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O QUE EOMPLEXIDARE

G!  dzY LINRA ¥ @pieRidadeté Kirh thiddcomplexuso
gue é tecido junto) de constituintes heterogéneos _
Inseparavelmente associados: ela elabora o paradoxo do uno
multiplo.

Num segundo moment@ complexidade é efetivamente o tecidy
acontecimentos, acoes, interacdes, retroacdes, determinacoes
acasos, que constituem nosso mundo fenomeénico.

Mas entdo a complexidade se apresenta com 0s tracos
inquietantes do emaranhado do inextricavel, da desordem, da
ambiguidade, da incerteza...

Por isso 0 conhecimento necessita ordenar os fendmenos rechacando
desordem, afastando o incerto, isto €, selecionar os elementos da ordem e d
certeza, precisar, clarificar, distinguir, hierarquizat...

edgar

a0 PENSAMENTO

Mas tais operacdes, necessarias a inteligibilidade, correm o risco de provocat
cegueira, se elas eliminarem os outros aspectosaioplexuse efetivamente,
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Complexity of Coupled Human and

Natural Systems

Jianguo Li, ™ Thomas Diete,” Stephen R. Carpenter,’ Marina Albert, Carl Folke,™*
Emilio Maran,” Alice N. Pell® Peter Deadman,” Timothy Kratz,'® Jane Lisbchenco,**
Elinor Ostrom,™ Zhiyun Ouyang,'® William Provencher,™ Charles L. Redman,

Stephen H. Schneider,™ William W. Taylar®

Integrated studies of coupled human and natural systems reveal new and complex patterns and
jprovesses not evident when studied by social or matural scientists separately. Synthesis of six case
studies from around the waorld shows that couplings between human and natural sysiems vary
Berods space, time, and organizationsl units. They slss exhibit monlinesr dyrambcs with thresholds,
reciprocal feedback boops, time Lags, resilbence, heterogeneity, and surprises. Furlbermore, past
couplings have legaey effects on present conditbans and future passibilithe:.

wupled human and retural systers ane n-

tegraed systemns in whach people et

with natural components. Although ramy
studses have examined hurman-rahoe mierctions
{1-51 the complexsty of coupled systems bax not
Tbeen well understoed (6, 7). The lack of progres =
brpehy duse o the taditional separten of ecologi-
atl and soeml seiemces (€], Although some scholars
Thawe shadied coupled systenms as complex adapive
sysiems (9, [, most of the previous wock has
lbeen theoretical mther than empanical.

An moressing number of interdEsciplmary
programs have been integrabng ecological and
social sciences bo study coupled human and nat.
wral systems (e.g., social-scodogscal systems: and
human-ervirooment systems). Here, we synthe-
sipe six case studses o demansimie the
used and resulis found (Fig. | and hle 51)
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These studies are on five continents: the Keryan
Highlands in Afnc (Kenya): the Wolong Nabane
Reserve for giant pamdss in China (Wolong);
Central Puget Sound of Washingtom (Puget
Sound) and Morthern Highland Lake Diistrict
of Wisconsin {Wisconsin) in the Ursted Stabes;
an area near Allamra, St of Pas, Braeil
[Alamiral and Knstianstads Vattennke of Swe-
den (Vatbennket) (Fag. 1) They inchade urban
(Puget Sound), semi=urban (Yabiennketh and
rural areas (Abamsm, EKenya, Wisconsn, and
Wileng), and they ane i developed countries
(Puget Sound, Wiscomsin, and Vattenriket) and
developing countries (Alamira, Kemya, and
Wileng). These shxdies are m different ecologi-
i, s ic, political, d i ared
culbural seitings, and they encompass & vanecty of
eosysiem services and eovironmental problens
(table S1).

