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IX. Adapting to the Effects of Climate Change in 

Terrestrial Environments 

Adaptation is one of two major ways in which climate-related risks can be managed (the other is 

mitigation, which includes strategies to reduce greenhouse gas sources and emissions, and enhance 

greenhouse gas sinks).
2725

 Even if global greenhouse gas emissions were to be stabilized near their current 

levels, atmospheric concentrations would increase throughout the 21
st
 century, and might well continue to 

increase slowly for several hundred years after that.
2726

 Thus, mitigation can reduce climate-related risks 

only in the longer term.
2727

 Adaptation has emerged as a necessary response to and preparation for the 

unavoidable impacts of global climate change.
2728

  

As an example for terrestrial systems, thinking about adaptation for 

forests is in many ways in its infancy, but examples might include 

stronger emphases on: reducing anthropogenic stresses on forest 

ecosystems, promoting resilience to likely impacts, landscape and 

biological diversity, planning for projected future conditions, and 

assessing the decision context in terms of barriers and opportunities 

that limit or facilitate local adaptation.
2729

 General and specific 

approaches to adaptation action are emerging.
2730

 Along with these, 

existing conservation activities are being applied to climate change 

adaptation, and new activities are also being developed.
2731

  

This chapter highlights possible adaptation actions in the context of conservation, restoration, protection 

and natural resource management, including actions that are underway or being considered in the NPLCC 

region. The actions described represent the range of ideas suggested by the literature on climate change 

adaptation. They are not intended as recommendations, as their relevance and effectiveness will depend 

on the context in which they are applied (e.g., the desired management goals, trade-offs with other 

socioeconomic and ecological goals, costs and benefits of implementation, etc.). 

  

                                                      
2725

 Asian Development Bank (ADB). Climate Proofing: A risk-based approach to adaptation. (2005, p. 7); 

Information on mitigation available from Parry et al. (2007, p. 878) 
2726

 Nearly verbatim from ADB. (2005, p. 7) 
2727

 ADB. (2005, p. 7) 
2728

 Verbatim from Gregg et al. (2011, p. 29) 
2729

 Verbatim from Littell et al. (2010, p. 150). Littell et al. cite Millar et al. (2007) and Joyce et al. (2008) for this 

information. 
2730

 ADB (2005); Gregg et al. (2011); Heller and Zavaleta (2009); NOAA. Adapting to Climate Change: A Planning 

Guide for State Coastal Managers. (2010) 
2731

 See, for example, Baron et al. (2009); Heller and Zavaleta (2009); Mawdsley et al. (2009); NOAA. (2010); U.S. 

EPA. (2009). 

Adaptation is defined in this 

report as “adjustment in 

natural or human systems in 

response to actual or 

expected climatic stimuli or 

their effects, which 

moderates harm or exploits 

beneficial opportunities” 

(IPCC, 2007b, p. 6). 
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1. Adaptation options for terrestrial ecosystems 

Recent assessments of forest management in light of climate change have consistently identified the 

principles of diversifying forest structure, maintaining complexity and microclimates, embracing 

environmental variability and uncertainty, decreasing fragmentation, extending rotation lengths, and 

addressing as wide a variety of ecosystem components (not just trees and vertebrates) and functions as 

possible.
2732

 Managing forests as complex adaptive 

systems makes sense in light of changes in climate and 

other environmental conditions, changes in society’s 

expectations of forests and foresters, and changes in the 

economics of forestry, forest conservation, and the 

evaluation of ecosystem services.
2733

 Mountain and 

valley systems provide the best opportunities for 

biodiversity conservation—beyond the typical north-

south and east-west opportunities for species migration, 

mountains also offer up-down altitudinal and 

“contouring around the mountain” avenues for 

migration.
2734

 

Support science-management 

partnerships 

Partnerships between scientists and managers are 

needed to improve understanding of climate science 

and increase experience in developing adaptation 

strategies.
2735

 The experience and judgment of resource 

professionals are also important for evaluating potential 

future climate conditions and ecosystem responses.
2736

  

These collaborations can develop in different forms.
2737

 

For example, science information might reside with 

staff within an agency, but in different program areas than those traditionally involved with forest 

management.
2738

 University extension specialists have a long history of spanning boundaries between 

science and applications (e.g., providing genetic expertise in developing seed-transfer rules), and can be 

brought into partnerships.
2739

 Research scientists with universities and agencies increasingly participate in 

                                                      
2732

 Nearly verbatim from Pojar (2010, p. 48-49). Pojar cites Pojar (1999), Noss (2001), and Puettmann et al. (2009) 

for information on recent assessments of forest management. 
2733

 Verbatim from Pojar (2010, p. 49) 
2734

 Verbatim from Pojar (2010, p. 21) 
2735

 Verbatim from Millar et al. (2012, p. 126) 
2736

 Nearly verbatim from Millar et al. (2012, p. 128) 
2737

 Verbatim from Millar et al. (2012, p. 126) 
2738

 Verbatim from Millar et al. (2012, p. 126) 
2739

 Verbatim from Millar et al. (2012, p. 126) 

Adaptation in Action 

As part of the WestWide Climate Initiative, 
Washington’s Olympic National Park and 
Olympic National Forest worked with the 
University of Washington Climate Impacts 
Group to assess resource vulnerabilities to 
climate change and develop adaptation 
options. Analysis focused on the four 
resource areas of most importance to agency 
resource managers and most likely to be 
affected by climate change: hydrology and 
roads, vegetation, wildlife, and fish. 
Adaptation options are specific to each 
resource area. For example, suggested 
options for the vegetation resource areas, 
include preserving tree genetic diversity, 
increasing disease resistance in western 
white pine and whitebark pine, and 
increasing capacity to restore forest lands 
after disturbance. A similar approach was 
taken by the North Cascadia Adaptation 
Partnership (see next box). 

