such natural perturbation regimes16,18. Analyses of simu-
lation models exposed to stochastic forcing confirm that if the system
is driven gradually closer to a catastrophic bifurcation, there is a
marked increase in autocorrelation that builds up long before the

1Department of Environmental Sciences, Wageningen University, PO Box 47, 6700 AA Wageningen, The Netherlands. 2Integrative Ecology Group, Estación Biológica de Doñana,
Consejo Superior de Investigaciones Cientı́ficas, Calle Américo Vespucio s/n, E-41092 Sevilla, Spain. 3Department of Economics, 1180 Observatory Drive, 4Center for Limnology, 680
North Park Street, University ofWisconsin,Madison,Wisconsin 53706, USA. 5Max Planck Institute forMeteorology, Bundesstraße 55, 20146Hamburg, Germany. 6Potsdam Institute
for Climate Impact Research, POBox 601203, D-14412 Potsdam, Germany. 7Utrecht University, Faculty ofGeosciences, Department Environmental Sciences, Copernicus Institute, PO
Box 80115, 3508 TC Utrecht, The Netherlands. 8Scripps Institution of Oceanography, University of California, San Diego, La Jolla, California 92093, USA.

Vol 461j3 September 2009jdoi:10.1038/nature08227
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 Macmillan Publishers Limited. All rights reserved©2009
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Generic Indicators for Loss of
Resilience Before a Tipping Point
Leading to Population Collapse
Lei Dai,1* Daan Vorselen,2* Kirill S. Korolev,1 Jeff Gore1†

Theory predicts that the approach of catastrophic thresholds in natural systems (e.g., ecosystems,
the climate) may result in an increasingly slow recovery from small perturbations, a phenomenon
called critical slowing down. We used replicate laboratory populations of the budding yeast
Saccharomyces cerevisiae for direct observation of critical slowing down before population
collapse. We mapped the bifurcation diagram experimentally and found that the populations
became more vulnerable to disturbance closer to the tipping point. Fluctuations of population
density increased in size and duration near the tipping point, in agreement with the theory.
Our results suggest that indicators of critical slowing down can provide advance warning of
catastrophic thresholds and loss of resilience in a variety of dynamical systems.

Natural populations can experience cat-
astrophic collapse in response to small
changes in environmental conditions,

and recovery after such a collapse can be ex-
ceedingly difficult (1, 2). Tipping points mark-
ing population collapse and other catastrophic
thresholds in natural systems may correspond to

a fold bifurcation in the dynamics of the system
(3–6). Even before crossing a tipping point, a
system may become increasingly vulnerable to
perturbations due to loss of “ecological resil-
ience” (i.e., size of the basin of attraction) (4, 7).
There has been a growing interest in the pos-
sibility of using generic statistical indicators,
primarily based on critical slowing down, as early
warning signals of impending tipping points in
various systems (8–16). In dynamical systems
theory, critical slowing down refers to the slow
recovery from small perturbations in the vicinity
of bifurcations (8, 17). As the system approaches
a bifurcation, the time needed to recover from

perturbations becomes longer (11, 18) and hence
the system becomes more correlated with its past,
leading to an increase in autocorrelation. In ad-
dition, the perturbations accumulate and result
in an increase in the size of the fluctuations (10).
Other statistical indicators, such as skewness,
have also been proposed as warning signals be-
cause of the change in stability landscape before
bifurcations (19).

