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Buzzword

• Robert	Solow:	“It	is	very	hard	to	be	against	
sustainability.		In	fact,	the	less	you	know	about	it,	the	
better	it	sounds.		The	questions	that	come	to	be	
connected	with	sustainable	development	or	
sustainable	growth	or	just	sustainability	are	genuine	
and	deeply	felt	and	very	complex.		The	combination	
of	deep	feeling	and	complexity	breeds	buzzwords.”



Sustainability	is	Like	God	(1)

• We	can’t	really	know	what	
it	is—Apophatic	theology.		
Sustainability	is	not:

• Using	resources	at	a	rate	faster	
than	we	can	replenish

• Rendering	things	unusable	by	
poisoning	and	polluting

• Extinguishing	species

• But	what	sustainability	is	is	
hard	to	say.	



A	New	Word
• 1611:	“Sustainable” meaning	“bearable,	endurable”
• 1845:	“Sustainable” meaning	“able	to	be	upheld	as	a	
point	of	law,” as	when	the	defense	attorney	shouts	
“objection” and	the	judge	says	“sustained”
• 1972:	First	use	of		“sustainability”
• 1972:	First	use	of	“sustainable	development” but	seems	
to	be	used	in	the	sense	of	sustaining	the	development,	
rather	than	conserving	the	natural	resources	as	one	
develops.

Oxford	English	Dictionary
Question:	Why	Now?		Will	return	to	that	soon.	



Some	Negative Definitions
• OED:	“Of,	relating	to,	or	designating	forms	of	
human	economic	activity	and	culture	that	do	not
lead	to	environmental	degradation,	esp.	avoiding	
the	long-term	depletion	of	natural	resources.”
Notice:	“environmental	degradation,” “long-term	
depletion	of	natural	resources.” What	
sustainable	is	not, apophatic	theology.

• Brundtland	Report,	Sustainable	development;	
“Development	that	meets	the	needs	of	the	
present	without	compromising	the	ability	of	
future	generations	to	meet	their	own	needs.”



Some	Negative Definitions
• OED:	“Of,	relating	to,	or	designating	
forms	of	human	economic	activity	and	
culture	that	do	not	lead	to	
environmental	degradation,	esp.	
avoiding	the	long-term	depletion	of	
natural	resources.” Notice:	
“environmental	degradation,” “long-
term	depletion	of	natural	resources.”
What	sustainable	is	not, apophatic	
theology.

• Brundtland	Report,	Sustainable	
development;	“Development	that	
meets	the	needs	of	the	present	without
compromising	the	ability	of	future	
generations	to	meet	their	own	needs.”

Gro	Harlem	Brundtland



David	Orr’s	Challenges:	Thinking	About	
What	is	not Sustainable	and	Why	

• Ongoing	militarization	of	the	planet
– Because	it	will	eventually	blow	up

• A	world	with	large	numbers	of	desperately	poor	people
– Because	they	will	disrupt	the	social	order

• The	perpetual	enlargement	of	the	human	estate
– Because	it	will	run	up	against	carrying	capacity

• Unrestricted	development	of	any	and	all	new	technology
– Because	it	brings	unknown	risks

• A	world	divided	by	narrow,	exclusive,	and	intense	allegiances	to	ideology	
or	ethnicity
– Because	there	is	no	compassion	for	common	problems

• Unrestrained	automobility,	hedonism,	individualism,	and	conspicuous	
consumption
– Because	they	take	more	than	they	give	back

• A	spiritually	impoverished	world
– Because	it	will	corrode	our	belief	that	anything	is	worth	sustaining

• So we know what we’re supposed to be not doing. Is that enough? And
why now?

David
Orr



Why	Now?	The	
beginning	of	the	
anthropocene?

GSA TODAY, FEBRUARY 2008 5

level then reached a marked plateau where they have, until very 
recently, remained. This climate plateau, though modulated by 
millennial-scale global temperature oscillations of ~1 °C ampli-
tude, represents the longest interval of stability of climate and 
sea level in at least the past 400,000 yr. This stability has been a 
significant factor in the development of human civilization.

