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Ocean Tipping Points 

When incremental changes in human use 
or environmental conditions result in 
large, and sometimes abrupt, changes in 
ecosystem structure, function, and often, 
benefits to people 
 

 



Urchin barren Kelp Forest 
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Tipping points change the rules 

They alter 
structure and 

function 



And alter benefits to people 
(e.g., West coast sardine fisheries) 

Biomass 

PDO signal 

Exploitation rate 

Zwolinski & Demer 2012 PNAS 



$7M loss in two years (>$93M today) 

$12M at peak in 1944 

Value of the 
fishery dropped 
from $12M to 
$5M in two years, 
displacing a whole 
industry.  



Recovery may be difficult and slow 

Pandolfi et al. 2005 Science 



Lindegren et al 2012 

Spatial variance 

Early warning indicators hold promise 
for anticipating tipping points 



Why we are engaged  

•  Ecosystem tipping points may be rapid, unexpected and 
difficult to reverse. 
•  Crossing tipping points can have negative consequences 
for people’s livelihoods and well-being. 
•  The ability to predict and understand ocean tipping 
points can enhance ecosystem management. 
•  Despite a growing body of tipping point science, there    
is still a disconnect with management decisionmaking. 
 
 



Project Goals 
 

•  Improve knowledge and understanding of ocean tipping points, 
their potential impacts, and their relevance to management. 

•  Co-develop and disseminate a toolbox of approaches for 
management of ecosystems prone to tipping points, which will 
allow managers to: 

 (1) Identify the “safe operating space” for decision-making 
 (2) Set targets, monitor using early warning indicators 
 (3) Evaluate and prioritize management strategies 
 (4) Identify regulatory and policy vehicles 

 

 



 How we are approaching this 

•  RESEARCH: Synthesize and build upon our growing 
scientific understanding of  ecological and socio-economic 
tipping points in marine ecosystems 

•  APPLICATION: Work with experts and practitioners to 
co-develop and test useful and usable approaches for 
integrating that information into ecosystem management 



•   Where and at what spatiotemporal scales have marine  
 ecosystem shifts been observed, across habitat types, 
 latitudes, and ocean basins? 

Global database of  marine 
ecosystem shifts  

•  What drives shifts across systems and geography? 
•  Are there common mechanisms at play across shifts? 
•  Are these shifts typically reported to be reversible? 
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A wide range of marine habitats across the globe have experienced 
ecosystem shifts from the intertidal to the open ocean.  



Over-harvest, eutrophication, and climate are the top 
drivers of ecosystem shifts and often act in concert  



Images © (1) Perry Institute of Marine Science and (2) Dan Brumbaugh 

Although recovery may be possible, ecosystems that have crossed 
a threshold tend to remain in an altered condition for decades 
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Meta-analysis of  functional 
responses to individual stressors 
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1) Literature search using Web of Knowledge 
•  Keywords (I): habitat type (marine ecosystem, pelagic, subtidal, 

continental shelf, demersal, benthopelagics, etc.) and regime shift, 
switchpoint, tipping point, nonlinear state change 

ü 1731 papers 

 

Approach 

•  Keywords	  (II):	  habitat	  type	  (marine	  and	  pelagic)	  and	  stressor	  type	  
(fishing,	  pollu>on,	  climate,	  temperature,	  preda>on,	  pressure)	  	  	  

ü 3511	  papers	  



1) Literature search  
 

Approach 

2)	  Selec>on	  criteria	  
•  Field	  study	  in	  pelagic	  marine	  ecosystem	  	  
•  Sta>s>cal	  analysis	  (regression,	  correla>on)	  used	  to	  iden>fy	  

the	  rela>onship	  between	  stressor	  and	  response	  
•  Sign.	  rela>onships	  iden>fied	  by	  p-‐value	  and	  model	  selec>on	  
•  Extract	  data	  from	  paper	  
Ø 75	  papers;	  736	  rela>onships	  



1) Literature search  

 
 

Approach 

2)	  Selec>on	  criteria	  
	  3) Published or derived effective degrees of freedom 
(EDF) from GAMs are a measure of degree of nonlinearity 
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Half of the studied relationships between drivers and 
ecosystem components in the open ocean are nonlinear 
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Non-linear relationships may also be  
under-reported in published literature 
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Half of the studied relationships between drivers and 
ecosystem components in the open ocean are nonlinear 



And thus may have detectable thresholds  
that could inform target-setting 

In the open ocean, highly nonlinear relationships are common 
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A number of the most widely applicable federal and state 
environmental laws and regulations allow for threshold-based 

science decision making.  



•  Where thresholds exist, explicit regulatory 
targets on them yield better outcomes 

•  Cost benefit analysis may favor threshold based 
management 

•  This approach is likely to minimize conflicts by 
providing explicit endpoints for env. regs. 

Law review found that… 

Kelly et al. in press, Ecology Law Quarterly 



•  Analyzed ~50 case studies from around the world 
•  Categorized each based on attributes: 

•  Biophysical (e.g. area, location, reversibility of  shift) 
•  Science (e.g. quantitative threshold, measurable variables) 
•  Enabling (e.g. match in scale, jurisdiction, market forces) 
•  Institutional (e.g. relevant mgt objectives, time to act) 

Management Review 

Kelly et al. in press Phil. Trans. Roy. Soc. B 



•  Threshold management works. More explicit use 
of  thresholds in management is strongly associated 
with better environmental outcomes. 