An increase in variance or autocorrelation of
fluctuations of the system has been observed to
precede a regime shift in a lake ecosystem (13),
abrupt climate change (9, 14), transitions in coor-
dinated biological motion (20), and the cascading
failure of the North America Western Intercon-
nection power system in 1996 (21); these findings
suggest the existence of bifurcation-type tipping
points and associated critical dynamics in many
systems. Because the complex dynamics under-
lying these systems makes it difficult to determine
the nature of the transitions, studies in controlled
systems are required. Recent studies in labora-
tory water fleas (12) and cyanobacterial mono-
culture (16) measured the warning signals under
controlled conditions. However, the transition
in the deteriorating-environment experiment of
water fleas, probably due to a transcritical bi-
furcation, was noncatastrophic (fig. S1). More-
over, in both systems the tipping points were not
determined directly by experiments. Thus, neither
study constituted a demonstration of early warn-
ing signals before an experimentally mapped
fold bifurcation in a live system. Such a study
can also test directly the possibility of using crit-
ical slowing down to indicate loss of ecological

1Department of Physics, Massachusetts Institute of Technology,
Cambridge, MA 02139, USA. 2Department of Physics and
Astronomy, VU University, 1081 HV Amsterdam, Netherlands.

*These authors contributed equally to this work.
†To whom correspondence should be addressed. E-mail:
gore@mit.edu
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Fig. 1. Cooperative growth of yeast in sucrose leads to bistability and a fold
bifurcation. (A toD) Individual populations started at different initial densities
were grown in 2% sucrose with daily dilutions into fresh media [(A) and (C),
dilution factor 750; (B) and (D), dilution factor 1400]. Small populations below
a critical density (an unstable fixed point) went extinct (red traces), whereas
larger populations converged (blue traces) and maintained a stable density (a
stable fixed point). As shown in (C) and (D), the stable and unstable fixed points

can be identified as fixed points at which the ratio of population densities
between subsequent days nt+1/nt = 1, where nt is the population density at day t
(t = 1 to 6). As the daily dilution factor is increased, the two fixed points
approach each other. (E) The stable and unstable fixed points measured by
experiments are shown as symbols (fig. S3); the lines represent a typical fit given
by the two-phase growth model (fig. S4). A fold bifurcation occurs at a dilution
factor where the stable and unstable fixed points “collide” and annihilate.
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Cau5on	  is	  needed…mechanisms	  
need	  to	  be	  iden5fied	  

hMp://en.wikipedia.org/wiki/Ren%C3%A9_Thom	  
hMp://en.wikipedia.org/wiki/Catastrophe_theory	  



Theore5cal	  ques5ons	  

•  Are	  there	  alterna5ve	  	  stable	  states	  in	  microbiome	  
ecosystems?	  

•  Can	  early	  applica5on	  of	  an5bio5cs	  have	  a	  
permanent	  or	  nearly	  permanent	  effect	  on	  
community	  dynamics?	  

•  Even	  if	  the	  effects	  of	  early	  applica5on	  are	  
transient	  with	  regard	  to	  community	  composi5on,	  
can	  there	  be	  long-‐las5ng	  ecosystem	  effects,	  e.g.	  
on	  obesity?	  

	  	  	  



Topics	  of	  interest	  

•  Temporal	  paMerning	  
•  Alterna5ve	  stable	  states	  
•  Spa5al	  paMerns	  
•  Coupling	  space	  and	  5me	  



Simons	  Grant	  

•  Account	  for	  heterogeneity	  in	  the	  spa1al	  
distribu1ons	  of	  consumers	  and	  resources,	  and	  
the	  ability	  of	  organisms	  to	  ac1vely	  exploit	  this	  
heterogeneity	  	  
– Applica5on	  of	  foraging	  theory	  from	  ecology	  
–  Complicated	  by	  problem	  of	  detec5on	  and	  uncertainty	  

A	  New	  Framework	  for	  Ecological	  Kine5cs	  in	  Natural	  Environments	  
,,,,,,,,,,,,,,,,,,,	  



Keller-‐Segel	  Model	  

J. Sherratt 



Simons grant: predict dynamic region where cells can 
do chemotaxis from first principles of sensory noise:

Hein	  et	  al.	  2016	  J.	  Roy.	  Soc.	  Interface	  

900 µm

t = 5 s t = 30 t = 60 t = 90 t = 120 t = 140



Spa5al	  paMerns	  emerge	  from	  
individual	  interac5ons	  in	  microbial	  

communi5es	  

Ben-‐Jacob	  and	  Levine	  



In	  general,	  environment	  is	  a	  primary	  
determinant	  of	  ecological	  organiza5on	  

www.marieMa.edu	  

We	  need	  this	  for	  microbiome….	  
	   	   	  at	  several	  levels	  



Communi5es	  by	  environment:	  
Temperature	  and	  moisture?	  