HUMAN INFLUENCE ON HOLOCENE CLIMATE AND 
ENVIRONMENT

Prior to the Industrial Revolution, the global human population 
was some 300 million at A.D. 1000, 500 million at A.D. 1500, and 
790 million by A.D. 1750 (United Nations, 1999), and exploitation 
of energy was limited mostly to firewood and muscle power. Evi-
dence recorded in Holocene strata indicates increasing levels of 
human influence, though human remains and artifacts are mostly 
rare. Stratigraphic signals from the mid-part of the epoch in areas 
settled by humans are predominantly biotic (pollen of weeds 
and cultivars following land clearance for agriculture) with more 
ambiguous sedimentary signals (such as sediment pulses from 
deforested regions). Atmospheric lead pollution is registered in 
polar ice caps and peat bog deposits from Greco-Roman times 
onward (Dunlap et al., 1999; Paula and Geraldes, 2003), and 
it has been argued that the early to mid-Holocene increase in 
atmospheric carbon dioxide from ~260–280 ppm, a factor in the 
climatic warmth of this interval, resulted from forest clearance 
by humans (Ruddiman, 2003). Human activity then may help 
characterize Holocene strata, but it did not create new, global 
environmental conditions that could translate into a fundamen-
tally different stratigraphic signal.

From the beginning of the Industrial Revolution to the pres-
ent day, global human population has climbed rapidly from 
under a billion to its current 6.5 billion (Fig. 1), and it continues 
to rise. The exploitation of coal, oil, and gas in particular has 
enabled planet-wide industrialization, construction, and mass 
transport, the ensuing changes encompassing a wide variety of 
phenomena, summarized as follows.

Changes to Physical Sedimentation
Humans have caused a dramatic increase in erosion and the 

denudation of the continents, both directly, through agriculture 
and construction, and indirectly, by damming most major riv-
ers, that now exceeds natural sediment production by an order 
of magnitude (Hooke, 2000; Wilkinson, 2005; Syvitski et al., 
2005; see Fig. 1). This equates to a distinct lithostratigraphic 
signal, particularly when considered alongside the preservable 
human artifacts (e.g., the “Made Ground” of British Geological 
Survey maps) associated with accelerated industrialization.

Carbon Cycle Perturbation and Temperature
Carbon dioxide levels (379 ppm in 2005) are over a third higher 

than in pre-industrial times and at any time in the past 0.9 m.y. 
(IPCC, 2007; EPICA community members, 2004). Conservatively, 
these levels are predicted to double by the end of the twenty-first 
century (IPCC, 2007). Methane concentrations in the atmosphere 
have already roughly doubled. These changes have been consid-
erably more rapid than those associated with glacial-interglacial 
transitions (Fig. 1; cf. Monnin et al., 2001).

Global temperature has lagged behind this increase in green-
house gas levels, perhaps as a result of industrially derived 
sulfate aerosols (the “global dimming” effect; Coakley, 2005). 

Figure 1. Comparison of some major stratigraphically significant trends 
over the past 15,000 yr. Trends typical of the bulk of immediately pre-
Holocene and Holocene time are compared with those of the past two 
centuries. Data compiled from sources including Hooke (1994), Monnin 
et al. (2001), Wilkinson (2005), and Behre (2007).

Nevertheless, temperatures in the past century rose overall, the 
rate of increase accelerating in the past two decades (Fig. 1). 
There is now scientific consensus that anthropogenic carbon 
emissions are the cause (King, 2004; IPCC, 2007). Temperature 
is predicted to rise by 1.1 °C to 6.4 °C by the end of this century 
(IPCC, 2007), leading to global temperatures not encountered 
since the Tertiary. The predicted temperatures are similar to the 
estimated 5 °C average global temperature rises in the Toarcian 
(ca. 180 Ma) and at the Paleocene-Eocene thermal maximum 
(PETM, ca. 56 Ma), which were most probably linked to natu-
ral carbon releases into the atmosphere (Thomas et al., 2002; 
Kemp et al., 2005). While the likely societal effects are clear, 
in our present analysis we focus on the stratigraphic conse-
quences of increased temperature.

Biotic Change
Humans have caused extinctions of animal and plant spe-

cies, possibly as early as the late Pleistocene, with the dis-
appearance of a large proportion of the terrestrial megafauna 

Orr: The perpetual
enlargement of the

human estate

Ehrlich and Holdren:
I=PAT



Energy	Sources:	Living	biomass	vs.	
fossil	fuels



Living	biomass	vs.	fossil	fuels



What	Fossil	Fuels	Allowed	us	to	Have:	
Industrial	Capitalism

Can	you	name	any	of	these	gentlemen	before	I	give	you	the	answers?	

