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long enough to elucidate temporal dpanics As 
such, these studies have offered &que inter- 
discioliiaw insiahts into wm~lexities that cannot Complexity of Coupled Human and 

Natural Systems 
be pr;ned f;om&logical orsbcial research alone. 

Reciprocal Effects and Feedback Lwps 
In mupled human and nahlral systems, people 

Iianguo liu," Thomas ~ i e t z ?  Stephen R. carpenter.' Marina ~ l b e r t i , ~  Carl ~olke.'.' and nature interact reciprocally and form w m  

Emilio t or an,^ Alice N.  ell.' Peter ~eadman.' Timothy ~ratz," lane Lubchenco." plex k d b c k  loops. For example, local midmts 

Elinor 0stmm." Zhiyun Ouyang." William ~rovencher," Charles 1. Redman." in Wolong use forests as fuelwood for cooking 

Stephen H. schneider.16 William W. Taylor1 and heating. As forests near households wered- 
p l e d  due to fuelwood wllection (16). local m 

Integrated studies of coupled human and natural systems reveal new and complex patterns and 
processes not evident when studied by social or natural scientists separately. Synthesis of six case 
studies from around the world shorn that couplings between human and natural syrtems vary 
across space, time, and organizational units. They also exhibit nonlinear dynamics with thresholds, 
reciprocal feedback loops, time lags, resilience, heterogeneity, and surprises. Furthermore, past 
couplings have legacy effects on present conditions and future possibilities. 

idents had to collect fuelwood from areas far 
away (17). Because these f& are bamboo 
fof&ts'(hibitat for the endangered giant panda) 
and the bamboo in the fo- is the staole food 
for the panda, fuelwood wllection h& led to 
substan&l deterioration in forests and panda 
habitat (16. To orevat M e r  deeradation and - 
restore &da &tac the Chinese government 

oupled human and natural systcms m in- Thew d i e s  are on five wntinents: the Kenyan bcgan implement thrcc major &nservabon 
p t e m n t e d  w m s  in whlch oao~le in- Hiahlands in Afnca Kenya): the Wolona Nahm volicies wml ycarj azo, which hcb both local 
b w i t h  nab;al components. A&UB many 
studies have examined human-nature in&ons 
(1-n, the comolexiw of wuoled svstens has not 
beenkell undAA(6, 7). l%z hckofprogreis 
lareelv due to the bdditional seaarafion ofecoloei- 
cal-smh social sciences (8). ~lfhbugh some &I& 
have d i e d  m p l e d ~ a s  mrnplex adaptive 
svstems (9.101 mnst of (he uevious work has 
bken thedreticai'ratha (ban en;Pirica~. 

An inmasing number of interdisciplinary 
plograms have been integrating ecological and 
social sciences to study wupled human and nat- 
ural systems (e.g., social-ecological systems and 
human-environment systems). Hen, we synth8 
size six case studies to demonshate the appaches 
used and results found (Fig. I and table Sl). 
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versity, Blwmington. IN 47405, USA. 'Cornell Interna(woa1 

~ e & e  for giant &d& h China @along); 
Central Puget Sound of Washington (Puget 
Sound) and Northern Highland Lake Dishid 
of Wisconsin (Wisconsin) in the United States; 
an area near Altamira, State of Par& Bwil  
(Altamira); and Kristianstads Valfaike of Swe- 
den (Vadnviket) (Fig. I). They include urban 
(F'uget Sound), semi-urban (Vattenriket), and 
nual a m  (Altamira, Kenya, Wimsin ,  and 
Wolong), and they are in developed w u n h  
(Puget Sound Wisconsin, and Vattenriket) and 
developing countries (Altamira, Kenya, and 
Wolong). These studios are in d i h t  ecologi- 
cal, socioeconomic, political, damgraphic, and 
culhual settings, and they encompass a variety of 
ecosystem services and envimnmtal problems 
(table SI). 

