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Ecological systems are 

rapidly transforming 

under climate change

Photo: Jedijoe82 via Wikipedia

Source: NCA5
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…and relies on information about future impacts

What is the range of 

plausible futures?



Scenarios are useful when the future cannot be forecast reliably

Graphic: National Park 
Service Climate Change 
Response Program

Sources of uncertainty:

➢ Pace and magnitude 

of climate change

➢ Ecological responses

➢ Non-climate stressors



Identifying strategic management approaches under uncertainty

“No Regrets”
(identifying robust 

strategies)

“No Gainers” 
(avoiding 

maladaptation)

“No Brainers”
(staying the course)

“No ways” 
(getting ahead of 

impactful possibilities)

NPS 2013
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Approaches for developing credible 

and useful scenarios for planning?



Climate uncertainty in scenario development: current state of practice
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Adapted from NCA5

Scenarios are:
• Relevant
• Divergent
• Plausible
• Challenging
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What are we missing?

climate

uncertainty

Graphic: W. Moss
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→ Uncertainty in ecological 

responses to climate change



What are we missing?

→ Uncertainty in ecological 

responses to climate change

We can’t reliably predict how an 

ecosystem will respond to a given 

change in climate!

Graphic: W. Moss
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What limits our ability to predict ecological responses?

• Limited knowledge of climate-

ecological relationships

• Interacting stressors

• Stochastic ecological dynamics

• Contingencies/context dependence

• No-analog conditions

current conditions

future scenarios

climate + ecological

uncertainty

current conditions

future scenarios

Graphic: W. Moss



What limits our ability to predict ecological responses?

• Limited knowledge of climate-

ecological relationships

• Interacting stressors

• Stochastic ecological dynamics

• Contingencies/context dependence

• No-analog conditions

Leads to…

Multiple possible ecological outcomes 

under a given climate future

Crausbay et al. (2022) BioScience; Graphic: W. Moss

climate + ecological

uncertainty

current conditions

future scenarios
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future scenarios

current conditions
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Image: Angie Moline

Towards improved ecological scenarios

Graphic: W. Moss



PART II

Ecological Scenarios Case Study 

(Nebraska Sandhills)

Goal → test out and refine the ecological 

scenarios approach through an applied 

case study

PART I

Ecological Transformation Working 

Group

Goal → use team science to develop a 

shared vision of approaches for crafting 

ecological scenarios

Juancarlos Giese, USFWS
Image: Carrie Kappel
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“Key ingredients” for ecological scenarios

Exploring uncertainty in 

ecological dynamics

Characterizing trajectories of 

change

Image: Angie Moline

Looking “outside the box” to 

anticipate possible surprises

Clark-Wolf et al. 2025 Ecosphere



1. Exploring uncertainty in ecological dynamics

What are the most influential and uncertain sources of ecological divergence?

USDA/ Jornada Experimental Range

Stochastic processes

Biotic interactions

Climate sensitivities 

(including thresholds)

Physiological responses 

(CO2, phenology, etc.)

Invasion

Ecological memory

Biogeography (e.g., 

dispersal & connectivity)

Feedbacks

Ecological Drivers:

Disturbance 

regime-change

Lags



2. Thinking in trajectories

What are the mechanisms of transformation and the pathways through which 

ecological changes may unfold? What catalysts can shift the direction of change?

catalyst
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mixed conifer/ 

aspen

native grass/ shrub

ruderal grass

Adapted from Coop (2023) 
Ecological Applications

• Designing monitoring

• Identifying management levers



3. Exploring “out of the box” possibilities

What are the bounds of plausibility? 

Are we comprehensively accounting for risk?

Current Ecological 

Dynamics

Range of plausible ecological 

dynamics under future climates

Potential surprises

“broadening the scope” of 

analogs in space and time

benchmarking to past 

extremes

creative visioning



How can we implement these principles?