Flipboard.com	  



Geographical	  paMerns	  in	  the	  human	  
microbiome	  

Suzuki	  and	  Worobey,	  Biology	  LeMers,	  2014	  	  

in the electronic supplementary material, table S8). Spearman’s
correlations were used for all correlations and the Wilcoxon
rank sum test was used for all pairwise comparisons.

3. Results and discussion
There was a highly significant positive correlation between
Firmicutes abundance and latitude (r ¼ 0.857, p , 0.0001)
and a negative correlation between Bacteroidetes and latitude
(r ¼ 20.637, p ¼ 0.001) using the population averages from
all 23 population samples (see electronic supplementary
material, figure S1). The pattern is robust even when consid-
ering individual data points (table 2 and figure 2). Although
one might expect opposite correlations between the two
phyla, as the majority of the human gut microbiome consists
of Firmicutes and Bacteroidetes (i.e. if one phylum increases,
the other phylum is likely to decrease), the correlation
between Firmicutes and latitude is consistently greater com-
pared with Bacteroidetes and latitude. This pattern can be

explained either by taxa in Firmicutes mainly driving the
pattern relative to Bacteroidetes or by taxa in minor phyla
(e.g. Proteobacteria, Actinobacteria, Tenericutes, etc.) sharing
some functional roles with Bacteroidetes. How individual
bacterial taxa relate to the net effect of the microbiota remains
an open question. Regardless, the correlations observed here
are consistent with the pattern expected by Bergmann’s rule
[13] where increases in Firmicutes and decreases in Bacteroi-
detes are known to be associated with an increase in body
weight [9] potentially owing to an increase in energy extrac-
tion and fat storage from a given diet [8,11]. However, the
pattern might be explained not only by latitude but also per-
haps by age, sex or bacterial detection methods. Therefore,
we tested the potential factors that might be driving the
observed pattern as described below.

First, it is unlikely that age is biasing the overall pattern.
Although bacterial composition differed among different age
classes (see electronic supplementary material, table S1), all
of the significant correlations within all age classes were in
the directions expected by Bergmann’s rule except in more
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Figure 1. Distribution map of human populations used in this study. Pie chart indicates the relative abundance of two bacterial phyla: Firmicutes (dark grey) and
Bacteroidetes (light grey). The numbers indicate Map ID (see table 1).

Table 2. Correlations with latitude.

phyla data n

correlations between latitude

Spearman’s r p-value

Firmicutes whole data 1020 0.563 ,0.0001

whole data (age C) 438 0.606 ,0.0001

only 16S seq. data 706 0.434 ,0.0001

only 16S seq. data (age C) 269 0.375 ,0.0001

Bacteroidetes whole data 1020 20.279 ,0.0001

whole data (age C) 438 20.464 ,0.0001

only 16S seq. data 706 20.117 0.002

only 16S seq. data (age C) 269 20.319 ,0.0001
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Turing instabilities:	  

uniform states can become unstable if 
Dv/Duis above some threshold.    
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Do such mechanisms underlie 
spatial patterns in ecology? 

hMp://geoblog.weebly.com/environmental-‐sciences-‐blog/-‐change	  
Ehud	  Meron	  



Plankton are patchy on almost 
every scale 
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Zooplankton don’t move randomly, 
but aggregate 
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Features	  of	  interest	  

•  Emergence	  and	  scaling	  
•  Robustness	  
•  Consensus	  and	  collec5ve	  mo5on:	  
mathema5cal	  approaches	  

