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Complexity of Coupled Human and
Natural Systems

Jianguo Liu,** Thomas Dietz,? Stephen R. Carpenter,® Marina Alberti,* Carl Folke,*®
Emilio Moran,” Alice N. Pell,® Peter Deadman,? Timothy Kratz,° Jane Lubchenco,**
Elinor Ostrom,'? Zhiyun Ouyang,** William Provencher,** Charles L. Redman,”
Stephen H. Schneider,'® William W. Taylor®

Northern Highland Lake District

(Wisconsin)

@ Centered on Vilas County, Wisconsin, USA

@ 5,300 km?®

@ 65,000 permanent residents (2000)

@ 7,600 lakes and second-growth forest

@ Tourism and forest products ;

@ Wisconsin Department of Natural Resources, -
lake associations, county government, ,/

—

Area near Altamira

(Altamira)

@ Para, Brazil
Central Puget Sound Region e ;;g;okmz iy
(Puget Sound) / : Troﬁical?‘ﬁggf férest ]
@ Seattle, Washington, USA f @ Agriculture
@ 16,291 km?

@ 3.46 million people (2005)

@ Overwhelmingly forest

@ Shifting from manufacturing base to
dominance by service and office industries

@ Puget Sound Regional Council, counties'
governments, cities' governments

1
_// @ Federal government, y |

NGOs ///

Kenyan Highlands (Kenya)
@ Embu District in Eastern Province;
Vihiga District in Western Province, Kenya
@ 729 kn¥® in Embu, 563 km? in Vihiga
@ 278,196 people in Embu;
498,883 people in Vihiga (1999)
@ Highlands altitude >1500 masl
@ Mainly agriculture, some off-farm employment
@ Provincial and national governments

Liu 2017 Science

MHEEER kR iR E %
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Kristianstads Vattenrike (Vattenriket)

@ Scania county, south Sweden

@ 1,100 km?

@ 76,000 people (2005)

@ Semi-urban wetland and agricultural landscapes

@ Agriculture and well-developed tourist

tribal government i 4 and service industry

@ Diversity of local groups, eco-museum,
municipal and county governments,
Man-and-the-Biosphere framework

A

Wolong Nature Reserve (Wolong)

@ Sichuan Province, southwestern China

@ 2,000 km?

@ >4,500 people (2005)

@ Bamboo forest, giant pandas, and
>6,000 other animals and plant species

@ Mainly agriculture, some off-farm employment

@ Wolong Nature Reserve Administration,
provincial and national governments

1= BB S B




AMFES ARG R R MK RGN FN ARG

MR T RGEE Y AELENSINHEE L0

LT HEk R GHRT

ARFRG

ERaSH

PRRZIRN

TP PN
_ _ NEHEE
Mid-1970s  Mid-1980s  Early 1990s Late 1990s Early 2000s Late 2000s
D Atmosphere Atmosphere Atmosphere i Demographics -
EARTH Land surface Land surface
SYSTEM Ocean and Ocean and Ocean and ' '
MODELS seaice seaice seaice Agricuiture
Sulphat [
W acfosol Energy
Bidirectional : :
coupling oot [l RGO
Nonsulphate Transportation
aerosol :
chemistry : Trade |
(o] bo
NEW cycle model HUMAN
PLANETARY 2 -
: SUBSYSTEM
SUBSYSTEM iy d MODELS
MODELS . ' -

Atmospheric Atmospheric
chemistry chemistry

FEAMKRGEATMAAD, HEFALTE, WENDHESHARRGRE

Motesharrei et al. 2020
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Social, economic, and political settings (S)

1

Social system =

Resource Governance
system (RS) system (GS)
Resource \ / Users

Externality units (RU)  —<«———> Interactions () <——> )

!

Outcomes (O)

Ecosystem
services ‘—x— Human values

(The third hand) i 1
Natural ecosystem Related ecosystems (ECO)

Cutrent Opinion In Environmental Sustainability Fig. 1. The core subsystems in a framework for analyzing social-ecological systems.

#H<-4755%% (Social-ecological System, SES)
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NATURAL
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|
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; !
I W50, 145 e b 0, 2ot I iyt . !