Exploring uncertainty in 

ecological dynamics

Characterizing trajectories of 

change

Image:  Angie Moline

Looking “outside the box” to 

anticipate possible surprises

Clark-Wolf et al. 2025 Ecosphere



Synthesize ecological scenariosSynthesize ecological scenarios

Scenario 2Scenario 2

Trajectory 1Trajectory 1

Scenario 1Scenario 1

Trajectory 1

Trajectory 2

Scenario 3Scenario 3

Trajectory 1

Trajectory 2

Trajectory 3

summarize a tractable set of divergent, 

relevant, plausible, challenging storylines

Craft driver futuresCraft driver futures

coherent sets of 

external drivers:

▪ climate

▪ disturbance

▪ human 

influence

Explore ecological responsesExplore ecological responses
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Characterize 

trajectories

identify mechanisms of 
transformation

▪ build a conceptual model

▪ integrate uncertainty

▪ apply quantitative and 

qualitative methods

Consider 

surprises

think “out of the box”

Integrate with 

planning 

processes

Frame problem

A general process for ecological scenario development

Clark-Wolf et al. 2025 Ecosphere



A case study for ecological scenario development

Clark-Wolf et al. 2025 Ecosphere, adapted from Coop 2023 Ecol. Applications



A case study for ecological scenario development

Clark-Wolf et al. 2025 Ecosphere, adapted from Coop 2023 Ecol. Applications



Clark-Wolf et al. 2025 Ecosphere

Explore ecological responsesExplore ecological responses
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trajectories

identify mechanisms of 
transformation

▪ build a conceptual model

▪ integrate uncertainty

▪ apply quantitative and 

qualitative methods

Methods for ecological scenario development



What are some ways to use existing tools 

to capture ecological uncertainties?

There is no silver bullet when it 
comes to ecological modeling

• Climate analogs

• Species distribution models

• Dynamic global vegetation models

• Population models

• Expert elicitation

• And more!



Clark-Wolf et al. 2025 Ecosphere

• Climate analogs

• Species distribution models

• Dynamic global vegetation models

• Population models

• Expert elicitation

• And more!

What are some ways to use existing tools 

to capture ecological uncertainties?

There is no silver bullet when it 
comes to ecological modeling



Tools to explore ecological responses

Model for divergence: draw on the full range of modeling   

results or quantiles of prediction intervals rather than seeking   

a central tendency or convergent endpoint

Sensitivity analyses: explore consequences of parameter 

values to identify important ecological uncertainties

Stochastic models*: use models that can represent stochastic 

processes and dynamics (e.g., simulation or population models)

Time series methods*: identify plausible ecological responses 

based on past dynamics using time series data or paleo records

Space-for-time methods: identify plausible ecological states 

using geographic analogs, climate envelope models, or similar 

Event-driven approaches*: test ecological responses to 

climate extremes or other major disturbances (e.g., fire, insects)

Multi-method approaches: draw on multiple types of 

information and/or models to develop ecological scenarios

Close calls*: identify plausible transformations based on past 

events with strong population or community responses

Participatory scenario development: explore ecological 

implications of driver futures in a workshop process 

includes creative visioning: consider new feedbacks, 

nonlinearities, compound events, invasions or species 

interactions that could lead to surprises

Reverse engineering*: work backward from plausible future 

ecological states to describe how changes could unfold

= quantitative = qualitative

Clark-Wolf et al. 2025 
Ecosphere

Maier et al. 2016 Environmental 
Modelling and Software

Ecologists can provide more actionable 

science by considering multiple futures

“Best Guess”
Quantifying 
uncertainty

Multiple 
plausible 
futures

Multiple futures 
+ probabilistic 
uncertainty



Tools to explore ecological responses

Model for divergence: draw on the full range of modeling   

results or quantiles of prediction intervals rather than seeking   

a central tendency or convergent endpoint

Sensitivity analyses: explore consequences of parameter 

values to identify important ecological uncertainties

Stochastic models*: use models that can represent stochastic 

processes and dynamics (e.g., simulation or population models)

Time series methods*: identify plausible ecological responses 

based on past dynamics using time series data or paleo records

Space-for-time methods: identify plausible ecological states 

using geographic analogs, climate envelope models, or similar 

Event-driven approaches*: test ecological responses to 

climate extremes or other major disturbances (e.g., fire, insects)

Multi-method approaches: draw on multiple types of 

information and/or models to develop ecological scenarios

Close calls*: identify plausible transformations based on past 

events with strong population or community responses

Participatory scenario development: explore ecological 

implications of driver futures in a workshop process 

includes creative visioning: consider new feedbacks, 

nonlinearities, compound events, invasions or species 

interactions that could lead to surprises

Reverse engineering*: work backward from plausible future 

ecological states to describe how changes could unfold

= quantitative = qualitative

Clark-Wolf et al. 2025 
Ecosphere

Renwick et al. 2018 
Global Change Biology
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Different modeling frameworks 

reveal ecological divergence



Tools to explore ecological responses

Model for divergence: draw on the full range of modeling   

results or quantiles of prediction intervals rather than seeking   

a central tendency or convergent endpoint

Sensitivity analyses: explore consequences of parameter 

values to identify important ecological uncertainties

Stochastic models*: use models that can represent stochastic 

processes and dynamics (e.g., simulation or population models)

