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I: Hello again, G. I have always been a fan of adaptive management of complex systems. Can we talk 
about complex systems and ways that we can adaptively manage those systems for optimal 
outcomes? 

G: Of course, I'd be happy to talk with you about adaptive management of complex systems! 

Complex systems are those with many interdependent components that interact with each other in 
nonlinear ways. These systems can be found in a wide range of contexts, from ecosystems and 
economies to social networks and software systems. Due to the complex and unpredictable nature of 
these systems, it can be challenging to manage them in a way that achieves desired outcomes. 

Adaptive management is an approach to managing complex systems that emphasizes learning and 
flexibility. The basic idea is to continually monitor the system, test different management 
interventions, and use the results of these tests to refine and adjust management strategies over 
time. This allows managers to learn from the system's behavior and adjust their strategies in 
response to changing conditions. 

Here are a few key principles of adaptive management that can help you achieve optimal outcomes 
when managing complex systems: 

1. Embrace uncertainty: Complex systems are inherently unpredictable, so it's important to 
recognize and embrace the uncertainty that comes with managing them. Rather than trying 
to control the system, focus on learning from its behavior and adjusting your strategies 
accordingly. 

2. Monitor the system: To learn from the system, you need to monitor it closely. This might 
involve collecting data on key variables, conducting experiments or simulations, or using 
modeling tools to understand how the system works. 

3. Test management interventions: Once you understand the system, you can test different 
management interventions to see how they affect the system's behavior. These interventions 
might include changing the way resources are allocated, altering the timing of interventions, 
or adjusting the intensity of management actions. 

4. Learn from the results: Once you've tested an intervention, it's important to analyze the 
results and use them to refine your management strategies. This might involve changing 
your approach entirely, tweaking your strategy based on the results, or testing additional 
interventions to build on what you've learned. 

5. Iterate: Adaptive management is an iterative process that involves continual monitoring, 
testing, and learning. By repeating these steps over time, you can gradually refine your 
management strategies and achieve better outcomes for the system. 

By adopting an adaptive management approach, you can learn from the behavior of complex 
systems and adjust your strategies in response to changing conditions. This can help you achieve 
optimal outcomes, even in the face of uncertainty and unpredictability. 



 
I: You said, complex systems have, "interdependent components that interact with each other in 
nonlinear ways." Just to be sure we're on the same page, tell me how you define two of the terms 
you used, which are "system" and "nonlinear." 

G: A "system" can be broadly defined as a collection of interdependent parts or components that 
work together to achieve a common goal or function. In the context of complex systems, a system is 
typically composed of many interacting parts that can influence each other in complex and dynamic 
ways. 

"Nonlinear" refers to the behavior of a system where the relationship between cause and effect is not 
proportional or predictable. In a nonlinear system, small changes can sometimes produce large or 
unexpected outcomes, and the behavior of the system can be sensitive to initial conditions. This can 
make it difficult to predict the behavior of the system over time or to design effective management 
strategies that produce the desired outcomes. Nonlinear relationships can take many forms, such as 
exponential, logarithmic, or power-law relationships, among others. 

In the context of complex systems, the nonlinearity of the relationships between the system's 
components can result in unexpected emergent properties, where the behavior of the system as a 
whole is more than the sum of its parts. This can make it challenging to manage complex systems, 
and highlights the importance of adopting adaptive management strategies that allow for ongoing 
learning and adjustment over time. 

 
I: So, an ecosystem like the Verde River's riparian and fluvial ecosystem is a system with many 
(many!) interdependent parts that interact in disproportional and unpredictable ways, right? Can you 
give us an example of a disproportionate effect in an ecosystem like the Verde's? 

G: Yes, the riparian and fluvial ecosystem of the Verde River is a complex system with many 
interdependent parts that interact in nonlinear ways. In this ecosystem, there are many examples of 
disproportional or unexpected effects that can result from even small changes in the system. 

One example of a disproportionate effect in the Verde River ecosystem is the impact of the 
introduction of non-native plant species, such as tamarisk, on the water cycle. Tamarisk is a highly 
invasive plant that has spread rapidly throughout riparian ecosystems in the western United States, 
including the Verde River. When tamarisk replaces native vegetation, it can significantly alter the 
water cycle in the ecosystem. Tamarisk has deeper roots than many native plants and can access 
groundwater reserves that other plants cannot reach. This can result in a reduction in the amount of 
water available in the river and can also lower the water table, making it more difficult for native 
plants to access water. 

Additionally, tamarisk has been shown to transpire more water than many native species, which can 
lead to increased evapotranspiration rates and reduced streamflow. This, in turn, can lead to a 
reduction in the availability of water for downstream users, such as municipalities, agriculture, and 
other water-dependent industries. 