Source: Halofsky et al. (2011a, 2011b); Millar et 
al. (2012); Peterson et al. (2011) 
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resource management collaborations.
2740

 Further, managers have many years of experience, including 

experience with weather-related or climatically extreme events.
2741

 Discussion about the type of event and 

about what could have improved the management response may help focus the conversation with 

scientists on the types of information that would be helpful now and in the future.
2742

 

A key element in all collaborations is that they maintain interactive dialogue, with managers and scientists 

reciprocally learning from and informing each other about relevance.
2743

 Commitment to work together is 

also critical, because a year or more may be needed to complete workshops, individual dialogues, and 

writing.
2744

 For example, a commitment by a national forest or other organization to the process of 

adaptation will need to endure for decades, because of the long-term nature of climate change effects.
2745

 

The science-management partnership must have good communication, a consensus on specific objectives, 

an established schedule, and a clearly identified written product to document the results.
2746

 Documenting 

all aspects of the workshops, scientific information, vulnerability assessments, and adaptation options in 

reports ensures a unified statement on adaptation for the participating units and interested stakeholders.
2747

 

Among the genetic options to adapt national forests to climate change, six action items are suggested to 

support and expand internal and external partnerships to improve response to climate change: 

 Support and contribute to integrated gene conservation and monitoring program initiatives, 

such as the Forest Health Protection (FHP) Gene Conservation Framework for at-risk forest tree 

species and Monitoring on the Margins, an integrated, enhanced FHP monitoring program for 

critical ecosystems threatened by insects, disease, and climate change.
2748

 

 Initiate and expand partnerships with other land owners to broaden the portfolio of ex situ and 

in situ gene conservation resources.
2749

 

 Partner with other land managers to create cooperative virtual seedbanks for germplasm (i.e., 

genetic variability of a population) exchange to facilitate reforestation and restoration after 

disturbances.
2750

 See “Preserve and restore genetic diversity” for more information. 

 Contribute to the development of databases that will facilitate the sharing and exchange of data 

and seed among national forests, as well as with other Federal and State agencies.
2751

 

 Partner with other land managers to manage forest nurseries to facilitate reforestation and 

restoration activities.
2752

 

 Evaluate and modify, as needed, policies and practices to simplify transfer of Forest Service-

owned seed to other entities, including private landowners.
2753

 

                                                      
2740

 Verbatim from Millar et al. (2012, p. 126) 
2741

 Nearly verbatim from Peterson et al. (2011, p. 25) 
2742

 Verbatim from Peterson et al. (2011, p. 25). Peterson et al. refer the reader to Box 2 in the cited report for this 

information. 
2743

 Verbatim from Millar et al. (2012, p. 126) 
2744

 Nearly verbatim from Peterson et al. (2011, p. 23) 
2745

 Nearly verbatim from Peterson et al. (2011, p. 23) 
2746

 Verbatim from Peterson et al. (2011, p. 23) 
2747

 Verbatim from Peterson et al. (2011, p. 46) 
2748

 Verbatim from Erickson et al. (2012, p. 14) 
2749

 Verbatim from Erickson et al. (2012, p. 14) 
2750

 Verbatim from Erickson et al. (2012, p. 14) 
2751

 Verbatim from Erickson et al. (2012, p. 14) 
2752

 Verbatim from Erickson et al. (2012, p. 14) 
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Facilitate dialogue on climate change adaptation 

These questions are intended to establish the local management context, elicit overarching management 

responses to climate change, and promote mutual learning within the science-management partnership.
2754

 

Questions can be designed to accommodate local interests and preferences:
2755

 

 What are priorities for long-term resource 

management (e.g., 50 years)?;  

 How can climate change be integrated in 

planning at this time scale?; 

 What is the policy and regulatory environment 

in which management and planning are 

currently done?; 

 What are the biggest concerns and 

ecological/social sensitivities in a changing 

climate?; 

 Which management strategies can be used to 

adapt to potentially rapid change in climate and 

resource conditions?; 

 Which information and tools are needed to 

adequately address the questions above?; and, 

 Which aspects of the policy and regulatory 

environment affect (enable, inhibit) 

management that adapts to climate change?
 2756

 

Another important component of facilitated dialogue is 

capturing ideas and information that are relevant to 

preparing for a warmer climate but may not be explicit 

adaptation options.
2757

 For example, it is helpful to 

summarize opportunities and barriers to adaptation as a 

context related to administrative process, policy, and 

budgets that affect all management issues.
2758

 It is also helpful to compile a list of analytical tools and 

information needs that can assist the adaptation process.
2759

 This provides a heads-up for the science-

                                                                                                                                                                           
2753

 Verbatim from Erickson et al. (2012, p. 14) 
2754

 Verbatim from Peterson et al. (2011, Box 2, p. 26) 
2755

 Verbatim from Peterson et al. (2011, Box 2, p. 26) 
2756

 Verbatim from Peterson et al. (2011, Box 2, p. 26) 
2757

 Verbatim from Peterson et al. (2011, p. 46). Peterson et al. refer the reader to Box 6 in the cited report for this 

information. 
2758

 Verbatim from Peterson et al. (2011, p. 46). Peterson et al. refer the reader to Box 9 in the cited report for this 

information. 
2759

 Verbatim from Peterson et al. (2011, p. 46). Peterson et al. refer the reader to Box 10 in the cited report for this 

information. 

Adaptation in Action 

Working with a broad range of scientists, 
managers, and stakeholders, the North 
Cascadia Adaptation Partnership 
(NCAP) process identified and assessed the 
vulnerability of four key resource sectors, 
namely hydrology and access, vegetation and 
ecological disturbance, wildlife, and fisheries, 
in Mt. Baker-Snoqualmie National Forest, 
Okanogan-Wenatchee National Forest, 
North Cascades National Park Complex, 
and Mount Rainier National Park. 
Adaptation options were also developed for 
each sector and include options to address 
changing landslide and windstorm risk, 
ecological disturbances (e.g., insects, 
pathogens, invasive species), and specific 
habitats and associated species (e.g., alpine 
and subalpine habitats, low-elevation forests 
on the western slopes of the Cascade 
Mountains).  