These studbes share four magjor fenres. Farst,
they explicithy addness complex interactions and
feedback between human and natural systenms.
Unlike maditional ecologscl mesearch that ofien
excluded human impacts or social research that
generadly ignored ecological effiects, these siudies
oonsider both ecological and buman components
s well as their connections. Thus, they measune
not only ecolgical variables (eg., lbndscape
patterns, wildlife habstm, and baodiversity) and
human vamables (e, soooeconpmic processes,
scml petworks, agents, and stnactures of multi-
level governance) (/1), bt abso vanables that
link matural and human components (e.g., fuel-
wood collection and use of ecosysiem seraces).
Sevomd, cach shady eam is imterdisciplinary, ens
gaging both ecological and social scientists
aronund common questions. Thard, these studies
integrate vanous tooks and techniques from eco-
legical and social swiences az well & other dis-
ciplnes such as remote semsing and geographic
information sciences for data collection, manage-
ment, analysrs, modeling, and inbegraton | 1/-15)
(kzble 51). Fourih, they are smultaneously coniext-
specific and longitadinal over periods of tEme

i A

long enough o elucdaste temporal dymamics. As
axch, these shidies have offered unsque mier-
disciplinary insmghts inko complexitses that canmat
b gained Eom eoclagical or sooml rescarch alome.

Reciprocal Elfects and Feedback Loops

In coupled buman and mral systens, people
and nature interact reciprocally and form come
plex feedback loops. For example, Incal residents
m Woleag use forests as fuebvood for cookmg
and heating. As forests near bousehalds wene de-
ploted dise to faddwood collection (16), local res-
sdenits had 1o collect fuekwvood from aress G
away (/7). Becse these forests are bamboo
forests (habitat for the endangered prant panda)
and the bamboo in the forests is the shaple food
for the panda, fisshwood collection has led 1o
suhstantial deterioratson m forests and  panda
Fabitat {1#). To prevent furtber degradation and
resiore panch habstat, the Chanese government
began o mmplement three magor conservataon
palicies several years ago, which belp both locl
residents and panda behit In Kema, locl
residents comvert fonests into cropland and inken-
svely cultivate land without supplying addisonal
rutrients, in some cases for mare than 1 vears.
Soal degracation with the resulimg decreses in
crop yields and greater food inzecurity hastens
comversion of remamning forests b agnoulbre.
Similarly, in Altamim, 255,739 hectares (ha) of
forests had beenm converted into pasture and
croplind & of 2003, As soil quality declines,
fertilizers must be applied, crops are shified o
those with lower nutrient requirements, or more
forests are converted into cropland {thene were
still 136,913 ba of foresied area in 2003,

Feadback between bumen and natural sys-
tems in the agnculiuml and fousam seciors of
developed countries & in many ways similar 1o
feedhack in developing conmiries. For example,
local peopde (76,000 = 2005) m Vatbenmiket ben-
efit from ecosystem services that are the result of
lomg-term buman maragement of the agnoalharal
brdscape. In Wisconsan, ecosystem conditions
affect tounsm, whach is the mairstay of the econ-
omy, but economsc development and ecosysiem
exphoitaiion from ivasm ofien degrade the gual-
ities that attract tourists.

The ecodogcal and socioeoonomic patterns
and processes in urban coupled systems ane dif-
ferent from those in ruml aness. They are me-
dizted by factors such as the urban formy, built
mifimstnschare, and location and consamption pref-
erences of helerogenoomrs howscholds and busa-
messes. For example, m Puget Sound, a distinctive
spatial heterogeneity can be ohserved across an
wian to nral gadiemt in relation o diverse
development patiems (/8 Land-cover changes
mifluence biophysical processes {e.g., waler pun-
fication) and stream biotsc micgnty {/5). Further-
mare, changes in land cover due o development
m tum affiect kind value and real estate markets, as
evidenoed by values of real estale baving up io a
6.5% premium assocised with forest cover ({9
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Fig. 2. The relationship between fish habitat (logs per kilometer) and
house density in the Northern Highland Lake District of Wisconsin,
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Complexsystemsare networksmade of a number of componentsthat

interact with each other, typically in a nonlinear fashion Complex P e NGy
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Emergenceis a nontrivial relationship between the properties of a

systemat microscopicand macroscopiccales Macroscopiqroperties
are calledemergentwhenit is hardto explainsimplyfrom microscopic
properties
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Figure 1.1: Visual, organizational map of complex systems science broken into seven

H | ro kl Sayam a topical areas. The three circles on the left (Nenlinear Dynamics, Systems Theory, and
. . . Game Theory) are the historical roots of complex systems science, while the other
B|nghamt0n Un'Ve I‘Slty, SU NY four circles (Pattern Formation, Evolution and Adaptation, Networks, and Collective

Behavior) are the more recently studied topical areas. Created by the author and
available from Wikipedia [3].



