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Abstract. I present what I view as three levels of uncertainty that is inherent in the sustainability, climate 
change and human well-being problem. I argue that new approaches are needed to address these uncertainties.  
These include the need to study more problems that link ecosystem services to human-well being, reduce the 
scientific community’s dependency on “getting it perfect” before knowledge is communicated to decision 
makers and the need to use tools and approaches from other disciplines to expand our “imagination” about 
future pathways and endpoints.  
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1. Introduction 
Humans are changing ecosystems globally at unprecedented rates [1,2,3].  Many scholars have argued that 
stresses on ecosystem services through natural resource consumption, burning of fossil fuels elevating green 
house gas concentrations, and introductions of human-created toxins to ecosystems, among others, may lead 
to the collapse of the Earth system as we know it, even possibly leading to the demise of the human species 
itself [4]. Awareness of the severity and immediacy of global environmental problems is increasing and 
people empowered to make decisions that alter behaviors toward a more sustainable lifestyle need critical 
information from scientists.  How can we, as scientists, deliver in these challenging times? The stakes might 
be greater than ever before.  Information about potential futures, their consequences and the amount of 
uncertainty that we have in our results push the limit of scientific discovery process and our ability to 
communicate this knowledge in careful, effective and timely ways. If the use of our natural resources is on 
“borrowed time”, what changes are needed to allow us to avoid catastrophic collapse or redirect our pathway 
toward a more sustainable future for humanity and the planet? 

My talk today is not about which statistical methods are needed to address challenging global problems, 
but rather a call to action that attempts to put the challenge in a framework that would direct our energies and 
resources toward solutions.  We are in need of a paradigm shift in the sciences. If we wait until the most 
accurate and least uncertain answer is available, it might be too late. Uncertainty in our knowledge of 
complex systems, such as global climate change and human livelihoods, exists at several levels. Indeed, 
uncertainty is the key element of any scientific discipline, be it chemistry, physics or sociology, but the kind 
of uncertainty that we must address is so deep that it will require a different perspective altogether.  I also 
argue that this different perspective requires using our information (e.g., data) and tools (e.g., models) in 
vastly different ways to probe consequences of current and future actions. 

I would first like to outline what I consider to be the different levels of uncertainty that is inherent in the 
global sustainability, climate change and human well being problem.  These include the need to fill critical 
knowledge gaps (level 1), address measurement and communication of uncertainty in scientific 
understanding to policy makers (level 2) and the need to understand the unpredictable nature of coupled 
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sociological-ecological systems in the context of resilience and sustainability (level 3 or deep uncertainty).  I 
will highlight my points using several diagrams including a climate change-ecosystem services consequence 
tree, a scientific uncertainty-decision heuristic map and a pathways-endpoints scenario panel diagram. The 
roll that environmental statistics plays in addressing each level of uncertainty will be discussed as well. 

2. Framing the Challenge 
Humans modify the planet’s air, water and terrestrial environments [3]. Over the last 300 years, 
concentrations of greenhouse gases (GHGs), such as CO2 and methane (CH4), have increased 50-70%; if 
current trends of burning fossil fuels continue to 2050, GHG concentrations could double by the year 2100.  
Impacts from these rising GHGs are likely to affect nearly all ecosystems in their structure and function and 
hence alter the way in which humans benefit from nature [5,6,7]. Over 40% of the land surface is currently in 
agricultural use [8].  Six-times more water is held in man-made reservoirs than in natural lakes and streams 
[9].  Human use of our natural resources has degraded over 60% of the world’s ecosystems [7]. 

Calls to improve human well-being globally have intensified in recent years.  Nearly 40% of the world’s 
population lives on less than $2/day [10]. The United Nations’ Millennium Development Goals (MDG), for 
example [11], outline several benchmarks for improving the human condition around the world; this includes 
halving the proportion of extreme poor between 1990 and 2015.  What is clear is that to improve the quality 
of life for the other half of humanity in addition to those that are added daily will require additional impacts 
to ecosystems.  What will the future look like if these trends continue?  How might technological innovations, 
unanticipated surprises, economic downturns and political calamities impact the pathway to our future?  In 
the past, scientists have made dire predictions about the future [12,13] only to be later proven to be wrong1.  
It is clear that humans have the capability to adapt and transform their social institutions to avoid collapse. 
Scientists need to wrestle with these heavy questions so that we might provide “blunt warnings of dangerous 
paths” [14]. Thinking critically about the long-term future will require a new paradigm.   

