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When incremental changes in human use or environmental 
conditions can result in large, and sometimes abrupt, changes 

in ecosystem structure, function, and benefits to people

Ocean Tipping Points



Tipping points in marine ecosystems

Linear

Nonlinear

Nonlinear 
with hysteresis

Underlying driver exhibits 
threshold behavior that is 
tracked by the ecosystem 
response

Relationship between driver 
and response variable is 
nonlinear

Relationship between driver 
and response variable is 
different before and after shift

Collie et al. 2004 Progress in Oceanography



Kappel et al. in prep.

A wide range of marine habitats across the globe have experienced 
ecosystem shifts from the intertidal to the open ocean.
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• 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



Ocean Tipping Points 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

Identify the prevalence of strong nonlinearities, develop 
a framework to identify ecological thresholds, and test 
the utility of early warning indicators of abrupt change



 To better understand the relationships between single 
stressors and ecosystem components

 To identify when nonlinearities and threshold responses 
are likely to exist

Characterizing driver-response variables



Motivation
• Default assumption of linearity



Motivation
• Default assumption of linearity
• When and where multiple stressors interact



Motivation
• Default assumption of linearity
• When and where multiple stressors interact
• Reference points or safe zones for management
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1) Literature search 

Approach

2) Selection criteria
• Field study in pelagic marine ecosystem 
• Statistical analysis (regression, correlation) used to identify 

the relationship between stressor and response
• Sign. relationships identified by p-value and model 

selection
• Extract data from paper
 75 papers; 728 relationships



1) Literature search 

2) Selection criteria

3) Published or derived effective degrees of freedom (EDF) 
from GAMs are a measure of degree of nonlinearity

Linear Weakly nonlinear Highly nonlinear

Stressor
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Approach



Driver / Stressor Examples of metrics

Climate
- Temperature
- Large-scale climate pattern
- Salinity

Exploitation
- Fishing effort
- Catch/landings
- Fishing mortality

Pollution
- Nutrient loading
- Oxygen
- Water clarity

Food web
- Predator/prey biomass, abundance
- Primary production, nutrients
- Density dependence

Outcome of literature search

Metric
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Ecological Responses
Growth
Survival
Reproductive success
Recruitment
Species occurrence
Species biomass and abundance
Species richness
Community composition and diversity
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Examples of raw data

Food web
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Landings
Large et al. 2013

Exploitation

Herring abundance
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Highly nonlinear relationships are common
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And thus may have detectable thresholds 
that could inform target-setting
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Greater % of nonlinearities in robust set of papers
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Also, greater % of highly nonlinear relationships
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What are the ecosystem thresholds that can 
inform target-setting?

Biophysical or anthropogenic driver 
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Cury et al. 2011

Prey abundance
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on seabird breeding success 



Challenges in our study

 Precluded us from making generalizations about where 
thresholds are likely to exist

 Thresholds are more often identified in ecological time-
series data than stressor-response relationships

 Only 8 papers quantified thresholds in single stressor 
relationships



Ecosystem Thresholds
• Generalizable framework for identifying thresholds

Samhouri et al. In prep



Ecological Integrity Indicators: 
Northern copepod anomaly, groundfish 
mean TL and diversity, sea lion pup 
production and growth, scavenger 
biomass

Human Activities: Pollution, dredging, 
fishery removals, habitat modification, 
nutrient inputs, etc.

Environmental Drivers: PDO, NPGO

• Identify ecosystem thresholds for environmental drivers 
and human activities in the California Current ecosystem



• Sudden transitions can have large impacts on ecosystem 
services

• Early warning signs provide ability to anticipate change and 
mitigate ecological and economic impacts

Leading indicators of ecosystem shifts



Leading indicators of Caribbean tipping points

Karr et al. 2015 J. Applied Ecology



(e) Ratio of macroalgal to
Coral cover

(f) % Herbivorous fishes

(g) % Coral cover

Karr et al. 2015 

(a) % Macroalgal cover

(b) % Invertivorous fishes

(c) Fish species richness

(d) Urchin biomass

Total fish biomass



Generic early warning signals
• Metric-based indicators of ecosystem instability based 
on the complex systems theory of critical transitions 
and alternate stable states. 

• ‘Critical slowing down” in population recovery from 
perturbations as resilience declines and a critical 
transition approaches
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Rising variance and rising autocorrelation are potentially 
a signal of an approaching shift

High resilience Less resilience
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Generic early warning signals
• Metric-based indicators of ecosystem instability based 
on the complex systems theory of critical transitions 
and alternate stable states. 

• ‘Critical slowing down” in population recovery from 
perturbations as resilience declines and a critical 
transition approaches

• Past work indicates they could be useful management 
tool, but their utility only recently assessed in marine 
ecosystems



Rise in temporal variability (SD and autocorrelation) prior to 
regime shift in the North Sea

Empirical examples

From Wouters et al. 2015



Rising spatial variability in catches of crustaceans up to 4 
years prior to collapse (Litzow et al. 2013)

Empirical examples

Image: www.hcn.org



Rising spatial variability in cod:prey abundance ratios 
accompanying the reorganization of two continental shelf 
ecosystems (Litzow et al. 2008)

Empirical examples

Scotian shelf
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Gulf of Alaska

Scotian Shelf



Empirical examples

Image: www.climatecnentral.org

Rise in variability in Arctic sea ice extent prior to acceleration 
in loss rate of sea ice (Carstensen and Weydmann 2012)



• Meta-analysis to identify the factors distinguishing 
successful and unsuccessful applications of EWS in field 
studies (published studies and new analysis)

Why do we see mixed results?