Source: Lawler et al. (2013); Littell et al. (2013); 
Millar et al. (2012); Raymond et al. (2013); 
Strauch et al. (2013) 
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management partnership on future steps that may be needed to facilitate adaptation and informs scientists 

about specific ways in which they can help.
2760

 

Facilitate workshops to develop climate change adaptation options 

Adaptation options are developed after the scientific information available and tools to identify 

vulnerabilities have been completed.
2761

 Adaptation options are typically generated for individual resource 

disciplines (e.g., vegetation, wildlife, water), although it is also possible to focus on adaptation for 

individual biogeographic entities (e.g., watersheds, subalpine forests, coastal ecosystems) and projects 

(e.g., forest thinning at a specific location, bridge design).
2762

 In general, scientists provide information on 

climate change and climate change effects, including vulnerability assessments, and resource managers 

provide strategic and tactical adaptation options and guidance on how they can be implemented.
2763

 

Modify infrastructure 

Alter road management 

Roads can be designed to reduce the potential for landslides.
2764

 

Support natural infrastructure in forested landscapes 

While concrete-and-steel built infrastructure will continue to play a critical role in water storage and 

treatment, investing in natural infrastructure can reduce or avoid costs and enhance water services and 

security as part of an integrated system to cost-effectively deliver safe drinking water.
2765

 High source 

water quality and well-regulated flow can reduce the capital and variable costs of providing clean and 

abundant water.
2766

 Even where detailed scientific modeling has not been conducted, conservative 

assumptions and careful sensitivity analyses can produce actionable results.
2767

 Cultivating partnerships 

and large-scale sustained investment are two components of the design and implementation process: 

 Cultivate partnerships: In each of the successful attempts to build robust programs for 

investment in natural infrastructure, essential components have been collaboration among a 

variety of stakeholders and experts, and the emergence of champions within stakeholder groups to 

push the program forward.
2768

 Landowner participation is essential in privately owned 

watersheds.
2769

 

                                                      
2760

 Verbatim from Peterson et al. (2011, p. 46) 
2761

 Verbatim from Peterson et al. (2011, p. 39) 
2762

 Verbatim from Peterson et al. (2011, p. 39) 
2763

 Verbatim from Peterson et al. (2011, p. 39). Peterson et al. refer the reader to Table 5 in the cited report for 

information on vulnerability assessments and to Box 6 for information on the development of adaptation options. 
2764

 Verbatim from Dale et al. (2008, p. 730) 
2765

 Verbatim from Gartner et al. (2013, p. 1). Natural infrastructure: Investing in forested landscapes for source 

water protection in the United States. Gartner et al. refer the reader to Table ES-1 in the cited report for this 

information. 
2766

 Verbatim from Gartner et al. (2013, p. 3) 
2767

 Verbatim from Gartner et al. (2013, p. 3) 
2768

 Verbatim from Gartner et al. (2013, p. 4) 
2769

 Verbatim from Gartner et al. (2013, p. 5) 
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 Large-scale, sustained investment: A long list of public, private, and hybrid public/private 

finance mechanisms is available to get dollars on the ground to restore, enhance, protect, and 

manage natural infrastructure for water resources.
2770

 The primary challenge is to select a finance 

mechanism (or combination of mechanisms) that is capable of gaining the necessary political 

support for adoption, while also generating sufficient funds for meaningful and sustained 

investment in natural infrastructure.
2771

 

Implementation steps for water managers, conservationists, and other stakeholders at the local watershed 

level differ from those for the broader community of practitioners (Table 35). 

Table 35. Implementation steps for natural infrastructure in forested landscapes. 

Steps for water managers, conservationists, and other 

stakeholders at the local watershed level 
Steps for the broader community of practitioners 

1. Assess the watershed for ecological condition and 

trends causing water-related issues tied to 

substantial current or projected costs. 

2. Engage with key stakeholders and decision makers 

early and often to articulate a vision of success, 

expand capacity for program development and 

implementation through strategic partnerships and 

consultation with experts, and build on the lessons 

of past successes and failures. 

3. Conduct necessary economic analyses to determine 

if natural infrastructure is the best approach and to 

make the case for financial investment. 

4. Assess a broad array of finance mechanisms with 

an eye toward securing large-scale “anchor 

funding” as well as a broader “funder quilt” to 

ensure meaningful and sustained investment over 

the long term. 

5. Prioritize investments across parcels and 

interventions (i.e., reforestation or forest best 

management practices), monitor outcomes, and 

adapt investments accordingly. 

1. Actively participate in the community of experts, 

facilitators, consultants, and “mobilizers” seeking to 

scale up integration of natural infrastructure into 

water management strategies, in order to leverage 

others’ efforts. 

2. Assist in securing large-scale natural infrastructure 

funds such as bonds by ballot measure and natural 

infrastructure “set-asides” like the 20 percent green 

infrastructure requirement in the State Revolving 

Funds. 

3. Expand research to quantify forest-to-water 

connections and improve the reliability and 

accessibility of watershed models. 

4. Improve accounting standards to enable operations 

and maintenance spending on natural infrastructure 

by public entities as part of normal business 

practices. 

5. Build awareness among the water resource 

management industry, the urban planning field, 

ratepayers, and taxpayers of the importance of 

natural infrastructure as a cost-effective and 

beneficial element of an integrated solution to 

emerging water issues. 

Table created by authors of this report. 