So, the underlining question is “Can we achieve a sustainable planet or are we doomed to collapse?” 
Diamond [4] reviewed many cases where social-ecological systems did not respond to incremental changes 
or shocks, and collapsed. What will the earth and its human inhabitants look like in the future?  How can we 
bring together the appropriate tools, knowledge and experience to imagine how our actions impact the future?  
What is increasingly clear is that the earth system that we are a part of operates in a very complex way.  
Interactions of society and nature are nonlinear, with positive or negative feedbacks that are important to 
livelihoods and/or ecological integrity.  Some shifts in key variables result in incremental responses; in other 
cases, they represent large changes or tipping points to systems. Natural and social systems also operate 
across different spatial and temporal scales that are complex and unpredictable [15,16].  Ecosystems and 
social systems can exist in multiple stable states [17], some of which are not desirable, aka are traps. For 
these systems to persist (i.e., be sustainable), they need to be resilient [16].  This may require adaptation 
(adjustment of current structure to meet existing function) or transformation (changing the entire structure to 
conform to a new function). 

In sum, humans are inextricably tied to the earth’s ecosystem services.  The world as we know it is 
complex, nonlinear and unpredictable. What lies ahead is uncertain.  But as scientists, we need to bring 
together our intellectual capital to provide what we know about the consequences of certain actions and 
develop new tools that fill knowledge gaps. We need ways to think about and quantify uncertainty. 

3. Levels of Uncertainty 
Level 1 Uncertainty: “What we don’t know” 

Scientists seek to understand nature and society through standard hypothetical-deduction methods that 
combine experimentation, data collection, analysis and/or modeling. Generally, this discovery process is 
directed at acquiring new knowledge that seeks a better understanding of the world; in essence, the scientific 
discover seeks to fill gaps in knowledge.  In the context of sustainability, without this knowledge, decision 
making is made without adequate understanding of consequences.  
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It is clear we need to know more about the impact of climate change on ecosystem services and how 
these services in turn impact human livelihoods [7]. Figure 1 illustrates the relationship between climate 
change, ecosystem services and what I will refer to as knowledge domains.  I have organized the knowledge 
domains according to positive and negative impacts these services will have when they are plentiful or 
deficient, respectively.  Knowledge domains are areas that have been studied by various disciplines in 
ecology, social science, and/or economics.  It is by no means an exhaustive list of knowledge domains.  

 
I conducted an ISI Web of Science search on April 18, 2008 using keywords in the topic category (title, 

abstract or keyword section of papers).  I report on my queries by grouping them into three broad categories: 
(1) general climate trends and impacts of these on ecosystems; (2) the interaction of ecosystem services on 
ecological traits and (3) the interplay of ecosystems services on social factors.  Four statistics are reported: 
number of papers, number of papers cited over 500 times (i.e., seminal papers), the total number of citations 
that these papers received, and the average citation per paper2. A total of 45,757 papers were published on 
the topic of climate change or climate variability (using the query of “climate change OR climate 
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variability”).  Thirty eight papers were cited over 500 times (Table 1), all of which describe the general 
trends in atmospheric features (temperature, precipitation) or how humans impact climate change through 
increasing greenhouse gas concentrations. Many of the ecosystem services and impacts on ecological traits 
(e.g., biodiversity) are gaining recognition as important to human well being [18,19].  

There is clearly a gap in studies that examine the relationship of ecology and social systems.  Only 26 
studies examined the relationship between poverty and ecology.  Fewer looked at conflict and ecological 
health/services.  The National Science Foundation has recently partnered with the U.S. National Institutes of 
Health to establish a funding program to support research into the Ecology of Infectious Disease; this 
recognizes the importance of ecological dynamics in the incidence and spread of important human and 
wildlife diseases.  How organizations and institutions impact or are impacted by ecosystem services require 
more work as does the relationship between ecological services and conflict.  