Time series methods*: identify plausible ecological responses 

based on past dynamics using time series data or paleo records

Space-for-time methods: identify plausible ecological states 

using geographic analogs, climate envelope models, or similar 

Event-driven approaches*: test ecological responses to 

climate extremes or other major disturbances (e.g., fire, insects)

Multi-method approaches: draw on multiple types of 

information and/or models to develop ecological scenarios

Close calls*: identify plausible transformations based on past 

events with strong population or community responses

Participatory scenario development: explore ecological 

implications of driver futures in a workshop process 

includes creative visioning: consider new feedbacks, 

nonlinearities, compound events, invasions or species 

interactions that could lead to surprises

Reverse engineering*: work backward from plausible future 

ecological states to describe how changes could unfold

= quantitative = qualitative

Clark-Wolf et al. 2025 
Ecosphere Runyon et al. 2021



Tools to explore ecological responses

Model for divergence: draw on the full range of modeling   

results or quantiles of prediction intervals rather than seeking   

a central tendency or convergent endpoint

Sensitivity analyses: explore consequences of parameter 

values to identify important ecological uncertainties

Stochastic models*: use models that can represent stochastic 

processes and dynamics (e.g., simulation or population models)

Time series methods*: identify plausible ecological responses 

based on past dynamics using time series data or paleo records

Space-for-time methods: identify plausible ecological states 

using geographic analogs, climate envelope models, or similar 

Event-driven approaches*: test ecological responses to 

climate extremes or other major disturbances (e.g., fire, insects)

Multi-method approaches: draw on multiple types of 

information and/or models to develop ecological scenarios

Close calls*: identify plausible transformations based on past 

events with strong population or community responses

Participatory scenario development: explore ecological 

implications of driver futures in a workshop process 

includes creative visioning: consider new feedbacks, 

nonlinearities, compound events, invasions or species 

interactions that could lead to surprises

Reverse engineering*: work backward from plausible future 

ecological states to describe how changes could unfold

= quantitative = qualitative

Clark-Wolf et al. 2025 
Ecosphere Magness et al. 2022 Earth

Ecoregional climate analogs 

to identify potential future 

vegetation states

“Reverse engineering” to characterize plausible trajectories



Putting it all together

General 

Process

Suite of 

Tools

Set of 

Principles



What’s 

Next?

Building the toolbox PracticeResearch

Magness et al. (2022) BioScience

“Test driving” 

our approach



PART II

Ecological Scenarios Case Study 

(Nebraska Sand Hills)

Goal → test out and refine the ecological 

scenarios approach through an applied 

case study

PART I

Ecological Transformation Working 

Group

Goal → use team science to develop a 

shared vision of approaches for crafting 

ecological scenarios

Juancarlos Giese, USFWS







Setting the project scope



Identifying climate sensitivities 



Selecting climate futures

“Warm 

wet”

“Hot 

wet”

“Dry 

summers”
“Hot 

dry”



Putting it all together: Sandhills Ecological Responses

Clark-Wolf et al. 2025 Ecosphere
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Photos: T. Walz, M. Lavin, C. Helzer, O. Richmond, NPS



What’s 

Next?

Building the toolbox PracticeResearch

Magness et al. (2022) BioScience

“Test driving” 

our approach

1. Refine 

Scenarios

2. Workshop 

with managers



What’s 

Next?

Building the toolbox PracticeResearch

Magness et al. (2022) BioScience

“Test driving” 

our approach



Existing Resources: The Climate Toolbox

https://climatetoolbox.org/



https://climatetoolbox.org/

Existing Resources: Future Vegetation Tool



What would an Ecological 
Futures Toolbox look like?

New

Tool!



What would an Ecological 
Futures Toolbox look like?

New

Tool!

Source: Helen Sofaer (USGS) and Katherine Hegewisch (UC Merced)
Preliminary information – subject to revision. Not for citation or distribution. 

New

Tool!



Image:  Angie Moline



Questions?

Contact: Kyra.Clark-Wolf@colorado.edu