John	D.	Rockefeller

Andrew	Carnegie

Leland	Stanford

J.	P.	Morgan



What	fossil	fuels	also	allowed	us	to	
have	for	awhile:	state	socialism



Global	Scale	Changes:	Loss	of	Resources:	
Groundwater

0.08 to 0.18), the continuous long-term water-table
decline of 0.5 m/year equates to an average recharge
deficit of 40–90 mm/year.

It is instructive to compare this estimate of aquifer
recharge deficit with estimates derived from county-level
water-balance calculation based on crop water require-
ments in relation to annual rainfall (Shen and Wang
1999), bearing in mind that at present about 70% of the
land is cultivated with groundwater-irrigated winter wheat
(Table 5). Such simple water balances do not take all
factors adequately into account, and numerical aquifer
models are required (and being developed) to evaluate the
groundwater resource situation in more detail. Neverthe-
less, it is evident that:

– the possibility of significant groundwater inflow from
upstream (reducing the deficit indicated) decreases
markedly with increasing distance from the mountain
escarpment and alluvial fans,

– the assumption of no surface-water inflow and irriga-
tion in the county area under consideration (which
could also have reduced the deficit) is now realistic for
extensive areas (but not all) of the plain, because many
of the rivers issuing from the neighbouring mountain
escarpment have been impounded and much of their
runoff diverted for urban water supply,

– the deficit may be higher than indicated for much of
the flood plain area, since here a proportion of the local
annual rainfall generates surface runoff,

– the residual deficit (after taking account of all of the
above factors) is currently being made-up by depletion
of aquifer storage reserves.

However, it has also become increasingly difficult to
distinguish the effects of groundwater abstraction for
agricultural irrigation from those of other pumping,
because of the rapid growth of innumerable small towns
heavily dependent on groundwater supply.

On the Heilongang (an area with average rainfall
below 550 mm/year), problems of falling water-table in
the phreatic aquifer are less marked (Fig. 3), primarily
because of limited aquifer potential due to thin and patchy
development (Evans and Han 1999). But water-table
depletion has coincidentally reduced the problem of soil
salinisation, although this extensive area is still one which
is characterized by the presence of brackish water at
relatively shallow depth.

It is of interest to consider what would be the preferred
water-table depth from the agricultural standpoint (avoid-
ing land drainage, soil freezing and salinisation problems,
maximising groundwater recharge and minimising energy
pumping costs). A minimum depth of 5 m below ground
level (b.g.l.) and a maximum of 1 m b.g.l. at the onset and
end of the wet season (June and October) respectively is
estimated to be optimum, bearing in mind that up to
550 mm can fall in 4 months (with maximum intensities
exceeding 100 mm/day), and that the land surface is
extremely flat and without micro-relief. However, it is
extremely unlikely that water-table recovery to this level
is achievable.

Table 5 Simplified local water
balance for typical present cul-
tivation regime on the North
China Plain

Parameter Average values (mm/year)

Northern parts Southern parts

Local water availability (rainfall and snowfall) 620 560
Crop water demand (100%SM+70%WW) 700 700
Evapotranspiration—summer maize (SM)a (460) (460)
Evapotranspiration—winter wheat (WW)a (340) (340)
Deficit of crop demand–local availabilityb 80 140
a Includes estimate of crop-beneficial and non-beneficial evapotranspiration for current cultivation
regime, but assumes zero evaporation from fallow fields and other land uses
b Assumes no surface water inflow/irrigation nor regional groundwater inflow from alluvial fans/
mountain escarpment, and no surface runoff from the local area concerned

Fig. 3 Historical evolution of
the water-table of the shallow
aquifer along a north–south
transect of the North China
Plain (based on data provided
by the MWR)

86

Hydrogeology Journal (2004) 12:81–93 DOI 10.1007/s10040-003-0300-6

Falling	water	table	of	the	North	China	Aquifer
Others:	Oglalla	Aquifer	in	US	Midwest,