: Resource Units ~ iy Users ! gy -
: (RU) (U) :
............................................. 1
— Direct causal link 3 Feedback ----» COUPLING

Related Ecosystems (ECO) Gurtent Opinon in Environmental Sustainabiy
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Social, Economic, and Political Settings (S)

I Resource Governance !
System - .» System |
(RS) \‘L : /(GS) !
o Interac@uznﬁ_g)_:fEJ tcomes (0) |
! / = ': \ |
I Y .
- Resource Units 'a Users !
. (RU) v
—» Direct causal link 3 """""" Feedback ----+

Related Ecosystems (ECO)

A General Framework for Analyzing Sustainability of
Social-Ecological Systems

Elinor Ostrom

Science 325, 419 (2009);

RAYAAAS DOI: 10.1126/science.1172133

Social, Economic, and Political Settings (S)
S1- Economic development. S2- Demographic trends. S3- Political stability.
S4- Government settlement policies. S5- Market incentives. S6- Media organization.

Resource System (RS) Governance System (GS)
RS1- Sector (e.qg., water, forests, pasture, fish) GS1- Government organizations
RS2- Clarity of system boundaries GS2- Non-government organizations
RS3- Size of resource system GS3- Network structure
RS4- Human-constructed facilities GS4- Property-rights systems
RS5- Productivity of system GS5- Operational rules
RS6- Equilibrium properties GS6- Collective-choice rules
RS7- Predictability of system dynamics GS7- Constitutional rules
RS8- Storage characteristics GS8- Monitoring & sanctioning processes
RS9- Location

Resource Units (RU) Users (U)

RU1- Resource unit mobility U1- Number of users
RU2- Growth or replacement rate U2- Socioeconomic attributes of users
RU3- Interaction among resource units U3- History of use
RU4- Economic value U4- Location
RUS5- Size US- Leadership/entrepreneurship
RU6- Distinctive markings U6- Norms/social capital
RU7- Spatial & temporal distribution U7- Knowledge of SES/mental models

U8- Dependence on resource
U9- Technology used
Interactions (I) — Outcomes (Q)

I1- Harvesting levels of diverse users 01- Social performance measures

I2- Information sharing among users (e.qg., efficiency, equity, accountability)
I3- Deliberation processes 02- Ecological performance measures

I4- Conflicts among users (e.g., overharvested, resilience, diversity)
I5- Investment activities 03- Externalities to other SESs

16~ Lobbying activities
Related Ecosystems (ECO)
ECO1- Climate patterns. ECO2- Pollution patterns. ECO3- Flows into and out of focal SES.

- ERVERFERR. ZRET. EEAGMITHESFEZEZHEERREYN
c AHS-ETRFIBRSEBRARRRM TIES, W5 T E2IKAIFFEIESUBAR

BFEN ZRE, N TE,

IR KBRIEETEF o G,
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Dynamics of Coupled Natural and Human Systems

o CNHITEIBIE “H72” . “BAHLE Bt

o BEMNMALGHES (BRRGEET. ARRGZINE. BREGH
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o CNHIEXE#HACNH2

CNH{E¥%  CNHERXAZRAHENSFE ., . A 2 i

_ e aqsnn gy | IS —HRGERS
Biocomplexity in iR EER, HEKRIFEER, By =y

the Environment L =FITARFEMEKEE
EEMMEERBAF  (BE) HRIB9ESREIR A HER T X
HEFRRITR Bk e
B IR

|

1990s 2001-20054F 20064F 20194F



CNHI B fAREER FRET

‘r’?;‘\\
T
H

Y3 #22 23
A

2 #E  ZF Re rmEn | [ mass
2 2 iif% A L g N /N
s = Bt
ey
R h
2001~20134F 2014~20184F 20194~

o MHEABTWIMANAZE, HITRXRRIERNTEIRIL

o CNH2MIZRBIHHE—IMEEARENNAIAR R A H X,
AL NSIESHE N 5 AT X e, (anakis)




% [EICHNSTI H #ff 35 B R

eRHEBZFXPMASEEARARBERENESRM, 81F: BERENA
MEREINERZES NS K& (reciprocal effects and feedback
loops); HEIERXZMIEL M (nonlinearity)#l#E; RFEITHTHR
B{E (thresholds); AKEFNXTFEE RG AV (Human intervention)
REGHKE M (resilience); RETANRNEREFRM
(Heterogeneity); ZR %t LRI H8E M 53 #r(uncertainty analysis) A
XEBREZZNE M E{ER (complex interactions within and
among human and natural systems);

HFRAMNABXBAGEITMNEESERFEMR, BiF: ZEE
HWiBEHE; FREREERGESE,;