This preliminary literature review is not surprising. Ecological research has historically [20] been 
conducted with little regard to social processes.  In turn, social research has traditionally lacked adequate 
connections to rigorous ecological information [14].  Indeed, ecological research coupled with social 
research has tended to treat the social system with very little depth and social research has treated ecological 
research thinly as well. What is clear is that more research is needed on coupled natural and human systems 
and that meaningful collaborations between biophysical and social scientists need to take place.  More work 
is also needed on long-term historical couplings of human impacts and ecosystem, dynamics [21]. 

Level 2 Uncertainty: “Signal to noise ratios or statistical uncertainty” 

Our knowledge about systems is never perfect.  We can always improve our understanding by 
developing measurement techniques, enhance the quality of models that represent reality, or develop new 
analytical techniques that help elucidate the process being studied. All of this takes time, resources and more 
expertise.  

The amount of uncertainty as a function of research effort, measured as the amount of time, resources, 
and energy should decrease (Figure 2).  When little research has been conducted on a problem, decision 
making is made with no support from adequate data, tools, or expert assistance. The signal (what we are 
interested in knowing, such as the consequences of policy actions) is not distinguishable from noise (natural 
variability that exists in nature or social systems). Decisions are then made that could be disastrous or a 
business as usual policy leads us to undesirable endpoints.  Such problems need to be identified early and 
investments made by funding agencies into new research. 

 

In general, science emphasizes the need to move to the right of the uncertainty-research effort plot 
through the refinement of approaches and improvement of instrumentation.  Our hope is that through careful 



 265

experimentation, powerful instruments, and improved techniques, our “p values” should be reduced to less 
than some magical number, like 0.05. In such situations, our data are high quality, analysis produces small 
error bars, the signal to noise ratio is large, and our models are valid. My biggest worry is that scientific 
community becomes too focused on reducing our error bars that we leave decisions makers on high ground 
and in a situation where they make decisions without information.  

I would like to argue that when problems are large and the need for information is great, scientists and 
decisions makers need to “meet in the middle”.  This will require us as scientists to possibly except less than 
perfect results as input to the decision making process.  These are times when we “cannot wait for 
perfection” and we need to provide our best hunch.  We might have some data, or preliminary results, and 
the signal might barely be distinguishable from natural noise.  What’s important about meeting in the middle 
is this emphasizes that we as scientists need to develop need better ways to communicate knowledge in this 
uncertainty zone, through careful description of limitations of current knowledge (what are the assumptions 
that were made to generate the current knowledge), framing what we know if easy to understand terms.  In 
short, we need to invest in better methods to communicate our results bounded by uncertainty and describe 
“future hazards”.  Techniques like fuzzy statistical approaches, characterizing extreme and/or rare events, are 
first steps.  Reaching into the social scientists toolkit of qualitative analysis, using focus groups, key 
informant analysis, role playing games, semi-structured surveys, and narrative stories, for example, may lead 
us to quick answers to important problems.  

Level 3 Uncertainty: “Deep uncertainty or the future with unknown unknowns” 

The future is full of unknown unknowns. Events, innovations, transformations, etc. of social systems are 
likely to have a significant impact on ecosystem services.  How do we think about these? 

There are several ways scientists have thought about using their skills to characterize the future.  The 
first has been on the emphasis of prediction – that is, developing tools, such as deterministic models of 
regional climate dynamics, which help to predict the state of a system at any particular time. The problem 
with prediction is that the systems we attempt to predict are essentially open to perturbations that arise from 
surprise.  Many are shocks which are not well represented in these models.  A fair number of models also 
assume that processes are linear; we know that they are not. Models also contain many assumptions; 
frequently, these are not valid or skew our results toward unlikely outcomes. 

A second way to think about the future is to develop forecast tools.  These emphasize the use of 
historical data to trend out into the future.  Rules or parameters of these tools can be modified so that creates 
different ‘what if” kinds of outcomes, but for the most part, these forecast tools rely on high quality historical 
data and emphasize fitting the best trend line to data. What is clear to most scientists that study long-term 
change in social and ecological systems (e.g., anthropologists), the future oftentimes has no historical 
analogue.  Events (world wars) or innovations (e.g., internet) transform human societies in ways that are not 
very predictable. A survey of people living in the 1890s thought that war was obsolete, machines would 
solve all problems and economic growth had no upper bounds. These have proven to be false.  