These studies share four major fcature-s. F i  
they explicitly address complex interactions and 
feedback beiween human and natural systems. 
Unlike haditional ecological m h  that often 
excluded human i m p &  or social rewatch that 
generally igimed ecological effects, these studies 
msider  both ecological and human wmponmts 
as well as their connections. Thus, they measure 
not only ecological variables (eg., landscape 
p u n s ,  wildlife habitat, and biodivasity) and 
human variables (e.g., socioammmie pmeesses, 

k d e n t s  and &da iabitat in &ya, local 
residents convert forests into cropland and inten- 
sively cultivate land withoutsupplyingadditid 
nutrients, in some cases for more than 100 years. 
Soil degradation with the resulting derr~ases in 
crop yields and grater food insecurity hastens 
mnversion of maining f m t s  to agriculture. 
Similarly, in Altamira, 255,739 hectares (ha) of 
forests had been wnverted into pasture and 
mpland as of 2003. As soil quality decline$ 
feailiprs must be applied, crnps are s h i W  to 
hose with lower nubient requiremen($ or mom 
forests are wnverted into mpland (there were 
still 136,913 ha of forested area in 2003). 

Feedback behveen h w  and natural s p  
terns in the agricultural and tourism sectm of 
developed countries is in many ways similar to 
feedback in developing countries For example, 
local people (76,000 in 2005) in Vattemiket ben- 
efit fmrn ecosystrm services that are the result of 
long-tam human management of the agricultural 
landscape. In Wismnsin, ecosystem conditions 
affect tomism, which is the mainstay of the axn- 
omy, but economic development and emsystem 
exploitation from tourism o h  degrade the qual- 
ities that amact tourists. 

The ewlogical and socioemnomic patterns 
and processes in urban mupled systems are dif- 
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I REVIEW 

Dynamics of human-nature systems are in- with forest cover and peaks when 50 to 60% of small and thus panda habitat is better protected. 
fluenced by many factors, including government the land is forested (Fig. 3) (21). When the distance is large (>I800 m), fuelwood 
mlicies and contextual factors in which local 'Ihresholds [transition mints between alter- collection is scattered throuehout a l a m  region 
processes are shaped by larger-scale and ulti- nate states (22)j are co-n forms of nonlin- and affected areas can recover relatively quickly. 
matelv elobal-scale omcesses (2m. Both makets earitv. In Vattenriket an intentional d c i n a t o r v  When the distance is aomximatelv 1800 m. local . - . , 
and governance can cause decisions made in one 
place to affect people and ecosystems far away. 
For instance. economic onomnities in cities 
altracted m i y  local resideits from Wolong to 
work in cities in the past several yam, thus re- 
ducing fuelwood collection and consumption. 
Compared with the migrant workers in cities 
from Wolong, however, more than a thousand 
times more tourists from around the world in- 
creased the demand for fuelwood through con- 
suming local products, whose production may 
require fuelwood and electricity. 

Nonlinearity and Thresholds 
Numerous relationships in coupled systems are 
nonlinear. In Wisconsin, for instance, fallen trees 
that provide critical fish habitat in lakes and 
streams drastically decrease when housing den- 
sity exceeds about seven h o w  per kilometer of 
shoreline Fig. 2). Bird richness in the Puget 
Sound landscape kith singlefamily housing i d  
fragments of native forest increase8 nonlinearly 

. . ,  
process mobilized stakeholders laying the ground- 
w o k  for a shift fmm wnventi&tl O n a ~ e r n e n t  
to adaotive w-maneement (23). Cultural values 
ande~viro-tal c&cems irokpted local stake- 
holders to build new knowledge, develop new 
visions and goals, and create new socialnetworks. 
Tbe result of these community activities was a 
new and more suitable governance system of 
adaptive co-management of the landscape. 

System behaviors shil? from one stnte to an- 
other over time (tenmoral thresholds) and a m s s  
space (spatialthreshdlds). Altamira k i c t s  a tem- 
poral threshold, whereas Wolong demonstrates a 
spatial threshold. Deforestation rates in Altarnim 
are high during the first 5 to 7 years of settlement 
and then decrease rapidly. In Wolong, as the dis- 
tance between locations of households and fuel- 
wood collection sites increases, panda habitat 
d m s ,  reaching a minimum at a distance of 
approximately 1800 m (17). When the distance 
behveen households and fuelwood supplies is 
small, the total area for fuelwood collection is 

Northern Highland Lake District ,, 
(Wisconsin) I - 
@ Centered on Vllas Counly, Wisronsin. USA A 

5,300 km2 
a 65.000 ~ermanent residents (20M)) -I 

7.600 l a b  end secondprowth lo& ! 
TOunlun and wesf products 
W)scawln Dnpament ot N a t u r a l . ! !  