REHERRASBABE R5ENHEE (Adaptive Management) X
%, EMHORE L HER(Decision-making modeling), FRRE S8
R




arle o
R "‘E"sa%—ﬂ}z__,[ o P L M%fgégﬁﬁigé,,%; o T—_— =
la’n“wusei”’g%%‘”’“&"é‘mﬁti- R et I TN |, |11 gy FH B gio i Lol MY
roR - iy Ee =3 iRl G Wale 385252 DY Il 8t il izt B §
ﬁﬁ%&“ﬁéﬁéﬁﬁlg S0 s i‘ﬁgsug%} 41 g%'géi‘?”i%igg%mgm*fﬁﬁ%g
Shetill] e fifimosding ¢ 811G Geaael DisERaT. I Ee G B E
ggmcaf"‘“ e ShsperesCll gbe‘“inss 13 biodiverstumanagement g i 5:535'832 changes: doin e
8500!3 w.aa*mgu;leicwggE ---n P fubure ’?&"FELEE t“mmssﬂﬁemﬁ&% Eﬁég Changef- A Egﬁegmo;m :
R e B (S ooyl ayptaneinlsy EIEGERETIRITIE Ha0 08
Oflaprmichange s oy FEELEE o o8 T .-gg&g”*am‘m..:j g S 0.0
1 mmmem e St omation]@) 1 }Eﬁ{wm";m 1o © § bomel S BB L Sl Tt 1 8C T ovide g
e S emeenland PRl IR B Jecalzg iﬁﬁumgiiﬁé? EEE*%ﬁEEE%%; i
Awards made from 2001 to 2005 EE{E ﬁm:g mé igmmf kil 2010£i2015'ii E;E E
Awards made from 2007 fo 2010 WAITR macc o "

AEH B CNHEAR RIS H E MR RERNEE

Z5{¢. (change) . Sf{& (climate) RFrBREAXEEIE
ZEFFABNEIE (management) [EAJ$#4E (sustainability) #A
Wk E 51 (resilience) %%



EZECHNSIM S RERTR

o EZRIBIBA{A(interdisciplinary teams)

o % R (diverse scales)

o EE1K(quantitative approaches)
e BIFAHE, MREHEEES, SAEARE. MREFSS5(EKUE
(global perspective)

o 5 EE X HF(The project description should make clear how the
proposed work is different from lines of inquiry and activities for
which support has already been acquired)

o ZHHARNTHFAEZIFEHEES0-150H%=T2lg
o MRXMATERE L10FRHBE,. FTEIRE EHBEKkM2E$ Fkm?
o H/NNHETEINHEET B A HBILSE
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condition SYSTEMS

COUPLING
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NATURAL

Sending System

Causes |

Effects ‘

condition condition SYSTEMS condition

o IRIF

o BN
- BIEFR
- W®EHSH
- HFEM

COUPLING

Current Opinion in Environmental Sustainability

il §

Receiving System

Causes

CNH graphic used in the solicitation for 2015. Liu et al. 2007. Science

ANEEBRIBA RS (CHANS) FRBEARRZINE.
AERGE, BRAGEZWALRZNERE. AL
3?: SN BEA RGP IRZNEE T

EIZFE A S X CHANSHI S HI B SAE#, B13E
CHANS. . RKIE. [RFE. SR MEXAVERRERST
212384 (Metacoupling) 1ERBIERFGENIES (
Intracoupling) . iZ#ZiB4& (Telecoupling) FNiLFZFE
& (Pericoupling)

‘ Focal System '

Liu et al. 2017. Ecology and Society



ETESRGHRFASIER:

External drivers
Climate, globalization

Social template Biophysical template
—| pulses: fire, drought, >

storms, dust events,

Human behavior

Community structure

Policy, pulse nutrient inputs, Species turnover time,
markets, fertilization trophic structure
reproduction and H6 H1 o o : =2
migration microbial diversity

Presses: climate change,
nutrient loading, sea-level
rise, increased human

H5 3 | resource consumption —— H2

Ecosystem function
Flux, transport, storage,
transformation,
stoichiometry, primary
productivity

Human outcomes
Quality of life,
human health,

perception and value

Ecosystem services

Regulating: nutrient filtration,
nutrient retention, C sequestration,
disease regulation, pest suppression

Provisioning: food, fiber, and fuel
Cultural: aesthetics and recreation

Supporting: primary production,
nutrient cycling

H4 H3

Collins, et al, 2011, FEE
s ERERGRFZEEEBRETSREGZSHSRZEHITR
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(2

Benefit flows

| Beneficiary groups

3 )

Perceptions and
responses

Bundle of ecosystem

services

Social-ecological
production functions

\J

Social-ecological
factors

SES management

and governance

Production-function-specific
drivers of change

g

Reyers, et al, 2013, FEE
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] s
= Human activities Praciice | '
’:f . l Spatial impact