As you can see, the introduction of a non-native plant species like tamarisk can have a 
disproportional impact on the ecosystem's water cycle, leading to cascading effects throughout the 
entire system. This is just one example of the many interdependent and nonlinear relationships that 
exist within the Verde River ecosystem, highlighting the challenges and importance of managing 
such complex systems adaptively. 

 
I: OK, then I suppose that the elimination of a single "keystone" species might have a much greater 
impact on the river than it would seem. Might you be able to talk about such a species? 

G: Yes, the elimination of a "keystone" species in the Verde River ecosystem could indeed have a 
significant impact on the health and function of the ecosystem. A keystone species is a species that 
has a disproportionate impact on the ecosystem relative to its abundance. This is often because the 
keystone species plays a critical role in maintaining the structure and function of the ecosystem. 

One example of a keystone species in the Verde River ecosystem is the beaver. Beavers are 
ecosystem engineers that create and maintain wetland habitats by building dams and lodges. These 
wetlands provide critical habitat for a wide variety of plants and animals, including many fish, birds, 
and amphibians. 

By creating wetland habitats, beavers also help to improve water quality and reduce erosion in the 
river system. The dams that beavers build can help to trap sediment, nutrients, and pollutants, 
preventing them from flowing downstream and potentially harming downstream ecosystems. 

If beavers were to be eliminated from the Verde River ecosystem, the loss of their engineering 
activities could have a significant impact on the structure and function of the ecosystem. This could 
lead to the loss of wetland habitats, reductions in water quality, and declines in many species that 
rely on wetland habitats. It is important to note that beavers were historically present in the Verde 
River ecosystem, but were extirpated from the area in the early 1900s due to over-trapping and 
habitat destruction. In recent years, beaver reintroduction programs have been initiated in the Verde 
River watershed to help restore their important ecological function. 

 
I: In most of the Verde, beavers don't build dams that slow the water or create new habitat. They're 
"bank beavers," for the most part, that live in off-channel caves. Are these beavers still important to 
the overall ecosystem, and why? 

G: Thank you for the clarification. Bank beavers, also known as "creek beavers," are beavers that 
primarily live in off-channel habitats, such as stream banks, and do not build dams to create wetland 
habitats. While their ecological role may differ somewhat from beavers that build dams, bank 
beavers are still an important part of the overall ecosystem and can provide a range of ecosystem 
services. 

For example, bank beavers can help to create microhabitats in and around stream banks that provide 
important refuge for a variety of aquatic and terrestrial species. These microhabitats can include 
places for animals to hide from predators, as well as areas with higher moisture levels that can 
support a different assemblage of plant and animal species than other parts of the stream channel. 



Additionally, bank beavers can help to stabilize stream banks and reduce erosion by digging burrows 
into the bank and building tunnels. This can help to create more stable bank conditions that can 
support plant growth and reduce sedimentation in the stream channel. 

Finally, like all beavers, bank beavers are a prey species for a range of predators, including coyotes, 
bobcats, and mountain lions, and their presence can help to support predator populations in the 
ecosystem. 

In summary, while bank beavers may not have the same direct impacts on stream hydrology as 
beavers that build dams, they are still an important part of the overall ecosystem and can provide a 
range of ecosystem services that support the health and function of the system. 

 
I: Interesting! But let's get back to adaptive management of complex systems. What are the essential 
elements of an adaptive management plan? I know you mentioned some above, but can you expand 
on those and others? 

G: Sure, an adaptive management plan for a complex system typically includes the following 
essential elements: 

1. Clear goals and objectives: The plan should clearly articulate the goals and objectives for 
managing the system. These goals and objectives should be specific, measurable, achievable, 
relevant, and time-bound (SMART). 

2. Monitoring and evaluation: The plan should include a monitoring and evaluation program to 
assess whether the system is meeting the goals and objectives. This program should include 
clear indicators, methods for data collection, and a schedule for monitoring and evaluation. 

3. Hypothesis testing: The plan should include a process for generating hypotheses about how 
the system works and testing these hypotheses through monitoring and evaluation. This can 
help to improve our understanding of the system and identify potential management actions. 

4. Flexibility: The plan should be flexible and allow for adjustments based on new information 
and changing conditions. This can help to ensure that management actions are responsive to 
the needs of the system. 

5. Stakeholder engagement: The plan should include mechanisms for engaging stakeholders in 
the management process, such as through public meetings, workshops, and other forms of 
outreach. This can help to build support for management actions and improve the quality of 
decision-making. 

6. Iteration: The plan should be iterative, with regular opportunities for review and revision 
based on new information and changing conditions. This can help to ensure that the plan 
remains relevant and effective over time. 

7. Capacity building: The plan should include provisions for building the capacity of the 
management team to implement the plan effectively. This can include training, technical 
assistance, and other forms of support. 