Source: Verbatim from Gartner et al. (2013, p. 6-7) 

Modify forest water management 

In broad terms, strategies to reduce forest vulnerability to increasing water stress will need to be tailored 

to specific management objectives and landscapes.
2772

 The effectiveness of various approaches, trade-offs 

between forest and downstream water uses, and applications in specific locations need to be explored to 

develop viable and socially acceptable management strategies.
2773

 For example, discussion of the 

provision of water services by forests could be better informed by explicitly acknowledging any trade-offs 

                                                      
2770

 Verbatim from Gartner et al. (2013, p. 5) 
2771

 Verbatim from Gartner et al. (2013, p. 5) 
2772

 Verbatim from Grant et al. (2013, p. 316). Watering the forest for the trees: an emerging priority for managing 

water in forest landscapes. 
2773

 Verbatim from Grant et al. (2013, p. 314) 
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between dispersed water available for on-site use by vegetation (e.g., transpiration and growth) and 

aggregated and concentrated water yield available downstream.
2774

 There may also be some places – for 

example, wet tropical forests with high cloud interception rates – where such strategies might not apply in 

the short term because water is not currently limiting nor is it projected to be in the near future.
2775

 Even 

in typically moist places, however, there are scenarios in which forests become water-limited.
2776

  

Many of these strategies for addressing increased drought stress in forested landscapes are consistent with 

other forest management objectives, and are not necessarily new.
2777

  

Forest thinning or prescribed burns 

Developing managed burn or thinning strategies specifically directed at reducing fire severity, as well as 

increasing productivity and long-term forest resistance to drought-related dieback and disturbance across 

various projected climate scenarios, is relevant for both highly managed forests and as an adaptation 

strategy in natural reserves.
2778

 Initial findings from a U.S. network of long-term fire treatment studies 

suggest that fuels and thinning measures can be combined to reduce drought-stress vulnerability; 

however, these relationships are complex.
2779

 Recent advances in coupled models of climate and forest 

hydroecological processes could be combined with treatment studies to identify the most promising 

density, architecture, location, and orientation of stand manipulations.
2780

 For additional information on 

adaptation options related to forest thinning, please see the section “Reduce fuel loads.” 

Consider drought tolerance during post-disturbance species selection 

Selection of tree species for post-disturbance replanting could also explicitly consider the ability of 

particular species and genotypes to germinate and grow under conditions of water stress, particularly 

given that seedling establishment is closely tied to drought tolerance for a range of ecosystem types, from 

tropical to semi-arid.
2781

 

Alter stand structure and composition 

Direct manipulation of stand structure and composition to increase water for on-site forest use – for 

example, by choosing species whose canopies intercept less water – has not been well-researched but may 

provide other options.
2782

 

                                                      
2774

 Nearly verbatim from Grant et al. (2013, p. 319) 
2775

 Verbatim from Grant et al. (2013, p. 316) 
2776

 Nearly verbatim from Grant et al. (2013, p. 316). Grant et al. cite Choat et al. (2012) for this information. 
2777

 Verbatim from Grant et al. (2013, p. 319) 
2778

 Verbatim from Grant et al. (2013, p. 317) 
2779

 Verbatim from Grant et al. (2013, p. 317). Grant et al. cite McIver et al. (2009) for this information. 
2780

 Verbatim from Grant et al. (2013, p. 317). Grant et al. cite Tague & Band (2004) for information on recent 

advances in coupled models of climate and forest hydroecological processes. 
2781

 Verbatim from Grant et al. (2013, p. 317). Grant et al. cite Engelbrecht et al. (2007) and Kursar et al. (2009) for 

this information. 
2782

 Verbatim from Grant et al. (2013, p. 317) 
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Soil conservation 

Contour felling, mulching, and fertilization may be effective in reducing soil loss; mulching may also 

reduce soil water evaporation but possibly at the expense of increasing litter interception and loss through 

evaporation.
2783

 Clearly, widespread mulching of forest lands would create a range of logistical and 

technical issues; however, for high-valued forests, for forests where thinning is performed to reduce fire 

risk, or for post-burn watershed treatments, strategies to reduce evaporative losses may be logistically 

feasible and cost-effective.
2784

 For additional information on soil conservation, please see section 

“Increase carbon storage.” 

Measures to increase or sustain snowpack storage  

Strategies would require evaluation within a local context and under different climate scenarios to 

determine whether approaches to marginally increasing soil water (such as by modifying snowpack 

storage) would be effective or counterproductive for increasing forest resilience.
2785

 For example, the 

placement of snow fences has been proposed to increase snow pack in areas where sensitive alpine plant 

communities are threatened by reduced snowpack.
2786

 Augmenting water availability for forests that are 

chronically drought-stressed may increase productivity and thereby actually increase the risks associated 

with drought-related disturbances in some situations.
2787

 However, manipulating the dimensions, 

orientations, spatial patterns, and densities of forest openings in the Rocky Mountains increased snow 

catch and reduced rates of snowmelt by over two weeks.
2788

 More radical snowpack storage treatments 

include deliberately mulching snow with wood chips, which has been shown to delay snowmelt by over 

three weeks.
2789

 Removing or re-engineering roads to deliver water back to the hillslope can increase local 

soil moisture levels considerably.
2790

  

Hillslope capture or redistribution 

The most direct manipulation of water availability for forests – namely, hillslope capture and 

redistribution, or even irrigation – has been used to support intensively managed forests.
2791

 In many 

lightly managed forest areas, for instance in the western U.S., the concept of irrigating vegetation to 

enhance on-site forest resilience would be a marked departure from current water management practices 

but might ultimately be worth considering in highly valued landscapes.
2792

 

                                                      
2783

 Verbatim from Grant et al. (2013, p. 317). Grant et al. cite Robichaud et al. (2000), Wagenbrenner et al. (2006), 

and Yanosek et al. (2006) for information on mulching, Dodson et al. (2010) for information on fertilization, and 

Helvey & Patric (1965) for information on the effects of mulching. 
2784

 Verbatim from Grant et al. (2013, p. 317) 
2785

 Verbatim from Grant et al. (2013, p. 317-318) 
2786

 Verbatim from Lawler (2009, p. 89). Lawler cites Hansen et al. (2003) for this information. 
2787

 Nearly verbatim from Grant et al. (2013, p. 317) 
2788

 Nearly verbatim from Grant et al. (2013, p. 317). Grant et al. cite Troendle (1983) for this information. 
2789