	  

ncbi.nlm
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Lagrangian-‐Eulerian	  connec5ons	  

•  Begin	  from	  microscopic	  (Lagrangian)	  rules	  

•  And	  derive	  macroscopic	  (Eulerian)	  descrip5ons	  

Flierl et at, 1999 
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Marine Ecosystems as Complex
Adaptive Systems: Emergent
Patterns, Critical Transitions,

and Public Goods

George I. Hagstrom* and Simon A. Levin

Ecology and Evolutionary Biology, Princeton University, Guyot Hall, Princeton, New York 08544, USA

ABSTRACT

Complex adaptive systems provide a unified
framework for explaining ecosystem phenomena.
In the past 20 years, complex adaptive systems have
been sharpened from an abstract concept into a
series of tools that can be used to solve concrete
problems. These advances have been led by the
development of new techniques for coupling eco-
logical and evolutionary dynamics, for integrating
dynamics across multiple scales of organization, and
for using data to infer the complex interactions
among different components of ecological systems.
Focusing on the development and usage of these
new methods, we discuss how they have led to an
improved understanding of three universal features
of complex adaptive systems, emergent patterns;

tipping points and critical phenomena; and coop-
erative behavior. We restrict our attention primarily
to marine ecosystems, which provide numerous
successful examples of the application of complex
adaptive systems. Many of these are currently
undergoing dramatic changes due to anthropogenic
perturbations, and we take the opportunity to dis-
cuss how complex adaptive systems can be used to
improve the management of public goods and to
better preserve critical ecosystem services.

Key words: complex adaptive systems; public
goods; emergent patterns; critical transitions; mar-
ine ecosystems; evolution of cooperation; theoret-
ical ecology.

INTRODUCTION

Twenty years ago, as Ecosystems was setting out on
its path to become one of the leading-edge outlets for
progress in ecosystems research, it featured a special
issue on viewing ecosystems as complex adaptive

systems (Hartvigsen and others 1998; Levin 1998).
Since that time, this perspective has seen impressive
development, from both theoretical and applied
perspectives (Scheffer and others 2012; Filotas and
others 2014;Messier and others 2015). In this paper,
we will focus on three features of complex adaptive
systems, through the lens of marine ecosystems.
Complex adaptive systems are characterized first of
all by emergent patterns, like collective behavior,
trait biogeography, and nutrient cycling, that char-
acterize community and ecosystem patterns at the
macroscopic level, but that to a large extent are
byproducts of evolution at lower levels of organiza-
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Last	  part	  of	  Daniel’s	  talk,	  
including	  emergence	  of	  ecosystems	  



Public	  goods	  and	  CPR	  in	  ecology	  

•  Informa5on	  (e.g.	  in	  search)	  
•  Nutrient	  use	  in	  nutrient-‐poor	  regimes	  
•  Chela5on	  and	  siderophores	  
•  N	  fixa5on	  
•  An5bio5cs	  
•  Extracellular	  polymers	  

upload.wikimedia.org	  



Hagstrom-‐Levin	  
	  

•  Syntrophy:	  Adap5ve	  gene	  loss	  common,	  in	  
rela5on	  to	  the	  evolu5on	  of	  coopera5on	  and	  
metabolic	  interdependence”	  

•  “Genes	  for	  produc5on	  of	  different	  
extracellular	  enzymes	  are	  strongly	  correlated	  
with	  each	  other,	  sugges5ng	  that	  public	  goods	  
are	  produced	  by	  a	  specialized	  subset	  of	  
community	  members	  (Rakoff-‐Nahoum	  and	  
others	  2014	  ).	  “	  



Hagstrom-‐Levin	  

•  “Black-‐Queen	  hypothesis”:	  
•  	  “Different	  lineages…either	  specialize	  in	  public	  
goods	  produc5on	  or	  chea5ng	  (Morris	  and	  
others	  2012	  ).”	  	  