By incorporating these elements into an adaptive management plan, managers can better 
understand the complex system they are working with and respond to changing conditions in a 
flexible and effective way. 



 
I: Thanks. How would you describe climate change as a variable in today's management of complex 
ecosystems? 

G: Climate change is a major variable in the management of complex ecosystems. The impacts of 
climate change can affect virtually every aspect of an ecosystem, including its physical structure, 
biological composition, and ecological functioning. 

For example, changes in temperature and precipitation patterns can affect the distribution and 
abundance of plant and animal species in an ecosystem, as well as the timing of key life events such 
as flowering, migration, and reproduction. This, in turn, can affect the trophic structure of the 
ecosystem, as well as its nutrient cycling, energy flows, and other ecological processes. 

In addition, changes in climate can also affect the physical processes that shape the ecosystem, such 
as erosion, sedimentation, and water availability. These changes can, in turn, affect the habitats and 
resources available to different species in the ecosystem, potentially leading to changes in the 
community structure and ecological interactions. 

Adaptive management plans for complex ecosystems must therefore take into account the potential 
impacts of climate change and build in strategies for managing these impacts. This can include 
actions such as promoting the resilience of the ecosystem to changing conditions, managing for 
ecosystem functions rather than specific species, and creating adaptive management strategies that 
can be adjusted as conditions change over time. 

Overall, managing complex ecosystems in the context of climate change requires a long-term 
perspective, a willingness to experiment and learn from experience, and a commitment to ongoing 
monitoring and evaluation to assess the effectiveness of management actions. 

 
I: OK, let's define a few more terms you just used: trophic structure, nutrient cycling, energy flows, 
and resilience. 

G: G: Sure, here are some brief definitions for each of these terms: 

1. Trophic structure: This refers to the organization of species in an ecosystem according to 
their feeding relationships, from producers (such as plants and algae) to herbivores, 
carnivores, and top predators. The trophic structure of an ecosystem is important because it 
determines the flow of energy and nutrients through the ecosystem. 

2. Nutrient cycling: This refers to the movement of nutrients (such as carbon, nitrogen, and 
phosphorus) through the ecosystem, as they are taken up by plants, consumed by animals, 
and eventually returned to the soil through decomposition and other processes. Nutrient 
cycling is essential for maintaining the productivity and functioning of the ecosystem. 

3. Energy flows: This refers to the movement of energy through the ecosystem, as it is captured 
by photosynthesis, transferred between different trophic levels, and eventually dissipated as 
heat. Energy flows are a critical component of ecosystem functioning, as they determine the 
availability of energy for organisms to carry out their life processes. 



4. Resilience: This refers to the ability of an ecosystem to resist and recover from disturbance, 
such as extreme weather events, fire, or human impacts. Resilience is an important 
characteristic of healthy ecosystems, as it allows them to maintain their structure and 
functioning even in the face of stress or disturbance. 

These concepts are all interconnected and play important roles in the functioning of complex 
ecosystems. Understanding and managing these processes is essential for promoting the health and 
sustainability of these systems over the long term. 

 
I: It occurs to me that understanding these terms and considering them carefully when designing a 
management plan could help lead to a sustainable plan, while disregarding them might lead to 
unsustainability and even degradation of the system. Am I being too simplistic?  

G: No, you are absolutely correct. Understanding these concepts and incorporating them into a 
management plan is crucial for promoting the sustainability and resilience of complex ecosystems 
over the long term. Ignoring these concepts, or failing to account for their interactions, can lead to 
unintended consequences and potentially irreversible damage to the ecosystem. 

A well-designed adaptive management plan will take into account the trophic structure of the 
ecosystem, the cycling of nutrients and energy flows, and the resilience of the ecosystem to 
disturbance. By doing so, the plan can help to maintain the ecosystem's balance, promote its health, 
and support the continued provision of ecosystem services that are critical to human well-being. 

In contrast, a poorly designed or unsustainable management plan may prioritize short-term gains 
over long-term sustainability, fail to account for the interdependencies and interactions within the 
ecosystem, and ignore the potential impacts of climate change and other stressors. This can lead to 
degradation of the ecosystem, loss of biodiversity, and decreased ecosystem services, such as clean 
water, air, and food. 

So, understanding these concepts and incorporating them into management planning is critical for 
promoting sustainability and maintaining the health of complex ecosystems over the long term. 

 
I: I'm glad you mentioned biodiversity. What do you see as the most important aspects of 
biodiversity that can lead to resilience and sustainability? 

G: Biodiversity refers to the variety of life on Earth, including the diversity of species, genetic diversity 
within species, and the diversity of ecosystems. Biodiversity is essential for the resilience and 
sustainability of ecosystems, as it provides a range of benefits and services that are critical for human 
well-being, including food, clean water, air, and medicines. 