 Verbatim from Grant et al. (2013, p. 317). Grant et al. cite Osterhuber et al. (2007) for this information. 
2790

 Verbatim from Grant et al. (2013, p. 317). Grant et al. cite Kolka & Smidt (2004) for this information. 
2791

 Verbatim from Grant et al. (2013, p. 318). Grant et al. cite Hillel (2008) and Tapia et al. (2008) for this 

information. 
2792

 Verbatim from Grant et al. (2013, p. 318) 
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Reduce fuel loads 

Fuel management options to reduce, convert, and/or isolate fuel can be a potential mechanism to reduce 

area burned.
2793

 For example, they can be used for small areas of the range of 100 kha, but are not realistic 

at the national scale of Canada.
2794

 

Modify forestry practices 

Forest harvest strategies may need to be adapted in the face of a changing climate.
2795

 Harvesting trees to 

create a diverse array of age structure and communities (for example, selective clear cutting, harvesting 

specific trees), target select ages of trees to harvest (harvest only trees that are sexually mature), or target 

species of trees to harvest (for example, harvest tree species that are not resilient to climate change) are all 

strategies than can be used to selectively harvest forest to increase the resiliency to climate change.
2796

 

Other management techniques are also available: 

 Short rotations to reduce the length of time that a tree is influenced by unfavorable climate 

conditions; 

 Planting improved varieties developed through selection, breeding, or genetic engineering to 

reduce vulnerability; and,  

 Thinning, weeding, managing pests, irrigating, improving drainage, and fertilizing to improve 

general vigor.
2797

 For more information, please see the sections “Preserve and restore genetic 

diversity” and “Reduce fuel loads.” 

Such actions are likely to reduce the probability of moisture stress and secondary risks from fire, insects, 

and disease.
2798

 

Increase biomass heating sources 

The USDA Forest Service Fuel for Schools program is an example of an attempt to solve the problem of 

wildland fire fuel reduction with an opportunity to replace fossil fueled heating with biomass heating for 

local schools.
2799

 New estimates are that 5% of United States energy production could be sustainably 

produced by Advanced Wood Combustion facilities that already are operating in Austria.
2800

 If, in the 

future, any cellulosic material in a natural ecosystem has biofuel value, more carefully conducted thinning 

and restoration may be financially viable.
2801

 Options like replacing oil- and gas-fueled heating systems in 

public buildings with wood-fueled boilers can be very viable in some places with ample local wood 

resources.
2802

  

                                                      
2793

 Verbatim from Liu et al. (2013, p. 13) 
2794

 Nearly verbatim from Liu et al. (2013, p. 13) 
2795

 Verbatim from Staudt et al. (2012, p. 5-21) 
2796

 Verbatim from Staudt et al. (2012, p. 5-21). Staudt et al. cite Steenberg & others (2011) for this information. 
2797

 Verbatim from Kareiva et al. (2012, p. 4-26) 
2798

 Verbatim from Kareiva et al. (2012, p. 4-26) 
2799

 Verbatim from Running & Mills (2009, p. 24-25) 
2800

 Verbatim from Running & Mills (2009, p. 25). Running & Mills cite deb Richter Jr. et al. (2009) for this 

information. 
2801

 Verbatim from Running & Mills (2009, p. 25) 
2802

 Verbatim from Running & Mills (2009, p. 24) 
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Thinning and fuels reduction 

Fuel reduction and restoration treatments can increase resiliency by reducing density-dependent tree 

mortality and excessive insect and/or disease problems and can increase spatial heterogeneity.
2803

 

Landscape-scale thinning and fuel reduction treatments can be used to reduce the risk of anomalous 

crown fire, drought susceptibility and insect outbreaks.
2804

 Strategically placed firebreaks and other area 

treatments that reduce the continuity of forest floor debris will be especially important near residential 

areas, municipal watersheds and habitats that are designated as critical for the survival and recovery of 

threatened or endangered species.
2805

 

Decisions about location and size of treatments can be explored with optimization models, expert 

knowledge of local landscapes, and examination of spatial patterns of forest structure and fuels over large 

landscapes over time.
2806

 In general, placement of treatments is designed to create landscape patterns that 

deter wildfire spread and modify fire behavior, while minimizing area needed for treatment.
2807

 

Fuel treatments can have unintended consequences on other forest resources.
2808

 For example, thinning 

and surface fuel treatments can provide an avenue for propagation of exotic plant species.
2809

 Prescribed 

fire can scorch the crowns of live trees, which may increase stress or tree mortality.
2810

 However, the 

biggest effect of fuel treatments is often on wildlife habitat, with animal species that depend on complex 

forest structure being negatively affected.
2811

 Alternatively, species that forage in open forest structure 

(e.g., ungulates) may benefit from fuel treatments.
2812

 Accounting for this interaction among resources 

will be a challenging consideration in fuel treatment planning in a warmer climate, because a warmer 

climate may directly affect those individual resources as well as the interactions.
2813

 

Prescribed burning 

Prescribed burning can be used to reduce fuel loads, and hence the risk of catastrophic fire.
2814

 

                                                      
2803

 Verbatim from Stephens et al. (2013, p. 42). Stephens et al. cite Williams et al. (2013) for information on the 

role of fuel reduction and restoration treatments in reducing density-dependent tree mortality. 
2804

 Nearly verbatim from Blate et al. (2009, p. 60) 
2805

 Nearly verbatim from Blate et al. (2009, p. 60) 
2806

 Nearly verbatim from Peterson, Halofsky & Johnson (2011, p. 261). Peterson, Halofsky & Johnson cite Finney 

(2007) for information on optimization models, Peterson & Johnson (2007) for information on expert landscapes, 

and refer the reader to Figure 10.3 in the cited document for information on examining spatial patterns. 
2807

 Verbatim from Peterson, Halofsky & Johnson (2011, p. 261). Peterson, Halofsky & Johnson cite Finney (2001) 

and Hirsch et al. (2001) for this information. 
2808

 Verbatim from Peterson, Halofsky & Johnson (2011, p. 262) 
2809

 Verbatim from Peterson, Halofsky & Johnson (2011, p. 262). Peterson, Halofsky & Johnson cite Crawford et al. 