. . 
residents* fuelwood demand is met by cutting 
most available trees and causes more habitat loss 
(17). 

Surprises 
When complexity is not understood, people 
may be swprised at the outcomes of human- 
nature couplings. For example, smelt (Osmems 
mordar) was initially introduced to Wiswnsin 
as a species forgame fish such as walleyes 
(Sthostedion M'tmum). but smelt ate iuvenile ,. 
walleyes leading to loss of walleye populations. 
In Puget Sound, growth management policy 
has caused urban density to intensify inside the 
wban growth boundaiy while unintentionally 
facilitating sprawl outside the urban growth 
boundaty. 

Conservation policies can also generate un- 
intended p e r s e  results. In Wolong, for in- 
stance, high-quality panda habitat degraded faster 
aAer the area was established as a reserve than 
before the resewe's creation (24). To prevent 

lake associations, county wvernment. 

, . .windel and national @vemmmta 

Fig. 1. Map highlighting majw amibutes of the six coupled human and natural systems (location; spatidl extent population size; and ecologital, economic, and 
administrative amibutes). To rave space, short names within the parentheses represent the coupled systems. See table 51 for more detailed dexriptions. 
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REVIEW I 
pes in areas at Iowa eleva- fuehvocd (UIUS deshuying f e  and panda 

..om (1200 to 3000 m) are habitat), w b  it takes a lonns time for chil- 
shaped by forest harvesting 
t l  to nine decsdes ago. Intic- 
uction of a keystone specks 
111 reshmtm a fish populah 
x a e s  or longer, as has 
em dmnshated in the WB 
consin sb* area which s t a d  
fish stacking in the 1930s. 
Long-term (up to 100 years) 
wntirmous cultivation in Kenya 
has deneased crop yields, with 

L mast of the degradation occur- 
ring during the fint 15 to 20 
years a h  mnvasion from for- 
est to agriculture. In Puget 
Sound, landscape pattems are - i n h d  by infmt~cpue built 40 
'eeades or even a century ago. 

H a * . m W ( w - l W W  The emlogical and sccio- - m m i c  impacts of human- 
Fig. 2. lhe h e p  betvrem fish habitat togs per kilaneter) and natun mrnl not be house denrity in the Northem Highland Lake Dsbict of Wixonrin, iwlately Mle or pre- United Stater [madilied from UB). wih p a m k b n l  

diclable becum of tim lags 
between the human-nature 

finma degradation, a natural farst m n d o n  interactions and the appeamnce of ecological 

dren establish oew housekids that hame 
demand for energy. 

Resilience 
Coupled systems have different degrees of 
resilienco--the capability to retain similar s h w  
tures and functioning a h r  disturbances for 
anlimum development (10.28,29). Resilience 
can be atfeeted by many fadon. In Wolong, for 
example, larger areas wiU~ fast-gmwing tree 
species are more milient to fuelwwd collection 
t h a o a r e s m a l l e r a r e a s w i t h d ~ ~ e r ~ ~ ~  
In Kenva, retniaanees fmm relatives em~loved in 
&an minimize fwd insecurity& crq, 
lXhm caused by droughts and poor soil tktility. 