There are several key aspects of biodiversity that are particularly important for promoting resilience 
and sustainability: 



1. Species diversity: A high level of species diversity can increase the resilience of an ecosystem 
by providing redundancy and complementarity among species. This means that if one 
species is lost, there are other species that can perform similar ecological roles, helping to 
maintain the functioning of the ecosystem. 

2. Genetic diversity: Genetic diversity within a species can also increase the resilience of an 
ecosystem by providing the potential for adaptation to changing environmental conditions. 
Genetic diversity can increase the range of traits available to a species, making it more likely 
that some individuals will have traits that allow them to survive and reproduce in changing 
conditions. 

3. Ecosystem diversity: Ecosystem diversity refers to the variety of different types of ecosystems, 
such as forests, wetlands, grasslands, and oceans. Maintaining ecosystem diversity is 
important for providing a range of ecosystem services and for ensuring that different types 
of ecosystems can provide a safety net for each other in times of stress or disturbance. 

4. Functional diversity: Functional diversity refers to the variety of ecological functions and 
processes that are performed by different species within an ecosystem. High functional 
diversity can increase the resilience of an ecosystem by providing redundancy and 
complementarity among species, and by ensuring that important ecological functions 
continue to be performed even if some species are lost. 

Overall, maintaining high levels of biodiversity is critical for promoting resilience and sustainability in 
complex ecosystems. By supporting the diversity of species, genetics, ecosystems, and functions 
within an ecosystem, we can help to ensure that these systems are able to withstand stress, adapt to 
changing conditions, and continue to provide critical ecosystem services over the long term. 

 
I: One of the wonderful things about the Verde River's ecosystem is its high number of what we call 
"micro-habitats." To us, this means small, distinct habitats that increase diversity and resilience by 
providing diverse ecosystems within the main ecosystem, Make sense? 

G: Yes, that makes perfect sense. Micro-habitats are small, distinct habitats within a larger ecosystem 
that provide unique ecological niches for different species. They can increase biodiversity and 
resilience by providing a diversity of microenvironments that support a variety of different species 
with different needs and preferences. By providing different micro-habitats within the larger 
ecosystem, it can help to buffer against disturbance and provide a safety net for species that might 
be vulnerable to changes in their environment. 

In the context of the Verde River's ecosystem, the presence of many different micro-habitats can 
contribute to the high biodiversity and resilience of the system. For example, a single riparian 
corridor may contain many different types of micro-habitats, including small wetlands, side channels, 
sandbars, and rocky outcroppings. Each of these micro-habitats provides a unique ecological niche, 
and together they contribute to the overall diversity and health of the riparian ecosystem. 

By protecting and preserving these micro-habitats, managers can help to maintain the health and 
resilience of the larger ecosystem. This can be done by conserving key micro-habitats, promoting 
connectivity between micro-habitats, and reducing stressors that might disrupt the functioning of 
these microenvironments. In this way, micro-habitats can contribute to a more sustainable and 



resilient ecosystem, and help to support the continued provision of critical ecosystem services for 
humans and other species. 

 
I: This has been an extremely helpful conversation, G! To wrap up this discussion, let's briefly talk 
about how micro-habitats can act as refugia for sensitive species.  

G: Certainly! Micro-habitats can serve as refugia for sensitive species that may be vulnerable to 
changes in their environment. For example, a particular micro-habitat might provide a specific set of 
conditions that is critical for the survival of a particular species, such as a plant that requires a certain 
type of soil, or a frog that needs a particular type of temperature and humidity. If the larger 
ecosystem experiences changes that make it difficult for the species to survive, such as increased 
temperatures or altered hydrology, the species may be able to persist in the micro-habitat where the 
conditions are still suitable for its survival. 

By providing refugia for sensitive species, micro-habitats can help to maintain biodiversity and 
support ecosystem resilience. For example, during times of drought, certain riparian areas along the 
Verde River may still have enough water and suitable conditions to support sensitive species that 
might not be able to survive in drier parts of the riparian corridor. By protecting and preserving these 
micro-habitats, managers can help to support the survival of sensitive species and maintain the 
overall health and resilience of the ecosystem. 

In summary, micro-habitats are important components of complex ecosystems that can contribute to 
biodiversity, resilience, and the provision of critical ecosystem services. By protecting and preserving 
micro-habitats, managers can help to support the health and sustainability of the larger ecosystem, 
and ensure that it continues to provide important benefits for humans and other species. 

 
I: Thanks again, G. This has been great! 

G: You're welcome! It was a pleasure to discuss these topics with you. If you have any more 
questions in the future, feel free to reach out. 
 