(2001) and Griffis et al. (2001) for this information. 
2810

 Verbatim from Peterson, Halofsky & Johnson (2011, p. 262). Peterson, Halofsky & Johnson cite Graham et al. 

(2004) for this information. 
2811

 Verbatim from Peterson, Halofsky & Johnson (2011, p. 262). Peterson, Halofsky & Johnson cite Randall-Parker 

& Miller (2002) for information on wildlife habitat and Pilliod et al. (2006) for information on species dependent on 

complex forest structure. 
2812

 Verbatim from Peterson, Halofsky & Johnson (2011, p. 262) 
2813

 Verbatim from Peterson, Halofsky & Johnson (2011, p. 262) 
2814

 Verbatim from Lawler (2009, p. 88). Lawler cites Spittlehouse & Stewart (2003) and Scott et al. (2008) for this 

information. 
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Increase carbon storage 

Mitigation, involving actions to reduce human influence on the climate system, is another fundamental 

approach for addressing climate challenges, and integrating mitigation activities with adaptation strategies 

is important.
2815

 For this reason, options to increase carbon storage are presented here. 

Because ecosystems both absorb and release CO2, the relative balance between the two processes 

determines whether a particular ecosystem is a net carbon source or a sink.
2816

 Depending on how they 

naturally function, and how they are managed, ecosystems can therefore either contribute to or reduce 

greenhouse gas emissions and climate change.
2817

 

Forests have the potential to mitigate global climate change by serving as net carbon sinks.
2818

 Forestry 

activities that promote carbon storage include afforestation, reforestation, deforestation avoidance, 

replacing fossil fuels with biomass energy, wood products management, and improved forest 

management.
2819

 Specific forest management techniques to improve carbon sequestration – thereby 

enhancing productivity, improving disease control, reducing decomposition and respiration, and 

managing wildfires – include the following: managing nutrients and water, performing residue 

management (e.g., the use of wood to offset fossil fuels), thinning and utilizing the products from 

thinning, low-impact harvesting, optimizing rotation length, administering species selection, and 

modifying genotype through biotechnology.
2820

 Further, protecting forests from wildfire increases carbon 

stocks in the short term but, combined with climate-change effects, may also increase the risk of large 

future releases of stored CO2 during fire events, bark beetle or other defoliating insect outbreaks, 

hurricanes, ice storms, droughts, and other disturbances.
2821

 

Alter timber harvest patterns 

Either an increase of the interval between harvests or a reduction in the amount of carbon removed each 

harvest would lead to an increase in average carbon stores in forests.
2822

 For example, preservation of 

forests with the highest carbon stores, such as the moist mature and old-growth forests of the Pacific 

Northwest, would prevent vast amounts of carbon from reaching the atmosphere if these forests were 

logged.
2823

 Additionally, preservation of these forests provides habitat protection for the threatened and 

declining northern spotted owl and marbled murrelet.
2824

 Alternative sentence: Increasing carbon stores 

                                                      
2815

 Verbatim from Millar et al. (2012, p. 128). Millar et al. cites Metz et al. (2001) for information on mitigation as 

a fundamental approach for addressing climate challenges. 
2816

 Verbatim from Pojar (2010, p. 57) 
2817

 Verbatim from Pojar (2010, p. 57) 
2818

 Verbatim from Sturrock et al. (2011, p. 133). Sturrock et al. cite IPCC (2007) for this information. 
2819

 Verbatim from Post et al. (2012, p. 555). Management opportunities for enhancing terrestrial carbon dioxide 

sinks. 
2820

 Verbatim from Post et al. (2012, p. 556). Post et al. cite Stanturf et al. (2003) for information on wildfire. 
2821

 Nearly verbatim from Post et al. (2012, p. 555). Post et al. cite Westerling et al. (2006) for information on 

wildfire. 
2822

 Verbatim from Shafer et al. (2010, p. 188). Shafer et al. cite Harmon et al. (2009) for this information. 
2823

 Nearly verbatim from North American Bird Conservation Initiative (2010, p. 21) 
2824

 Verbatim from North American Bird Conservation Initiative (2010, p. 21) 
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would require increasing the interval between harvests and/or reducing harvest amounts, which may be 

unrealistic without having funds available to offset losses in traditional harvest-based revenues.
2825

  

Store carbon in wood products 

An alternative to increasing carbon stores within the forest is to harvest wood and store some of this 

carbon within wood products.
2826

 Under current manufacturing, use, and disposal practices this alternative 

is unlikely to increase the overall carbon store of the forest sector, which includes the forest and wood 

products derived from the forest.
2827

 

Reduce soil degradation and continue soil conservation 

Land-use change will have a large impact on carbon soil sequestration, with transitions from cropland to 

forest and urban areas having a positive impact on soil carbon storage.
2828

  

Strategies to reduce or even reverse soil degradation include no-till farming, water conservation and 

harvest, cover cropping, woodland regeneration, agroforestry, improved grazing practices, more efficient 

irrigation, and erosion control:
2829

 

 No-till and conservation tillage: No-till 

farmers plant their crops directly into the 

stubble left from the previous year’s crop.
2830

 

The stubble acts like a garden mulch and 

helps soil retain more moisture by trapping 

snow, decreasing evaporation from the top 

layer of soil, and improving water infiltration 

to plant root systems.
2831

 However, the 

benefits of no till on soil organic carbon 

sequestration may be soil/site specific, and 

the improvement in soil organic carbon may 

be inconsistent in fine-textured and poorly 

drained soils.
2832

 Some studies have also 

shown more nitrous oxide emissions in no 

till.
2833

 

 Water conservation, harvest, and irrigation: 

Similar to the addition of fertilizers and manures in a nutrient-depleted soil, judicious application 