SISTEMA DINAMIGEn evolucéo
constante, formado poGRANDE
NUMERO DE UNIDADES

CARACTERISTICASDMPLEXIDADE

ORDEM EMERGENT$IStema se
auto-organiza

Cada unidade interage com um certo
namero de unidades, bem menor, de
outras

SISTEMA HIERARQUICO

SISTEMA ABERi®@eragindo com o
ambiente

ATRATORES MULTIPLOS

Cada unidade produz resposta aos sinais
gue recebe, sem guardar relacdo de

proporcionalidadeSISTEMA NAO LINEA

QUEBRA DE ERGODICIDADE

APRENDIZADGistemas complexos
adaptativos

PROPRIEDADES COLETIVAS
EMERGENTE§ualitativamente
novas

ALEATORIEDADE
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MODELAGEM BHSTEMAS COMPLEXOS

A model is a simplified representation of a system. It can be conceptual, verbal,
diagrammatic, physical, or formal (mathematical).

- rule-based

| Descriptive modeling In this approach, researchers try to specify the actual state descriptive

of a system at a given time point (or at multiple time points) in a descriptive
manner. Taking a picture, creating a miniature (this is literally a “model” in the
usual sense of the word), and writing a biography of someone, all belong to
this family of modeling effort. This can also be done using quantitative meth-
ods (e.g., equations, statistics, computational algorithms), such as regression

theories

\ 4

dynamical equations

diagrams

analysis and pattern recognition. They all try to capture “what the system looks pictu r‘
like."
Rule-based modeling In this approach, researchers try to come up with dynami- statistics

cal rules that can explain the observed behavior of a system. This allows re-
searchers to make predictions of its possible (e.g., future) states. Dynamical
equations, theories, and first principles, which describe how the system will
change and evolve over time, all belong to this family of modeling effort. This
is usually done using quantitative methods, but it can also be achieved at con-
ceptual levels as well (e.g., Charles Darwin's evolutionary theory). They all try
to capture “how the system will behave”

5
mod

texts

cellular
automata

Hiroki Sayama
Binghamton University, SUNY



Pushing Networks to the Limit

FERSPECTIVE

Scale-Free Networks: A Decade

and Beyond

Albert-Lisdd Barahdsi

For decades, we facitly assumed that the components of such comglex systems as the cell, the
society, or the Internet are randomly wired together. In the past decade, an awalanche of research
has shown that many real networks, independent of their age, hunctian, and scope, converge to
similar architectures, @ unhersality that allowed researchers from different disciplines to embrace
network theary a3 & comman paradigm, The decade-old discovery of scale-free networks was ane af
those events that had helped catalyze the emengence of network science, a mew research field with
ils distimet set ol chatlenges and accomplishments.

e, society, and many technodogies ane
N:::;air-ad by mumerous petworks that
are nod only oo mpordant Go fail but

paradoxically for decades have also proved oo
conraplicated to understanid. Simphe models, ke
the ome introduced in 195% by mofkematicions
Pl Endos and Alfnéd I{tujri i), drove misch of
aur thinking about interconnected sysiems. They
s it complis gysens g wined randonly
ingether, a hypothesss that was adopied by so-
chobogy, biology, and compoter seiencs It had
comsickerble predactive power, explaming for exs-
ample why everybody is only six handshakes
from aryboidy eke (2-51, a phenomenon ob-
served as early as 1929 () b which resonated
in physacl scinees only alber Duncan Watts and
Sazphen Strogatz extended its reach beyond so-
chrbogy (5. Yet, the undeniable success of the
mandam hypathesis did pose o fandamental ques-
o Ane izl netsorks ruly ndom? That {5
conlld systens such as the cell ar o society fine-
tion seamlessly if e podes, molecules, or
peapds wene wired randomly ogether? This gues-
tion maotivabed cur work as well, kading 10 yeas
agy W the dscovery of the scale-free praperty
i, 7.