Human intervention also plays a key mle in 
maintaining resilience. For instance, in C"attenri- 
Iret, sustaining the resilience of the wetland land- 
scape miRs mziw by cattle and incentives to . - 
make grazing emnukcal~y viable. Partially b 
cause of the actions of enviromncntalists. Pueet . - 
Sound is still home to one of the last intact old- 
growth fomm 0 the United States despite rapid 
urbanization in Wisconsin. social-ecalorjcal 
d i -  comes from the &d c o d &  of 

program introduced in 2001 for local mi- and ~~~ioeconomic wnsequences. In K& many ewsystems; the intention of Native Ama- 
dents to monitor illegal hawestins. Umxwckl- there is a lime delay between inveybncnt in soil icanstommagetheir lands and lakesmtainably: 
ly, a large ~ m b e r  oTnew households foamed in 
2001 became manv households decided to solit 
into smallex ones to more effectively capture 
subsidies (20 to 25% of the average household 
mcome) given to households as part of the pro- 
gram. The house4mld pmliferation and duction 
in household size (n& of pmpk in a house 
hold) inc& demand for fielwood and land 
for house construction (25). 

Some ecosystems can only be sustained 
thmuph human mananement pmdces. whereas - 
many wnsetvation ef%rts pklude such human 
interhewe For examole. the wetland site under 
the Ramsar Convention (an international heaty 
for the d o n  and w i n a b l e  use of wet- 
lands) in VatkmW was set aside for consewa- 
tion p u p s q  but the wetland became overg~~wn 
when pzing was haltcd This unintended con- 
sequence led to an undmtanding of grazing as 
essential to maintaining this wetland systan (23). 

legacy Effects and Time Lags 
Legacy e lk& ine impacts of prior human-naturc 
ccuplimgs on later d t i o n s .  Among the six 
sites, legacies m y  in duration from k a d e s  to 
cenlurk The shorkst legacy is in Altamira, a 
frootia area w h e  the land tenure system irn- 
posed by the govanment in 1970 still shapes the 
present spatial p&m of ladcover change, 
human population distribution, and human 
activities. The longest legacy is in Wmiket, 
where the landscape has been atfeeted by human 
actions such as using wet grasslands ovn  
hundreds of years. 

Legacy durations in the other sites fall 
smavkeinbetween. In Wolong, current forest 

improvement and increases in income. In the mosaic ottribal, private, and state ownedipj 
Vattenriket, the city of Kristianstad s t o d  and innovations in ecosystem management by 
taking its drinldng water h m  the Hel@ River various stakeholders (tribal governments of 
in the 1940s because untreated industrial and Native Americans, lake associations, f m a l  
household sewage had accumu- 
lated several decades earlier. 
Disturbances to gmundwatn 
quality can take a long time to 
appear "downstream" IX&UIX 
groundwater movement he- 
tween adjacent lakes can take 
d e s .  In Puget Sound, eco- 

the State of Washington in 
1990 wuld not have been & 

logical effects of the Growth 
Management Act adopted in 

served in l s s  than 8 years (26). ,, The length of lags amibuta- 
ble to a single cause may vsry 
for different indicaton; mn- 0.0 0.2 0.4 0.8 0.8 t a  1.2 
m l y ,  different causes may Roportlarof(orntwlWntLm. 
beawne apparent over different . . 

time for the same indi- Fig. 3. Change in abian rithness with progressivdy mon farst 
cator. The former can be seen in (lea human rettlrment) in the human-influenced landscape in 
A l t m h  wherechanges in cmp Central Puget Sound region of Washington, United States. [modified 
prices quickly a i k t  planting of from @I) ,  wih permirsionl 
annuals but e k t s  on planting 
(or abandonmen) of paamials (such as cocoa research organizations, and nongovemment 
and black pepper) often are delayed As to the organizatim) (12). 
l a m  situation, changes in the ptice of elechicity 
quickly affect panda habitat in Wolong because Heterogeneity 
of sharp changes in fuelwood demand, but Human-nature couplingsvary space, lime, 
spacing of births within households has a much and mganizational units. The soeioe~nomic 
slower effect (27). Energy for moking is n d  di&mms among people in Wisconsin lead to 
daily and fluduations in the price for elechicity different choiees and behaviors, which in lum 
may quickly force local residents to use more mIt in very differan ecological outmms than 

www.sciencemag.org SCIENCE VOL 317 14 SEPTEMBER 2W7 



one would find were everyone to have the same 
ore- for ecosvstem services. In Altamira. 
different settlement khotts follow similar hajei 
tone. of land use, but the magnitude of changes 
in imwrtant variables l i e  rates of defomtation 
varied as aproduct ofexogenous and endogenous 
factors (e.g., local, regional, and global political 
emnomy) (30). For the Kenyan highlands, it is 
wmmon to find families with soils of different 
quality and as a result, diffaent crop yields. 