•  Analogous	  to	  producers	  and	  scroungers	  



Bacteria	  also	  produce	  toxins,	  to	  which	  
they	  are	  immune	  



But	  cheaters	  arise,	  	  
raising	  public	  goods	  problem	  

(Chao	  and	  B.	  Levin)	  

hMp://2011.igem.org/Team:Tokyo_Tech	  



The	  evolu9on	  of	  allelopathy:Compe99on	  between	  
wild	  type,	  allelopath	  and	  cheater	  

Localiza5on	  again	  makes	  a	  difference	  

DurreM	  and	  Levin	  
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Local dispersal promotes biodiversity
in a real-life game of
rock–paper–scissors
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One of the central aims of ecology is to identify mechanisms that
maintain biodiversity1,2. Numerous theoretical models have
shown that competing species can coexist if ecological processes
such as dispersal, movement, and interaction occur over small
spatial scales1–10. In particular, this may be the case for non-
transitive communities, that is, those without strict competitive
hierarchies3,6,8,11. The classic non-transitive system involves a
community of three competing species satisfying a relationship
similar to the children’s game rock–paper–scissors, where rock
crushes scissors, scissors cuts paper, and paper covers rock. Such
relationships have been demonstrated in several natural sys-
tems12–14. Some models predict that local interaction and dis-
persal are sufficient to ensure coexistence of all three species in
such a community, whereas diversity is lost when ecological
processes occur over larger scales6,8. Here, we test these predic-
tions empirically using a non-transitive model community con-
taining three populations of Escherichia coli. We find that
diversity is rapidly lost in our experimental community when
dispersal and interaction occur over relatively large spatial scales,
whereas all populations coexist when ecological processes are
localized.

Microbial laboratory communities have proved useful for study-
ing the generation and maintenance of biodiversity15–17. In particu-
lar, communities containing toxin-producing (or colicinogenic) E.
coli have been the centre of much attention from both theoretical
ecologists3,6,8,18–20 and microbiologists21–27. Colicinogenic bacteria
possess a ‘col’ plasmid, containing genes that encode the colicin (the

toxin), a colicin-specific immunity protein (which renders the cell
immune to the colicin) and a lysis protein (which is expressed when
the cell is under stress, causing partial cell lysis and the subsequent
release of the colicin)26,27. In general, only a small fraction of a
population of colicinogenic cells will lyse and release the colicin27.
Colicin-sensitive bacteria are killed by the colicin but may occasion-
ally experience mutations that render them resistant to the colicin.
The most common mutations alter cell membrane proteins that
bind or translocate the colicin23,24,26,27. In some cases, the growth rate
of resistant cells (R) will exceed that of colicinogenic cells (C), but
will be less than the growth rate of sensitive cells (S). This occurs
because resistant cells avoid the competitive cost of carrying the col
plasmid21,22,26,27 but suffer because colicin receptor and transloca-
tion proteins are also involved in crucial cell functions such as
nutrient uptake21,23,24,26,27. In such cases, S can displace R (because S
has a growth-rate advantage), R can displace C (because R has a
growth-rate advantage) and C can displace S (because C kills S).
That is, the C–S–R community satisfies a rock–paper–scissors
relationship.
Using a modification of the lattice-based simulation of Durrett

and Levin6, we theoretically explored the role of the spatial scale of

Figure 1 Predictions of the lattice-based simulation (see Box 1). a, b, Snapshots of the
lattice in a simulation with a local neighbourhood at times 3,000 (a) and 3,200 (b). The
unit of time is an ‘epoch’, equal to 62,500 lattice point updates (an epoch is the average

turnover of any given lattice point in the 250 £ 250 grid). The strains are colour-coded as

follows: C is red, S is blue and R is green; empty lattice points are white. c, The complete
community dynamics for the same simulation run. d, Community dynamics for a
simulation with a global neighbourhood. The abundances in c and d are log transformed.
When the abundance of a strain goes to zero, we represent this event with a diamond on

the abscissa of the relevant graph at the relevant time. For a–d we used the following

parameters: D C ¼ 1/3, D S,0 ¼ 1/4, D R ¼ 10/32, and t ¼ 3/4 (see Box 1).