North	Saharan	Aquifer	System,	etc



Loss	of	Resources:	Biodiversity

Baiji，白鱀豚， the	Chinese	River	Dolphin,	declared	extinct	2006	

Dodo

Passenger	Pigeon

Anthropocene	Extinctions



Extinctions	in	recent	times



Loss	of	
Resources:	
Knowledge



Turning	from	the	negative	to	the	positive:	In	this	
situation	of	rapid	change,	what	are	we	trying	to	

sustain,	anyway?	
• Some	substantive	candidates

– Valuable	or	essential	resources
– The	current	state	of	the	planet
– Development	or	growth
– Social	ecological	system	resilience
– A	habitable	earth
– Human	life
– A	just	human	world

• All	of	these	are	desirable	by	some	criteria,	but	having	them	as	
goals	involves	different	kinds	of	thinking



Sustainability	is	like	a	Water	Weenie:
We	still	haven’t	defined	what	it	is,	but..



Sustainability	is	Like	God	(2)

• To	paraphrase	
Voltaire:

• Si	la	durabilité	
n’existait	pas,	il	
faudrait	l’inventer	



What	Are	We	Trying	to	Sustain,	Anyway?	
Some	Conceptual	Categories

• A	state	of	things
– Renewable	resource	extraction
– A	social	system
– A	range	of	planetary	temperature

• A	process
– Development
– Growth
– Social	progress

• A	possibility
– Options	for	the	future
– The	ability	to	consider	

sustainability
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Two	ways	to	think	of	sustainability
• Keeping	the	system	intact	(a	state	of	things	or	a	process)
– Holocene	stability	domain	(largest	scale)
– Sustainable	quantities	of	renewable	resources
– Reasonable	quantities	of	unrenewable	resources

• Staying	within	boundaries	(a	set	of	possibilities)
– Not	crossing	thresholds	leading	to	abrupt	change
– We	may	not	know	until	it	is	too	late

Sustaining	current	processes,	
it	is	highly	unlikely	that	we	will	
be	able	to	do	either	of	these	
things	for	very	long.	
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So	how	long	is	“very	long”?	

• Anything	is	sustainable	for	a	short	
time:	
– The	first	burst	of	a	nuclear	weapon:	3	
milliseconds

• Nothing	is	sustainable	forever
– Life	on	earth:	another	1.75	to	4	
billion	years

• We	need	to	think	of	a	meaningful
time	scale	[Ethical	Time	Horizon?]



Time	horizons

Now

Century-scale	Sustainability

1950

1900

2050-2100

Decade-scale	sustainability
Collapse

Warm
Green	Earth

Muddling
Through



Evidence	for	Century-Scale	sustainability	at	the	
turn	of	the	20th century
• Population:		1.65	Billion
• Surface	temperature
• Atmospheric	CO2

• Arctic	Sea	Ice	and	glacial	change
• Ocean	pH:	no	direct	evidence,	but	well	within	the	

Holocene	range

Twelfth Session of Working Group I  Approved Summary for Policymakers 

IPCC WGI AR5 SPM-27 27 September 2013 

Figure SPM.1 [FIGURE SUBJECT TO FINAL COPYEDIT] 

 

Twelfth Session of Working Group I  Approved Summary for Policymakers 

IPCC WGI AR5 SPM-30 27 September 2013 

Figure SPM.4 [FIGURE SUBJECT TO FINAL COPYEDIT] 
 

 
  



Evidence	for	lack	of	Century-Scale	sustainability	
at	the	turn	of	the	21st century

• Population:	7.4	Billion,	
• Atmospheric	CO2

• Arctic	Sea	Ice	and	glacial	change
• Ocean	pH

– Coordinated	observations	show	
decline	since	1982,	approximately	-
.1	(Bates	et	al.	Oceanography 2014)

– Projections	of	undersaturation	in	S.	
Oceans	by	2050	(Orr	et	al.	Nature	
2005)	“Our	findings	indicate	that	
conditions	detrimental	to	high-
latitude	ecosystems	could	develop	
within	decades,	not	centuries	as	
suggested	previously.”