Chur firt clue that real networks may show
manifesthy nonendiom femures alsoe come |0 vears
s Troem 1 e of the Woeld Wide Wb [WWW)
(¥, finding that the probability that & Web page
he emactly & lmks (in other wonls, degree £
follows a power law disinibation

ik - &7 in
a sturming departure from the Podsson destribo-
tion prradicaed by o network teory (1), Yer,
it was not until we realized that Eg. | characters
izes the metwork of actors linked by movies and
scientfic papers linked by citaons (9 that we

e dor Comples Wetwort Besearch, Department of Phrgics.
Edzdngy, and Compuner Scionto, Morthecsiens Unharsity, Bodon,
M LIS, USA. Department of Mediciee, Harvard. Merfoal
Schoed and Cemer dor Cancar Spsiere , Dara Farber
Caide instibple, Bossos, 0215, LS E-mail allgg e sdu

suspecbed that the scale-liee property (&) maght
it bez v o the WOWOW, The main purpass of
the 19%9% Scfewce paper wis o neport his
unexpected similarity between networks of quie
aliffiznent ratue ard o shivw il bvo mechanisms,
grvwih and preferential atachment, are the
underdying causes (Frg. 1),

When we concluded in 1599 that we “expect
that the scabe invariant state [...] 8 & genenic

property of many comples networks™ (7, it was
mare of a prediction than a fact, becuse nature
conld Fave clisen s many different architee-
tures a5 there ame networks. Yet, probably the
maet surprising discovery of modem network
theary is the universality ol the netwark opalkogy:
Mlany real retworks, from the cell oo the Inemet,
mndeperelent of ther age, function, aml sope,
comverge o similar archissctares. BB this uni-
virsality that allowed nessarchers Trom dilferent
disciplines o embmes netwark theary as 2 cam-
o prndigm

Teelay, the scole-free nabure of networks of
Ry scientifhe imserest, from protein ineretions 1o
socinl networks and from the netaark of inker-
linkoed dosuments that make up the WWW ko the
inbercanmected hardwane behind the Imiemest, has
been established beyond doubt. The evidence
comes mit anly from better maps and dala sels
bt also from the agreement betwesn empirical
chatan and anabytical models tat prediet the netwark
strugture {16, 11}, Yet. the carly euphona was not
without regative sidi eflicts, prompling s -
searchers o label many systens scale-free, even
when the evidenee was starce an best, However,
the net resul was o fivee us fo better pndersinnd
the factors that shape notwork stnsctune. For ex-

Scala-Free Model
te1 t=2 t=% t=4
RN “. | &>
A e . o
o -
|
t=5] - 1=8 t=7] @~ =8
*e. | 5. | %77 . %
e | P | D | S8
L . >, e
Seienlific Collaboration Natweek
i |
4l iy, J 3
— —
T= 1 menth T = 2 months T = 3 mornihs

Fiig. 1. The birth of 3 scale-free network. (Tap and Middlel The simplest process that can produce a
scale-free topology was intreduced & decade ago in (61, and it is Wustrated in the top two rows, Ssarting
from three connected nodes ftop lefil, in each image a new node (shown 35 an empty drcle is added to |
the network, When deciding where to tink, new nodes prefer to atiach to the mare connected nodes, 3

process known as preferential attachment, Thanks ta growth and

prefierential attachment, a rich-gets-richer

iprocess is okserved, witich means that the highly connected nodes acquire more finks than those that ane less
connected, keading to the natural emergence of a few highly connected hubs, The node size, which was
chosen to be propartional to the nade’s degree, Whistrates the natural emergence of hubs as the largest
nodes, The degres distribution of the resulting network follows the power ke {Eq, 1) with exponent ¢ = 3.
Sen also movies 51 to 53. (Bottom) lllustration of the growth process in she co-autharship netweork of
physiciste. Each node corresponds toan individual authar, and two nodes are connected if they co-
authored a paper together, The aur images show the netwark’s growth at 1-morth time ntervals,
indicating how the network expands in time, leading to the emergence of a clear hub, Once again, the
node siee was chosen fo be propertional & the nade's degree, [Credit 0. Wiang and G, Palla]
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