e, Sensitivity of qualitative dynamics to changes in a subset of parameter values. For the
(t,D R) values plotted, the greyscale indicates the number of ‘local’ simulated runs (out of

10) in which coexistence occurred for at least 10,000 epochs, with the lighter area

indicating a higher probability of coexistence. For all simulations, we require DS;0 ,

DR , DC ,
DS;0þt
1þt ; which (at least for the mixed system) ensures that S displaces R, R

displaces C, and (if C has sufficient density) C displaces S.

letters to nature
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Bacteria	  also	  	  cooperate:	  
Classic	  public-‐goods	  problem	  
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The Evolution of Quorum Sensing in
Bacterial Biofilms
Carey D. Nadell1*[, Joao B. Xavier2[, Simon A. Levin1, Kevin R. Foster2*

1 Department of Ecology and Evolutionary Biology, Princeton University, Princeton, New Jersey, United States of America, 2 Center for Systems Biology, Harvard University,

Bauer Laboratory, Cambridge, Massachusetts, United States of America

Bacteria have fascinating and diverse social lives. They display coordinated group behaviors regulated by quorum-
sensing systems that detect the density of other bacteria around them. A key example of such group behavior is
biofilm formation, in which communities of cells attach to a surface and envelope themselves in secreted polymers.
Curiously, after reaching high cell density, some bacterial species activate polymer secretion, whereas others terminate
polymer secretion. Here, we investigate this striking variation in the first evolutionary model of quorum sensing in
biofilms. We use detailed individual-based simulations to investigate evolutionary competitions between strains that
differ in their polymer production and quorum-sensing phenotypes. The benefit of activating polymer secretion at high
cell density is relatively straightforward: secretion starts upon biofilm formation, allowing strains to push their
lineages into nutrient-rich areas and suffocate neighboring cells. But why use quorum sensing to terminate polymer
secretion at high cell density? We find that deactivating polymer production in biofilms can yield an advantage by
redirecting resources into growth, but that this advantage occurs only in a limited time window. We predict, therefore,
that down-regulation of polymer secretion at high cell density will evolve when it can coincide with dispersal events,
but it will be disfavored in long-lived (chronic) biofilms with sustained competition among strains. Our model suggests
that the observed variation in quorum-sensing behavior can be linked to the differing requirements of bacteria in
chronic versus acute biofilm infections. This is well illustrated by the case of Vibrio cholerae, which competes within
biofilms by polymer secretion, terminates polymer secretion at high cell density, and induces an acute disease course
that ends with mass dispersal from the host. More generally, this work shows that the balance of competition within
and among biofilms can be pivotal in the evolution of quorum sensing.

Citation: Nadell CD, Xavier JB, Levin SA, Foster KR (2008) The evolution of quorum sensing in bacterial biofilms. PLoS Biol 6(1): e14. doi:10.1371/journal.pbio.0060014

Introduction

Once perceived as organisms that rarely interact, bacteria
are now known to lead highly social lives [1–3]. Central to this
sociality is an ability to detect local cell density and thereby
coordinate group behaviors [4–6]. This ability, termed quorum
sensing, functions through the secretion and detection of
autoinducer molecules, which accumulate in a cell density-
dependent manner. When autoinducer concentrations reach
a threshold level, quorum-sensing cells respond, allowing
them to modulate behaviors whose efficacy and fitness
benefits depend upon the presence, or absence, of other
cells. Traits under quorum-sensing control include surface
attachment [7], extracellular polymer production [8–10],
biosurfactant synthesis [11], sporulation [12], competence
[13], bioluminescence [14,15], and the secretion of nutrient-
sequestering compounds and virulence factors [16–18].
Quorum sensing is also phylogenetically widespread, which
suggests an early origin in bacterial evolution [19].