A third way scientists have thought about the future is through a process of imagination and development 
of scenarios. This emphasis on the creation of plausible futures, downplays “prediction” as a focus in model 
assessment.  Carpenter [6] has been a big advocate of this approach as it brings together all events of our 
intellectual capital to think about the future (Figure 3).  What becomes important is the description of the 
endpoints and the potential pathways or impediments of getting there (if desirable) or traps or policies (if 
undesirable).  Another aspect of the plausible futures approach is that it emphasizes futures and their 
consequences. It might not be the most likely future, but its consequences should at least be understood.  

We often limit our use of tools and data in prediction and forecasting studies as well.  Many researchers 
are finding the use of model ensembles to be a powerful means to set error bars on forecasts.  Using more 
than one model means that you are not limiting yourself to the assumptions of just one model.  Using several 
and comparing model outputs was used in the recent IPCC [22] Fourth Assessment Report as a means to 
gain confidence in predictions of precipitation and temperature trends.  Let’s not stop there.  In many cases, 
there is more than one source of data.  In fact, many of us are realizing that data quality is a significant 
hindrance to producing reliable results. A recent study in our lab [23] showed that the difference between 
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three public domain datasets used to study land use change was startling.  The differences between more than 
20 years of actual change represented in similarly derived land use/cover maps (aerial photography) was less 
than land use/cover maps for the same time period developed using different techniques (see Figure 4). Thus, 
I see a need to extend the model ensembles approach to include data ensembles as well.   

 

 

We all realize that our models and data only represent a small subset of reality.  Expanding our 
imagination of the future will require the use of qualitative approaches too.  Carpenter [14] has argued that 
mining the intellectual capital of all disciplines, including those in the humanities (let them “paint a picture 
of the future”), policy experts, anthropologists, etc. would enrich the conversation about what our future 
might look like. These subsets of a “future space” are thus expanded by more disciplines and diverse 
perspectives (Figure 5).  Thus, the use of one model-one dataset as input is limited when we are attempting 
to address systems that are complex and deeply uncertain.  
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4. Addressing the Challenges of Uncertain Futures 
What can we do to address each of these levels of uncertainty?  I think we should adhere to the following 
rules to address such important issues as sustainability and climate change: 

a.  Enhance research in coupled socio-ecological systems. We need to fill critical gaps of knowledge, 
in particular how ecological systems impact human well being and how human consumption of natural 
resources affects ecosystem services.  In addition, we need tools and approaches that allow us to capture the 
elements of complex systems.  These elements include nonlinearity, feedbacks and loopbacks, tipping points, 
adaptive cycles, system transformations, surprises, and multiple stable states.  

b. Finds ways for decision makers and scientists to “meet in the middle”. We need to move beyond 
emphasizing accuracy over useful information.  This will require the development of better communication 
methods that can aid decision makers when scientific information is not perfect.  We need to be more open 
about our assumptions (especially those that we build into models) and communicate what we know well, 
what we know less well and what we do not understand.  Scientists also need to partner with communication 
experts.  These include science writers, staff in museums (more broadly, informal learning institutions), and 
visualization experts whose talents help package scientific results in ways that can be receptive by decision 
makers and the public. We are also in need of new methods that provide us with measures of outcomes that 
specify whether the result is “good enough” for decision making.  We also need to build strong partnerships 
between the scientific and decision making communities.  These include building trust, improving 
communication and having frank discussions about assumptions, limitations and the value of our hunches.  

c. Employ an Ensembles of Perspectives to Imagine the Future. Deep uncertainty will require us to 
use all tools and information sources at our disposal, exploit the social science toolkits, use our models in 
ways that allow us to stretch and run them not once, but thousands to even millions of times to create density 
plots of outcomes.  We also need to use more than one dataset when they are available and combine 
quantitative and qualitative methods in novel ways to expand our perspectives about the future.  

d. Develop tools that examine transformation.   There are few tools that allow researchers to examine 
how transformations of systems (e.g., social systems such as organizations) impact resilience.  Agent-based 
modeling approaches are promising tools that can examine individual behavior in a social context [24,25].   

e. Build capacity to do this kind of research.  We need more scientists that are trained in inter-
disciplinary research, and we need to train them in communication skills so that we can deliver useful 
scientific results in a timely manner. Graduate education programs need to be developed that instruct 
students in ecological and sociological techniques, that immerse them in the decision making process and 
that train them on strong communication skills. 
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