Coupled human-natural systems are not 
static; they change over time. Although the hu- 
man population sizes have increased in all six 
study sites ova the past sevaal decades, the 
resultant ecological impacts have differed. In the 
Kenya study area, human population size has 
doubled overthe past 30 years, causing a m d e d  
reduction in fum size. Smaller fann size has led 
to growing maize during both rainy seasons to 
meet family demand, but this practice has 
accelerated the rate of soil degradation and in- 
creased povm. An increase in m t i o n a l  land 
use in Wiswnsin led to a 4.6-fold increase in 
housing density (fmm 3.7 to 17.2 uniWkmz) 
fmm 1940 to 2000. For Puget Sound, between 
1991 and 1999 land area covered by develop 
ment increased by 620 lan2 (31.5% increase), 
while forest wver declined by 714 kn? 110.3% 
decline (2611. Temporal changes take place not 
only inside a coupled system, but also across its 
boundaries In Wolong, a rapidly increasing num- 
ber of d&ic and foreign tourists have made 
the system much more tightly wupled to the 
national and g l h l  economy. 

Spatial variations exist in all wupled systems. 
For example, more tielwood is collected in areas 
of Wolong with easy access and little enforce- 
ment than in forested areas with more 
challenging topography or strict enforcement In 
Valtetuiket, habitats and management ptactices, 
local stewardshiv associations. soeial networks. 
and multilevel instihltions v q  aaoss the land- 
scape (11). Landscape heterogeneity of Puget 
Sound increase3 with the d e p  of urbanidon, 
but differs substantially within the region 
depending on &an land-use patterns, infra- 
sbucture, and spatial dishibution of activities 
(18). In Wtswnsin, people have preferentially 
settled around lowerelevation lakes, which tend 
to have rivetine input$ low to modaate dis- 
solved organic carbon, low tomoderate nutrients, 
and relatively divase spMt fish communities (31). 
In Allamira, fertile soils pennit cultivation of 
wwa and sum cane, whereas on poorer soils, 
pashre and manioc cultivation aremore common. 

Concludon and Outlook 
Results such as those reviewed here benefit from 
and kb advance the integration of ecolofical 
and sock sciences. The ap&achesused and the 

results from these studies can be applied to many 
other coupled systems at local, national, and 
global levels For instance, the finding that the 
k b e r  of households increased fast& than the 
human population size in Wolong over the past 
three decades has led to the discovery that this 
trend is global and is particularly profound in 
the 76 wunhies with biodivasity hotspots (25). 
The Lake FuturesPmject (32) in Wiswnsin was 
a prototype used to develop approaches for the 
Millennium Ecosystem Assessment scenarios 
(33). 

Comparison ofthese studies provides impor- 
tant insights into diverse wmpl& chatacteriitics 
that cannot be observed in a single sbrdv. The 
types of surpriss found in the --studies-differ, 
although all of them originated fmm the inter- 
actions between human and natural systems All 
six studies have demonshated legacy effects, but 
legacy durations varied fmm decades to centu- 
ries. Because of the independent nablre of these 
studies, information from one study is not 
necessarily available in or mferable to other 
studies. To increase the extent of generalizing 
from case studies, future research on coupled 
systems must include not only separate site 
specific studies but also coordinated, long-tam 
comparative projects across multiple sites to cap 
lure a Y1 spechum of variations (14, 34, 35). 
Fuahe~rmre, all the studies in this review focus 
on interactions within the system, rather than 
interactions among different wupled systems. As 
rlobaliion intensifies. there are more interac- 
lions among even geo&tPhically distant sysbms 
and across scales (36, 37). 'Thus, it is critical to 
move beyond the exisling approaches for study- 
ing coupled systems, t o d & ~ o ~  more w m p i  
hensive w ~ l i o s .  and to build an international 
network for intadiseiplinaly research spanning 
local, regional, national, and global levels. 
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