Twelfth Session of Working Group I  Approved Summary for Policymakers 

IPCC WGI AR5 SPM-30 27 September 2013 

Figure SPM.4 [FIGURE SUBJECT TO FINAL COPYEDIT] 
 

 
  

Twelfth Session of Working Group I  Approved Summary for Policymakers 

IPCC WGI AR5 SPM-30 27 September 2013 

Figure SPM.4 [FIGURE SUBJECT TO FINAL COPYEDIT] 
 

 
  



Some	Current	Definitions
• OED:	“Of,	relating	to,	or	designating	forms	of	

human	economic	activity	and	culture	that	do	
not	lead	to	environmental	degradation,	esp.	
avoiding	the	long-term	depletion	of	natural	
resources.” Notice:	“environmental	
degradation,” “long-term	depletion	of	natural	
resources.” What	sustainable	is	not, apophatic	
theology.

• Brundtland	Report,	Sustainable	development;	
“Development	that	meets	the	needs	of	the	
present	without	compromising	the	ability	of	
future	generations	to	meet	their	own	needs.”

• Solow:	sustainability	is	“An	obligation	to	
conduct	ourselves	so	that	we	leave	to	the	
future	the	option	or	the	capacity	to	be	as	well	
off	as	we	are.”

Robert	
Solow

So,	how	do	we	meet	this	obligation?



Strong	vs.	Weak	Sustainability:
The	Linear	Mode

Is	“natural	
capital”

substitutable

Yes No

Strong	Sustainability

Weak	Sustainability:	
How	much	do	we	

discount	the	future?

Eric	Neumayer

Hold	that	thought	for	a	minute	while	we	go	to	resilience:	the	non-linear	mode



Weak	sustainability	and	
substitution

• CLT	for	regular	boards
• Wind	power	for	fossil	fuels
• Plastics	for	minerals
• Vitamin	pills	for	food



Linear	vs.	threshold	worries
• Linear	worries:	Trying	to	keep	some	variable	(global	
temperature,	availability	of	food,	availability	of	building	
materials)	within	a	range	where	it	
– Does	not	affect	the	social-ecological	system	much
– Can	be	restored	to	its	previous	value

• Threshold	worries:	trying	to	avoid	crossing	a	line	where	
there	is	abrupt,	qualitative	change	and	it	
– Has	major	systemic	effects
– Displays	hysteresis

• Resilience	as	the	ability	to	stay	within	a	desirable	range	
or	avoid	crossing	a	threshold



Resilience: Disturbance and	slow	variables
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Resilience:	Disturbance	and	slow	variables



Planetary	Boundaries:	Another	threshold	
approach

Ecology and Society 14(2): 32
http://www.ecologyandsociety.org/vol14/iss2/art32/

Fig. 6. Estimate of quantitative evolution of control variables for seven planetary boundaries from pre-
industrial levels to the present (see Appendix 1, Supplementary Methods 2 for details). The inner (green)
shaded nonagon represents the safe operating space with proposed boundary levels at its outer contour.
The extent of the wedges for each boundary shows the estimate of current position of the control
variable (see Table 2). Points show the estimated recent time trajectory (1950–present) of each control
variable. For biodiversity loss, the estimated current boundary level of >100 extinctions per million
species-years exceeds the space available in the figure. Although climate change, ocean acidification,
stratospheric ozone depletion, land-use change, freshwater use, and interference with the phosphorus
cycle are boundaries defined as the state of a variable (concentration of atmospheric CO2, aragonite
saturation state, and stratospheric ozone concentration, percentage of land under crops, maximum
amount of global annual freshwater use, cumulative P loading in oceans, respectively), the remaining
boundary, biodiversity loss, and the component of the biogeochemical boundary related to the human
interference with the N cycle are defined by rates of change for each respective control variable
(extinctions per million species per year, rate of N2 removed from atmosphere for human use).

“Safe	
operating	
space	for	
humanity

Richardson	et	al.	2009



P	r	o	d	u	c	t	i	v	i	t	y
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Waterworks	as	illustration	of	the	curvilinear	
relationship	between	productivity/intensification	and	

resilience	

Start	with	irregular	rainfall
Build	a	reservoir
Reservoir	contains	excess	in	big	storms
Reservoir	retains	water	in	droughts
Natural	events	don’t	become	disasters
Harvests	become	more	reliable

Reclaim	more	land
Reservoir	can’t	release	water,	exceeds	
capacity
Community	more	dependent	on	lands	that	
will	flood
Natural	events	become	disasters

Resilience	varies	
directly	with	
productivity

Resilience	varies	
inversely	with	
productivity

“Perpetual	Enlargement	of	the	Human	Estate”
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Renewable	Resource	Use:	Tieing	it	together	
with	an	“Easy” Problem:

• Maximum	sustainable	yield	=	Strong	sustainability
• But:	We	need	to	consider	thresholds	when	figuring	the	

maximum
• And:	The	more	we	exceed	the	maximum,	the	more	likely	we	

are	to	experience	hysteresis.	