                                                      
2825

 Verbatim from Shafer et al. (2010, p. 189). Shafer et al. cite Alig et al. (2002) for this information. 
2826

 Verbatim from Shafer et al. (2010, p. 189). Shafer et al. cite Perez-Garcia et al. (2005) for this information. 
2827

 Verbatim from Shafer et al. (2010, p. 189). Shafer et al. cite Harmon et al. (2009) for this information. 
2828

 Verbatim from Kareiva et al. (2012, Table 4-2). Kareiva et al. cite E. Nelson’s analysis for this information. 
2829

 Verbatim from Peterman & Bachelet (2012, p. 172). Peterman & Bachelet cite Kaiser (2004) and Oldeman 

(1992) for this information. 
2830

 Verbatim from O’Connor (2013, p. 7). Soil matters: how the Federal Crop Insurance Program should be 

reformed to encourage low-risk farming methods with high-reward environmental outcomes. 
2831

 Verbatim from O’Connor (2013, p. 7). O’Connor cites Osteen et al. (2012) for this information. 
2832

 Verbatim from Lal (2004, p. 11). Soil carbon sequestration to mitigate climate change. Lal cites Wander et al. 

(1998) for this information. 
2833

 Verbatim from Lal (2004, p. 11). Lal cites Mackenzie et al. (1998) for this information. 

Adaptation in Action 

The Conservation Biology Institute (CBI) 
is creating a soil vulnerability index to 
identify drought-sensitive areas in the 
NPLCC region. CBI is also mapping where 
forest cover will be most affected by climate 
change. Combined, the vulnerability index 
and map will provide information on 
possible future changes in soil moisture and 
temperature, which could be used to 
improve vegetation models and inform 
resource management decisions. 

Source: Conservation Biology Institute (2013) 
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of irrigation water in a drought prone soil can enhance biomass production, increase the amount 

of above-ground and the root biomass returned to the soil and improve soil organic carbon 

concentration.
2834

 

 Cover cropping: Cover crops are non-commodity crops that are either planted with the primary 

purpose of improving the soil ecosystem.
2835

 Like no-till management, cover cropping increases 

water infiltration and storage, thereby helping to provide water to growing commodity crops and 

decreasing the need for irrigation.
2836

 For example, growing leguminous cover crops enhances 

biodiversity, the quality of residue input, and the soil organic carbon pool.
2837

 Although cover 

crops themselves require water to grow, when they are properly selected and managed, the net 

water available for commodity crops tends to increase due to cover crops’ ability to increase 

infiltration and reduce surface evaporation.
2838

 However, the use of cover crops as a short-term 

green manure may not necessarily enhance the soil organic carbon pool.
2839

 

 Woodland regeneration, agroforestry, and afforestation: Converting degraded soils under 

agriculture and other land uses into forests and perennial land use can enhance the soil organic 

carbon pool.
2840

 Afforestation, particularly on abandoned agricultural land, reclaimed mine sites, 

and other degraded lands, generally increases soil carbon in addition to producing wood.
2841

 The 

magnitude and rate of soil organic carbon sequestration with afforestation depends on climate, 

soil type, species, and nutrient management.
2842

 Afforestation, however, many not always 

enhance the soil organic carbon pool.
2843

 In such cases, agroforestry may be another option of 

conserving soil and improving the soil organic carbon pool.
2844

  

 Improved grazing practices: Similar to cropland, management options for improving pastures 

include judicious use of fertilizers, controlled grazing, sowing legumes and grasses or other 

species adapted to the environment, improvement of soil fauna and irrigation.
2845

  

 Erosion control: Increasing carbon and nitrogen sequestration with policies and practices such as 

applying conservation agriculture, using cover crops, keeping the soil covered with residue, using 

crop rotations, or returning crop residue, will improve soil quality and will help minimize soil 

erosion.
2846

 

                                                      
2834

 Verbatim from Lal (2004, p. 12) 
2835

 Verbatim from O’Connor (2013, p. 8) 
2836

 Verbatim from O’Connor (2013, p. 8). O’Connor cites Blano-Canqui (2011) for this information. 
2837

 Verbatim from Lal (2004, p. 12). Lal cites Singh et al. (1998), Fullen & Auerswald (1998), and Uhlen & 

Tveitnes (1995) for this information. 
2838

 Verbatim from O’Connor (2013, p. 8-9). O’Connor cites De Bruin et al. (2005) for information on water 

requirements for cover crops and Blano-Canqui (2011) for information on the ability of cover crops to increase 

infiltration and surface evaporation. 
2839

 Verbatim from Lal (2004, p. 12) 
2840

 Verbatim from Lal (2004, p. 13) 
2841

 Verbatim from Post et al. (2012, p. 555). Post et al. cites Guo & Giffor (2002) for this information. 
2842

 Verbatim from Lal (2004, p. 13). Lal cites Lal (2001c) for this information. 
2843

 Verbatim from Lal (2004, p. 13) 
2844

 Verbatim from Lal (2004, p. 13) 
2845

 Verbatim from Lal (2004, p. 13). Lal cites Follett et al. (2001a) for this information. 
2846

 Nearly verbatim from Lal et al. (2011, p. 282). Management to mitigate and adapt to climate change. 
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Restore, create, or maintain climate-resilient habitats 

One strategy for conserving species and their habitat under changing climate is to identify locations that 

may sustain suitable habitat conditions for a species as climate changes.
2847

 Resilience-enhancing 

adaptations include efforts to boost population sizes, increase the number (or diversity) of locations where 

individual populations, species and habitats are managed, and restore key ecosystem conditions and 

processes following disturbance.
2848

 Place-based approaches could also focus on microclimatic variations 

that provide refugia from large-scale changes in climate or involve planting trees and other vegetation to 

provide shade and reduce temperatures.
2849

 

Identify potential refugia at regional and landscape levels 

Mountainous terrain will experience spatially variable levels of climate change (Daly et al. 2009) and 

harbor climate refugia.
2850

 For example, some topographic positions subject to cold air drainages and 

topographic shading in the Oregon Cascades have old conifers that have persisted for more than 800 years 

with little fire.
2851

 