•  Responsive monitoring is key. Good outcomes 
are also associated with routine monitoring 
requirements in both retrospective and prospective 
cases. 

•  Scale matters. Threshold-based systems with 
smaller geographic areas are more likely to have 
good management outcomes. 

We found that… 

Kelly et al. in press Phil. Trans. Roy. Soc. B 



What comes next? 



How we are approaching this 
•  RESEARCH: Synthesize and build upon our growing 

scientific understanding of ecological and socio-
economic tipping points in marine ecosystems 

•  APPLICATION: Work with experts and practitioners to 
develop and test useful and usable approaches for 
integrating that information into ecosystem management, 
including two case study regions: Hawai‘i and Haida 
Gwaii 



Phase Two: Case Study 
Application 

•  Allow us to test and refine our 
approach in a real-world context  

•  In both places: 
– past or potential ecosystem tipping 

points lead to interesting scientific 
questions and challenges 

–  there are important policy windows 
of opportunity where this science 
could be useful to management 





Hawai’i Case Study Overview 
a)  Characterize and map ecological regimes, drivers, and cumulative impacts across 

the archipelago. 

b)  Estimate threshold activity levels that define safe operating space for healthy 
reefs, and develop early warning indicators for regime shifts. 

c)  Assess tradeoffs associated with managing multiple stressors across the land-sea 
interface, focused in West Maui. 

d)  Create guiding principles and toolkit for managing with a tipping points 
perspective, tailored to the management setting and research findings. 



Gwaii Haanas National 
Marine Conservation 
Area Reserve and  
Haida Heritage Site 



Focus on 
pelagic 
ecosystem 
and 
connected 
services and 
sectors 
 
 
 
 
Lead: 
Phil Levin 



Understanding ecosystem changes in 
Gwaii Haanas and Northern BC 

1.  Expert perceptions of  ecosystem 
interactions 

2.  Characterization of  historical 
ecosystem shifts 

3.  Evaluation of  socioeconomic and 
ecological trade-offs 

community structure shifted and that the
cyanobacteria Prochlorococcus increased
in particular. The concentration of dis-
solved phosphorus in the surface ocean also
declined gradually in the late 1980s and
early 1990s, possibly as a result of utiliza-
tion by nitrogen-fixing organisms. Because
denitrification along the eastern boundary
increases phosphorus relative to nitrate,
phosphorus supply to the subtropical gyre
may increase during the cool, anchovy re-
gime as a result of spillover from more
vigorous eastern Pacific upwelling (30).
The transition-zone chlorophyll front
(TZCF) marks the boundary between the
subtropical gyre, where productivity is low,
and the high-latitude ecosystems, where in-
creased productivity is driven by deep win-
ter mixing (31). Variations in the position
of the TZCF can have important ecological

consequences because many fish and ma-
rine mammals forage along the front. The
position of the TZCF changes during El
Niño and may also vary on multidecadal
time scales (31).

Northwest Pacific. In the northwest Pacif-
ic off Japan, the depths of the thermocline,
the nutricline, and the winter mixed layer
have followed changes similar to those in the
subtropical gyre (15). During the sardine re-
gime, sea level dropped, the thermocline and
nutricline shoaled, mixed layers deepened
(Figs. 2 and 3), and the Kuroshio Current
weakened (32). Primary production in-
creased, and sardine populations expanded
from coastal waters eastward across the
North Pacific to beyond the International
Date Line (33). It remains unclear why sar-
dines increase off Japan when local waters
cool and become more productive, whereas

they increase off California and Peru when
those regions warm and become less produc-
tive (34 ).

Warm pools of the tropical Pacific. In the
open ocean waters of the northeastern tropical
Pacific, physical variability is harder to eluci-
date, partly because temperatures are warm and
homogeneous there. However, there is evidence
of lower recruitment of yellow-fin tuna during
the anchovy regime (35). The area is surround-
ed by regions with strong multidecadal fluctu-
ations (California Current, Peru Current,
equatorial Pacific, and subtropical gyre).
Tuna in the warm waters of the western
Pacific must be similarly affected. Popula-
tions of yellow-fin tuna in the western Pacific
may have increased during the cool regimes
(36 ). Highly mobile organisms like the blue-
fin tuna migrate on basin scales, spending
periods in areas altered by these large-scale
climate and ocean changes. These organisms
must respond in complex ways to regime
shifts.