P	r	o	d	u	c	t	i	v	i	t	y
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Resilience	varies	
directly	with	
productivity

Resilience	varies	
inversely	with	
productivity

Rate	of	extraction/rate	of	recharge

Groundwater	extraction



Discounting	and	thresholds
Fire	suppression

Resilience	varies	directly	
with	productivity

Resilience	varies	inversely	
with	productivity

P	r	o	d	u	c	t	i	v	i	t	y
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Large	 Small

Minimum	size	of	fire	suppressed



Discounting	and	thresholds
Swidden	Agriculture

Resilience	varies	directly	
with	productivity

Resilience	varies	inversely	
with	productivity

P	r	o	d	u	c	t	i	v	i	t	y
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Long Short

Minimum	fallow	cycle	interval



Temporal	Tradeoffs

Deplete	
Resources	in	
the	Present

Hope	for	
Substitutability

Hope	to	
Avoid	

Thresholds

New	
Resource

Efficiency

Reduced	
Need



Temporal	Tradeoffs	(Discounting)

Present	use

Present	usePresent	use

Future	use

Future	use

Future	use

Strong	Sustainability
No	Discount

Weak	Sustainability
Small	Discount

Sustainable	yield	level

Sustainable	yield	level Sustainable	yield	level

No	Sustainability
Large	Discount

Brundtland	Report,	Sustainable	
development;	“Development	that	meets	
the	needs	of	the	present	without
compromising	the	ability	of	future	
generations	to	meet	their	own	needs.”



What	we’re	doing	to	atmospheric	
temperature	with	fossil	fuels

Present	use:	exceeds
Sustainable	level

Future	use:	discounted
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Threshold	level



How	do	we	
know	we’re	near	
a	threshold?

• Critical	slowing	down
• Increasing	variability

of systemic failure. Building on such parallels
between the architecture of ecological and fi-
nancial systems, Haldane and May (18) have
made specific recommendations to encourage
modularity and diversity in the financial sectors
as a way to decrease systemic risk. There are
still obvious challenges in bridging from eco-
systems and conceptual models to societal struc-
tures, and much will be beyond our reach when
it comes to “design.” For instance, the extremely
fast global spread of information is an impor-
tant feature of current social systems, and the
worldwide connection of social-ecological sys-
tems through markets implies a daunting level
of complexity (19). Nonetheless, this line of
thinking about features that affect robustness
across systems clearly offers fresh perspectives

on the question of how we can make the com-
plex networks on which we depend more robust.

Early-Warning Signals for Critical Transitions
Although such insight into structural determi-
nants of robustness and fragility can guide the
design of systems that are less likely to go through
sharp transitions, there are so far no ways in
which these features can be used to measure how
close any particular system really is to a critical
transition. A new field of research is now emerg-
ing that focuses on precisely that (20).

Critical slowing down near tipping points.
One line of work is based on the generic phe-
nomenon that in the vicinity of many kinds of
tipping points, the rate at which a system recovers
from small perturbations becomes very slow, a

phenomenon known as “critical slowing down”
(Fig. 2). This happens, for instance, at the clas-
sical fold bifurcation, often associated with the
term “tipping point,” as well as more broadly in
situations where a system becomes sensitive so
that a tiny nudge can cause a large change (20).
The increasing sluggishness of a system can be
detected as a reduced rate of recovery from (ex-
perimental) perturbations (21, 22). However,
the slowness can also be inferred indirectly from
rising “memory” in small fluctuations in the state
of a system (Fig. 2), as reflected, for instance, in a
higher lag-1 autocorrelation (23, 24), increased
variance (25), or other indicators (26, 27).