Benefit need ¢

y Planning NN
r; Temporal impact idnptntlon and governance 2
{f
N
[&€ [d, A 5 Be fit "\"f"r

) 5T, ¢ Function Wellbeing

v 5 | effect
& O U

Pattern

Process dusta
Temporal Response To be
Spatial interaction L regulated
overlay provision
Diagnose Natural components

Fu, et al, 2018, COIES
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Social-ecological system
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> RETWIIRKTHT. EFER, DESES,. Thee. SHEfRIRmEE

> SRIREEETEAS-ESHRICRERIEET N, 12-ESRFIEE
WSS IR S o H

> BB RFHERIES 2RSSR R S IR R EIRI F 20, 1
ESRIAFRINEEER

A High resilience B Low resilience

System state
System state

Time Time Time Time

Resilience

thinking $ )
6

o
State (t+1)

I
State (t+1)

State (t) D State (1)
24

Scheffer et al. Science. 2012 Lade et al. Sci Adv. 2017
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SiEme— A REEEHEEER —2 = .

> BIERGRIESIntracoupling, ITEMHEA Q -y
Telecoupling. i&@%%éPericoupling

> BRAMSUNTRS. RE # EE
e, BRSNS m, RERILK Spllever Systom
EXARIE. BERFIINERS

> EEPRRZ. SDG. @WEFHRR Z M
A, ILRXA HEE&%*EEWE%H’JLA»\

7
N
<7

A g System
Spillover system
Potassium i
g uman Nature
Potassium exports to Brazil Human Nature
il Distant System_)
s Focal System C y
SpHeoe O Steara of potassium n 2015 z
e I I F 20000000
Sh: t i in 2015 DO00000
l lI II O are of soybiean in 1 : . e o - =
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Liu et al. 2018. Curr. Opin. Environ. Sustain. Liu et al. 2017. Ecology and Society
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T2 LSRN E—HHE/ERRRIGIES

> (FERANSEPHD T ETREESTRIVERIERAXER, EZIESZrYT
S-ESREEE. IR RETITIEINERREE

> EXAREEXRIHSRRESRENLE, BMTahEZERIMMERNSE
AN EERNESRIEENYIIESIE—E

> XJTMBERA - ESR SRR KX RAAFR L RAIR

Bodin. 2017. Science Barnes et al. 2019. NaEGCommun.
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> EXT AFENTHBRANRSIETEE, MAKENSEISEEEE

> RHETIRESTREEA MO N RRIIR, BUT ORI,
ERFHT REMMN IR R IRIEIEIRET, SECERSAIESHE

> BERNTBARMHRGIRIEEFRS, SEMRERRRELN
MEXITEIICTHSE, AAEXITH AR RSN SRR

Climate change
Genetic

Biosphere integrity divershy . T Ty

/. Novel entities

Functional ~ g ae i
diversity” [ 2\ ; LS Life satisfaction
P 4 i - N LE Healthy life expectancy
i L NU Nutrition
. : SA Sanitation
Land-system | [ ! \ | Stratospheric ozone de| @ IN Income
change [ S EN Access to energy
1 | = ED Education
! | S SS  Social support
o E DQ Democratic quality
5 EQ Equality
iV EM Employment
; . Atmospheric aerosol loadi
Freshwateruse . X 7
Phosphorus b
Nitrogen Ocean acidification & ¥

. = G
Biochemical flows o‘bg:ba; focksink
prin

Steffen et al. 2015. Science O'Neill et al. 2018. Nat. Sustain.
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> TaSERHE (regime shift) RIERFNEEFIINEEREE R, IATISERIT
t, BHe-SSEZFREFIETETNEEN A

> IRBIASEEIRAY T A iR, ISR RAIIREntEl, LARAE
%%*E%ﬁe@ﬁ’]éﬁﬂxx&}“ (cascading effects) E=BIFHFRHBIRNA

> TEETHSRESERNEFYIRTRIR, MEEHEEERX TR,
SRR NAREESEFEERE, NEHERENGHEINIARER

Regime shift 1 Regime shift 2 Joint regime shifts Response variable

%E@I‘E?Eﬁ/\ E,UE%FEEM’E% TIORBIR E ST
IRITTIE, ITEIT \7|‘E F’:Ez:)]ﬂ%'ﬁl]‘“tlj UL

Variable (f)

eeeeeeeeeeee

Scheffer et al. 2003. Nature Rocha et al. 2018. Science
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ENVIRONMENT "‘.‘: \ # / » \&n /\ 5 "".\L

Collaborative environmental 8§ 2N\

. . . 2\ Y 4
governance: Achieving collective R’ o 4 ¢ D
action in social-ecological systems e C;O (ﬁb
Orjan Bodin® ~ '0'0 \ Fmsi - '

o AL S58RMEEERMNRNFHITRE. EXMERE, BIERENRLER
%, EHs - EESMRENSHS - £5TF2 (ThEe) HXEE, SMHLESXER
HNEEMR.