Atmospheric CO2
In the previous sections, we focused primar-
ily on ecological consequences of multidec-
adal variability, but there must be carbon
cycle effects associated with the fluctuations
in nutrients, primary production, and ecosys-
tem structure as well. Atmospheric CO2 mea-
surements have been made at Mauna Loa
since 1958. This record also shows evidence
for multidecadal fluctuations, with CO2 ac-
cumulating more slowly in the atmosphere
during the anchovy than during the sardine
regime (Fig. 1). This is at odds with the
expectation of a stronger CO2 flux to the
atmosphere due to enhanced equatorial up-
welling (25, 27 ) during the cool, anchovy
regime. Perhaps the slower growth in atmo-
spheric CO2 is associated with an enhanced
coastal and equatorial biological pump of
carbon into the ocean interior. If a stronger
biological pump is implicated, then there
must be an imbalance between carbon and
other nutrients supplied by upwelling and
those exported by the biological pump. A
small deviation from the Redfield ratio (106
C:16 N:1 P) could account for the variability
shown in Fig. 1 (37 ). Terrestrial biota may
also be implicated in long-term fluctuations
of atmospheric CO2. A North American car-
bon sink, presumably resulting from changes
in land use, has recently been suggested (38).
The terrestrial uptake is of similar magnitude
to the fluctuations shown in Fig. 1. Determin-
ing what drives multidecadal fluctuations in
atmospheric CO2 will necessarily require an
interdisciplinary approach.

A Recent Regime Shift?
Satellites have recorded an increase in the
basin-wide sea-level slope after the 1997–98
El Niño that was coincident with a dramatic

Fig. 2. Hypothetical oscillation of a regime index with a period of 50 years. From the early 1950s
to about 1975, the Pacific was cooler than average, and anchovies dominated. From about 1975 to
the late 1990s, the Pacific was warmer, and sardines dominated. The spatial patterns of SST and
atmospheric circulation anomalies are shown for each regime (10). The spatial pattern shows that
warming and cooling are not uniform and that the eastern Pacific is out of phase with the central
North and South Pacific. Some indices suggest that the shifts are rapid (dashed), whereas others
suggest a more gradual shift (solid). Regime shifts are commonly associated with a change in index
sign, but populations may also exhibit changes in abundance when the index stops increasing or
decreasing. The first empirical orthogonal function (EOF) of global TOPEX sea surface height (SSH)
is shown above the cool, anchovy regime. It accounts for 31% of the variance in 18-month
low-pass filtered SSH from 1993 through 2001. Low SSH implies a shallow thermocline and
nutricline when the coefficient (blue line) is positive. The coefficient is shown in blue together with
surface chlorophyll anomalies (mg m!3) for the eastern margin of the California Current system
from 1989 to 2001 (45), also low-pass filtered. The high chlorophyll after 1997–98 is consistent
with the shallow thermocline of the eastern Pacific. Changes in the circulation of the subtropical
gyre and its boundary currents are also indicated by the first EOF. This basin-scale anticyclonic
(clockwise spinning in the northern hemisphere) gyre maintains a positive gradient in SSH from its
center to its periphery. The changes described by the first EOF after 1997–98 can be interpreted
as (i) stronger positive gradients in SSH between the gyre center and its eastern and southern
boundaries that would be associated with stronger anticyclonic flow (stronger southward flow
along the eastern gyre boundary and stronger westward flow along the southern gyre boundary)
and (ii) weaker positive gradients in SSH between the gyre center and its western and northern
boundaries that would be associated with weaker anticyclonic flow (weaker northward flow along
the western gyre boundary and weaker eastward flow along the northern gyre boundary). Thus,
after the recent shift evident after 1997–98, a stronger California Current and a weaker Kuroshio
Current are indicated.
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•  New	  science	  is	  converging	  with	  a	  paradigm	  shiN	  toward	  
ecosystem-‐based	  management	  of	  our	  coasts	  and	  oceans.	  

•  Exis>ng	  laws	  and	  regula>ons	  allow	  for	  and	  even	  require	  
thresholds-‐based	  management.	  

•  Knowledge	  of	  thresholds	  and	  use	  of	  indicators	  improves	  
ecological	  outcomes.	  

•  Preven>ng	  a	  shiN	  may	  be	  less	  costly	  than	  aQemp>ng	  to	  
recover	  from	  one.	  

•  Understanding	  the	  drivers	  and	  feedbacks	  that	  impede	  
recovery	  can	  priori>ze	  restora>on	  ac>ons.	  

	  

The	  opportunity	  to	  improve	  management	  



Cal Poly San Luis Obispo 
Hawaiian Islands Humpback Whale National Marine Sanctuary 
University of  Hawaii 
NOAA’s Coral Reef  Ecosystem Division 
NOAA’s Coral Reef  Conservation Program 
Stockholm Resilience Centre 
Fisheries and Oceans Canada 
DFO SPERA Program 
Parks Canada 
Council of  the Haida Nation 
Gwaii Haanas Archipelago Management Board 
Gwaii Haanas Marine Team 
Haida Ocean Technical Team 
 

www.oceantippingpoints.org 

Rebecca Martone 
rmartone@stanford.edu 

 
info@oceantippingpoints.org 



% of Unfished Biomass 

Ecosystem 
Resilience 

100% 
Maintain status quo,  
address non-fishing 
threats 

Ecosystem 
state change < 30% 

< 50% 
Ecosystem recovery 
potentially possible 

> 50% 
Monitor 

Threshold targets can be used as simple metrics for protecting ecosystem 
resilience and identifying safe operating spaces for human activities  
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