Not all abrupt transitions will be preceded
by slowing down. For instance, sharp change
may simply result from a sudden big external
impact. Also, slowing down of rates can have
causes other than approaching a tipping point
(e.g., a drop in temperature). Therefore, slowing
down is neither a universal warning signal for
shifts nor specific to an approaching tipping
point. Instead, slowing down should be seen
as a “broad spectrum” indicator of potential fun-
damental change in the current regime. Further
diagnosis of what might be coming up requires
additional information.

Changing stability landscapes in stochastic
systems. In highly stochastic systems, transitions
will typically happen far from local bifurcation
points. This makes it unlikely that in such sto-
chastic situations slowing down is a useful char-
acteristic to measure. Nevertheless, the behavior
of systems exposed to strong perturbation re-
gimes can hint at features of the underlying
stability landscape. When an alternative basin of
attraction begins to emerge, one may expect that
in stochastic environments, systems will occa-
sionally flip to that state, a phenomenon referred
to as “flickering” (20). Rising variance can reflect
such a change. Moreover, under certain assump-
tions, the probability density distribution of the
state of a system can even be used to estimate how
the potential landscape reflecting the stability
properties of the system changes over time (28)
or is affected by important drivers (29) (Fig. 3).
The idea behind this approach is that even if
stochasticity is large, systems will more often
be found close to attractors than far away from
them. The scope of this approach is different from
that implied in work on critical slowing down.
Slowing down suggests an increased probability
of a sudden transition to a new unknown state.
By contrast, the information extracted from more
wildly fluctuating systems suggests a contrast-
ing regime to which a system may shift if con-
ditions change. Just as in the detection of critical
slowing down, patterns in the data should be in-
terpreted with caution. For instance, multimo-
dality of the frequency distribution of states over
a parameter range may be caused by nonlinear
responses to other, unobserved drivers or from a
multimodality of the distribution of such driv-
ers. Also, the character of the perturbation regime
may have a large effect.

Table 1. Studies of early-warning indicators for critical transitions in different complex systems. (+) Cases
in which early warning signals were detected by indicators; (0) cases in which transitions were not
preceded by indicators; (–) cases of unknown or opposite effect.

Field Phenomenon Indicator Signal References
Chemistry Critical slowing down Recovery rate/

return time
+ (39)

Physics Critical slowing down Return time/
dominant eigenvalue

+ (40)

Rate of change
of amplitude

+ (41)

Engineering Critical slowing down Autocorrelation at lag 1 + (42)
Tectonics Not specified Autocorrelation/

spatial correlation
+ (43)

Climate Critical slowing down Autocorrelation at lag 1 + (23, 44, 45)
0 (44, 46)

Detrended fluctuation analysis + (27, 44)
- (44)

Increasing variability Variance + (44)
0 (44, 46)

Skewed responses Skewness 0 (47)
Ecology Critical slowing down Return time/dominant eigenvalue + (22, 48–50)

Autocorrelation at lag 1 + (22)
Spectral reddening 0 (48)
Spatial correlation + (48, 49, 51, 52)

Increasing variability Variance + (48, 49, 52, 53)
0 (22, 54)

Spatial variance + (48, 49, 55, 56)
Skewed responses Skewness + (48, 49)

Microbiology Critical slowing down Autocorrelation at lag 1 + (57)
Variance + (57)

Return time + (57)
Skewness 0 (57)

Physiology Critical slowing down Recovery rate/
return time

+ (58)

Epilepsy Critical slowing down Correlation + (59, 60)
Increasing variability Variance + (61)

Behavior Critical slowing down Recovery rate/
return time

+ (62, 63)

Sociology Critical slowing down Autocorrelation at lag 1 +/0 (64)
Variance +/0 (64, 65)

Fisher information + (66)
Finance Not specified Correlation + (60)

Not specified Shannon index + (67)
Not specified Variance + (68)
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So	what	are	lessons	(if	any)	from	all	this	
agonizing	amateur	philosophizing?

• Precaution:	steer	clear	of	potential	thresholds
• Research:	try	to	find	out	how	to	predict	
precipices

• Socially	responsibility:	none	of	this	will	do	any	
good	unless	it	gets	implemented

Maybe	sustainability	is	“An	obligation	to	conduct	ourselves	so	that	we	leave	to	
the	future	the	option	or	the	capacity	to	be	as	well	off	as	we	are.	Think	about	
sustainability”	



Sustainability	is	Like	God	(3)

• People	worship	it