In addition to sensing and responding to the presence of
other cells, many bacteria form multicellular surface-bound
aggregates, or biofilms, whose remarkable feats of persistence
are the scourge of both medicine and industry [5,6,20–24].
Accordingly, biofilms confer on their members considerable
advantages, including the ability to resist challenges from
predators, antibiotics, and host immune systems [6,20,25–27].
Quorum sensing and biofilm formation are often closely
linked, and it is likely that their interaction is central to the
pathogenesis of many bacterial infections [8–10,28–30]. The
effects of quorum sensing, however, are highly variable and

depend upon both the species under observation and the
experimental conditions [28]. Four studies have emphasized
how the potential for competition and conflict among strains
of bacteria can shape the evolution of quorum sensing [31–
34], but none have addressed biofilm formation. An open
challenge for microbiology, therefore, is to disentangle the
ecological and evolutionary processes that drive quorum
sensing and biofilm phenotypes and, in particular, their
interaction.
A defining feature of many biofilm-forming bacteria is the

secretion of extracellular polymeric substances (EPS). These
polymers, which consist largely of polysaccharide and smaller
amounts of protein and DNA, form a matrix in which
bacterial cells are embedded [5,6]. Recent empirical and
theoretical work has shown that by secreting EPS, individual
bacteria can both help and harm cells in their neighborhood
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Link	  between	  group	  living	  and	  communica5on	  

Quorum Sensing Slime Biofilms 

Low cell density High cell density 

Pseudomonas aeruginosa Slime OFF Slime ON 

Vibrio cholerae Slime ON Slime OFF 

Extracellular Polymers (Slime) 

Key 

Cell that makes 
polymer 

Cell that cannot 
make polymer 

Extracellular 
polymer 

Nutrient Diffusion 

Nadell,	  Xavier,	  Levin,	  Foster	  



Trait	  based	  models:	  
Biofilm	  forma5on	  and	  quorum	  sensing	  

Constitutive Slime-producer 

Slime 

QS Strain (below quorum) 

QS Strain (above quorum) 

Nadell,	  Xavier,	  Levin,	  Foster	  
PLoSBiology	  
r	  



Economic	  perspec5ves	  can	  inform	  
evolu5onary	  ques5ons,	  and	  vice	  versa	  

www.neofo
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Adam	  Smith	  (1776)	  

57	  

“By	  pursuing	  his	  own	  interest	  he	  frequently	  
promotes	  that	  of	  the	  society	  more	  effectually	  than	  
when	  he	  really	  intends	  to	  promote	  it.”	  

hMp://organiza5onsandmarkets.files.wordpress.com	  



The	  invisible	  hand	  does	  not	  protect	  
society	  

58	  
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“By	  pursuing	  his	  own	  interest	  he	  frequently	  
promotes	  that	  of	  the	  society	  more	  effectually	  than	  
when	  he	  really	  intends	  to	  promote	  it.”	  
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The	  invisible	  hand	  does	  not	  protect	  
society	  
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How	  do	  these	  considera5ons	  apply	  to	  
microbial	  ecosystems?	  



Conclusions	  
•  Collec5ve	  phenomena	  and	  emergence	  characterize	  
systems,	  from	  microbial	  communi5es	  to	  the	  
biosphere	  

•  Cri5cal	  transi5ons	  occur	  
•  A	  fundamental	  challenge	  is	  to	  scale	  from	  
microscopic	  to	  macroscopic	  

•  Consensus	  forma5on	  is	  a	  challenge	  in	  all	  systems	  
•  So	  too	  is	  conflict	  between	  individuals	  and	  collec5ves	  
•  Methods	  from	  mathema5cs,	  physics,	  ecology	  and	  
evolu5on	  can	  inform	  and	  be	  inspired.	  