« WMEFIFEBALS-ESREMBSEH, ANBSESIERSITSEFREFIRMHE T —
EFEL. FRENFERE,

(Bodin et al., 2017, Science ; Barnes et al., 2019, Nature Communication)



Variable (f)

(b)

Variable (f)

ﬁﬁﬁl’ﬂﬁz HES-ESREISTNL

HE-ETRGHERMINGER T, H
TR BER A ERSHEM (regime shift)

c RESHERIETEMASERGEEIESINDRS |
BRSRHVRBAMIRL (cascading effects)

. RBIREASEE A R SRR B
B EIREIHE], SRR IR A B AR E AR RO [
RSESHETHHEEMRAE

Regime shift 1 Regime shift 2 Joint regime shifts Response variable
0 » o a2 R
o / S o LA i
g o Fidsk

o I! 'll—’!_ "

Perturbation
D ——

Wariable (s)

i / / / [ [ ®

-/ ,// | < P\
/ 2874 ' B

£ 4 o o o

Ecosystem state

Time TRENDS in Ecology & Evolution

Scheffer et al., Nature. 2003 Rocha et al., Science. 2018
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. BRGERSESTERMBABELS, TS EARGH
T, BSEE

A High resilience B Low resilience

System state
System state

Resilience

Asset inputs are
contexts
thinking 5 /'
x

Scheffer et al., Science. 2012 Lade et al., Sci Adv. 2017

State (t) State (1)



A framework for vulnerability analysis in

sustainability science

B. L Turner lI*2, Roger E. Kasperson®™?, Pamela A. Matson®, James J. McCarthy', Robert W. Corells,
Lindsey Christensen®, Noelle Eckley®h, Jeanne X. Kasperson®d, Amy Luers®, Marybeth L. Martellos,
Colin Polsky>*9, Alexander Pulsipher>®, and Andrew Schiller®

Dynamics

o5 e [ A — Region
in place e Place
bgyondplaw e
Human Influences outside the Place |
Macro political economy, institutions, <
global trends and fransitions
IR——— Vulnerability
ariability & change =
i SR T e Exposure Sensitivity : Resilience
Coping/
\If T St response
2 conditions Impact/ Impact/
Interactions of hazards Characteristics response responses
=1 (perturbations, stresses, p—> & components — Po!
stressors) of exposure Y
Adjustment &
1 Environmental agz:‘;z:::/
conditions 5
Variability & change Ad]ustmgnt &
in environmental |« e adaptation/
conditions response

Environmental Influences outside the Place
State of Biosphere; State of Nature
Global Environmental Changes

Re 5514 =ik A H#E
SRGLARIZEANIK
AN N

[REE -2 JR R
M. RTEM. ENAE
7]

RS REER
S{ESELHIE, ?9
MY SIETL, T=
ARG AT REFASCIY
ATHFEL & BRI RLEF
1=

Turner et al. 2003. PNAS



HE-ETREEAREMNN, RUNGHEASENRE LA 2 EAEIIEERE

CummingZF AR I S- AT RLERKEZEIRA (Mapping) BT IE#EAREMREH
S-EBRGERBFOESRERZ RGNS ELIE

B4 (Telecoupling) BT AR ES- ARG EAEREZERSHXE

ARG R%ER (Ecosystem services flow) BEITAMESRGRFEARXE
MREZENH®ERXR,

Urbian people and Supply of " Sacial-ecological systems”
housahalds non-E

Drivers of change (e.g. policy, prefe , land hange )

Local ecosyster L £ &
pecies, processes and I P V4
omic / \
- = “\
| =
d i
=] EEEE - it |
ol \ i
| 4 - /
Ecosystem services /
peoj Suppl poly of ES e.g. freshwater, food
d I and d S

Flow dri (natural and human factors)
d paths (e.g. roads, pipeline, riverway) .

Cumming et al., 2014. Nature Wang et al., 2020. Ecosystem Services



MRRE6: H-ETRAETE

- RFBEZRFH% (Growth) | RIF (Senescence) . BB (Collapse) . &
(Renewal) PUMEZHYERIMEEIF, HHNEZETERN (Adaptive) jRIEEEEE
(Transformative) S5HE.

. HL-HBERLMIEHE (social-ecological fit) 2i5it<#IE (institution) SIfiE
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