• Meta-analysis to identify the factors distinguishing 
successful and unsuccessful applications of EWS in field 
studies (published studies and new analysis)

 Analysis demonstrating nonlinearity in ecosystem dynamics 
are more likely to support theoretical EWS predictions than 
studies with linear or undetermined dynamics

Why do we see mixed results?



Example: successful application of EWS  
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Example: unsuccessful application of EWS  



Example: unsuccessful application of EWS  



Next steps

• Testing for nonlinear dynamics or signs of hysteresis is a 
key step for improving field studies of EWS and hastening 
the testing and application of this promising idea

• Provide more tests of EWS in the California Current, 
Gulf of Alaska and Eastern Bering Sea



Acknowledgements
NCEAS / UCSB
Carrie Kappel
Ben Halpern
Kim Selkoe
Courtney Scarborough
Alisan Armhein

Stanford/COS
Rebecca Martone
Lindley Mease

EDF
Rod Fujita
Kendra Karr

NOAA
Kelly Andrews
Elliot Hazen
Chris Harvey
Shannon Henessey
Kirstin Holsman
Pete Lawson (NOAA)
Kristin Marshall (UW)
Sam McClatchie
Bill Peterson
Adrian Stier (UW)
Jamie Tam
Stephanie Zador

UMASS

Gavin Fay

ICES
Scott Large

OSU/CIMRS
Jennifer Fisher

Farallon Institute
Mike Litzow

Summary

• Nonlinearities are common in open ocean ecosystems

• Where these nonlinearities do exist, they tend to be strongly 
nonlinear and thus may have detectable thresholds

• Nonlinearities may be systematically underestimated

• EWS are promising, but need more tests in ocean systems

• Might dramatically improve our ability to manage nonlinear 
ecological change 
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http://www.oceantippingpoints.org



Thank you!

Google images

Mary.Hunsicker@noaa.gov



Kelly et al. (2014) reviewed management measures implemented 
in ecological systems that have thresholds. Successful attributes?

USC Dornsife

NOAA.govAudubon Institute

NOAA.gov



• 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.

They found that…

Kelly, Erickson, Mease, Battista, Kittinger, Fujita, 2014. Phil Trans Royal Soc. B.
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3. Changes in early warning indicators 
may precede tipping points





Drivers of Ecosystem Shifts

Kappel et al. In prep



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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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.
• Preventing a shift may be less costly than attempting to 
recover from one.



Non-linearity most common for response relationships 
involving species biomass and growth/condition 

  Ecological responses 
  Species biomass Growth and condition  Area occupied  Recruitment 
Drivers Metrics % NL % L N  % NL % L N  % NL % L N  % NL % L N 

Climate 

Large-scale climate patterns 67 33 18  - - -  55 45 11  86 14 7 

Salinity 100 0 10  83 17 6  21 79 19  - - - 

Temperature 73 27 53  63 38 16  42 58 31  43 57 28 

Winds and upwelling 63 38 8  64 36 11  - - -  - - - 

Tropho- 
dynamic 

Density dependence 71 29 7  60 40 15  50 50 8  - - - 

Predator and prey biomass 63 38 40  64 36 11  - - -  38 63 8 

Recruitment 29 71 7  - - -  - - -  - - - 

Nutrients - - -  50 50 8  - - -  - - - 

Pollution 
Water clarity 22 78 9  - - -  - - -  - - - 

Oxygen 100 0 41  - - -  0 100 30  - - - 

Fishing Fishing effort, landings and catch 50 50 42  - - -  - - -  - - - 



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

Threshold Management Works

Kelly et al. 2014 Phil. Trans. Roy. Soc. B.



Changes in early warning indicators 
may precede tipping points



Courtesy of Jennifer Fisher



IEAs are intended to provide  ‘a synthesis and integration of 
information on relevant physical, chemical, ecological, and 
human processes in relation to specified management 
objectives (Levin et al., 2008, 2009)’.



Linkage to Ecosystem-Based Management 

Selkoe, Bleckner, Caldwell, Crowder, Erickson, Essington, Estes, Fujita, Halpern, 
Hunsicker, Kappel, Kelly, Kittinger, Levin, Lynham, Mach, Martone, Mease, 
Salomon, Samhouri, Scarborough, Stier, White, and Zedler. 2015. Principles for 
managing marine ecosystems prone to tipping points. Ecosystem Health and 
Sustainability 1(5):17.

Define desired ecosystem state

Probability of unwanted shift

Scenarios of increasing 
(decreasing) resilience

Levin and Mollmann (2015)

Define thresholds of 
ecological indicators and 
identify early warning 
indicators



Climate Tipping Points
• A common thread of the examples discussed was that fishery/ecosystem 

resource responses emerged from multiple stressors (e.g., increased 
temperature plus ocean acidification and human pressures) integrated by 
the resource of interest and the community in which they reside. This 
multi-stressor paradigm argues for: 

a)observational work to quantify multi-stressor responses, paired with
b)predictive understanding of how systems respond to changes in individual 

stressors within a multi-stressor environment. 
c)quantitative models that to integrate this information to provide objective 

and reliable definitions of the resilience of clearly defined ecosystem 
services (e.g., catch, area of healthy reef), and develop predictive 
capacity. 

• The resulting advances in scientific knowledge should be used to define 
“safe operating spaces” and adaptive management steps that ensure 
maintenance of the resource to the extent possible (see Figure below). 



Litzow and Hunsicker In Review

 Analyses demonstrating 
nonlinearity in ecosystem 
dynamics are more likely 
to support theoretical 
EWS predications than 
studies with linear or 
undetermined dynamics

Outcome