Adjust user fees 

Innovative approaches to adjusting user fees to account for maintenance and protection costs of valuable, 

natural habitats are growing in popularity.
2852

 

Maintain older forest 

Large conifers are more resistant to drought and have lower mortality rates than smaller individuals, and 

may be found in moist parts of the landscape that may be buffered against the effects of climate 

change.
2853

 This resistance may result from deeper roots and greater water holding capacity than younger 

trees.
2854

 Although mortality rates in old-growth forests have increased over the last few decades, the very 

existence of centuries-old trees demonstrates that they can persist in the face of some level of climate 

variability.
2855

 

                                                      
2847

 Verbatim from Shafer et al. (2011, p. 212). Shafer et al. refer the reader to Figures 4, 5, and 6 in the cited article.  
2848

 Verbatim from Blate et al. (2009, p. 60) 
2849

 Verbatim from Stein et al. (2012, p. 6-22). Stein et al. cite Mosblech & others (2011) for information on 

microclimatic variations that provide refugia from large-scale climatic changes. Stein et al. cite Wilby & others 

(1998) and Wilby & Perry (2006) for information on using vegetation to provide shade and reduce temperatures. 
2850

 Nearly verbatim from Spies et al. (2010, p. 1192). Spies et al. cite Daly et al. (2009) for information on spatially 

variable levels of climate change in mountainous terrain. 
2851

 Nearly verbatim from Spies et al. (2010, p. 1192-1193). Spies et al. cite Giglia (2004) for this information. 
2852

 Verbatim from Kareiva et al. (2012, p. 4-26) 
2853

 Verbatim from Spies et al. (2010, p. 1192). Spies et al. cite Phillips et al. (2003) for information on drought 

resistance and lower mortality rates in large conifers compared to smaller individuals. 
2854

 Verbatim from Spies et al. (2010, p. 1192) 
2855

 Verbatim from Spies et al. (2010, p. 1192). Spies et al. cite van Mantgem et al. (2009) for information on 

increased mortality rates in old-growth forests in the last few decades.. 
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Restore old-growth forest 

Restoring old-growth trees not only will help sequester carbon but will cool temperatures in the 

understory enough to mitigate higher wind speeds and drying of live and dead fuels in forest openings.
2856

 

Moreover, long-established herbaceous species in these openings will contribute carbon to the soil 

through continual root decomposition.
2857

 Thinning in some forest types to reduce crown-to-crown and 

ground-to-crown contact will lower fire risk and therefore prevent carbon from being lost to stand-

replacing wildfires.
2858

 

Promote forest recovery 

Management actions can enhance forest recovery.
2859

 Recovery efforts can focus either on managing the 

state of the system immediately after the disturbance (e.g., salvage logging) or managing the ongoing 

process of recovery (e.g., planting and reseeding).
2860

 Aggressive site preparation has been proposed to 

enhance regeneration after disturbances.
2861

 Recovery can also be managed to reduce vulnerability to 

future disturbances.
2862

 However, stands can recover naturally without any removal of the dead or 

damaged trees.
2863

 Recovery efforts need careful consideration of the long-term impacts because such 

actions can damage soils and residual trees.
2864

  

Recovery actions can be designed to speed recovery.
2865

 For example: 

 Modify forest structure: Forest structure can be modified to speed up the successional process in 

the event of a disturbance.
2866

 In the aftermath of a disturbance, recovery can be enhanced by 

adding structural elements that create shade or other safe sites necessary for reestablishing 

vegetation or that serve as perches for birds (and thus places where seeds would be dispersed).
2867

 

Alternatively, late successional species can be planted to speed up succession.
2868

 

 Modify species composition: Alternatively, species composition can be adjusted to promote 

recovery.
2869

 For example, in areas likely to experience a disturbance, trees with salvage value 

can be planted.
2870

 

 Modify water and nutrient cycling: Additions of water or nutrients can reduce environmental 

stress and facilitate restoration.
2871

 

                                                      
2856

 Verbatim from Senos et al. (2006, p. 420) 
2857

 Verbatim from Senos et al. (2006, p. 420) 
2858

 Verbatim from Senos et al. (2006, p. 420) 
2859

 Verbatim from Dale et al. (2008, p. 730) 
2860

 Verbatim from Dale et al. (2008, p. 730) 
2861

 Verbatim from Lawler (2009, p. 88-89). Lawler cites Spittlehouse & Stewart (2003) for this information. 
2862

 Verbatim from Dale et al. (2008, p. 731) 
2863

 Nearly verbatim from Dale et al. (2008, p. 730) 
2864

 Verbatim from Dale et al. (2008, p. 730) 
2865

 Verbatim from Dale et al. (2008, p. 730) 
2866

 Verbatim from Dale et al. (2008, p. 730) 
2867

 Verbatim from Dale et al. (2008, p. 730-731) 
2868

 Verbatim from Dale et al. (2008, p. 731) 
2869

 Verbatim from Dale et al. (2008, p. 730) 
2870

 Verbatim from Dale et al. (2008, p. 730) 
2871

 Verbatim from Dale et al. (2008, p. 731) 
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Targeted thinning to increase resilience to disturbance 

Targeted thinning in drier forests in which fire suppression has led to fuel accumulations capable of 

sustaining a high severity fire (novel in those ecosystems) may increase the resilience of that forest to a 

fire.
2872

 In wetter forests where twentieth century harvest practices have decreased age class diversity and 

altered patch structure, targeted thinning and cutting could simultaneously create appropriate fuel breaks 

and increase canopy and age-class diversity.
2873

 Furthermore, the removal of dead or dying trees and 

downed woody debris can reduce the risk of fire as well as alter insect and disease dynamics.
2874

 

Spatially heterogeneous thinning of dense young stands has promoted the growth and survivorship of 

remaining individual trees and, more recently, been used to accelerate the development of structurally and 

ecologically diverse conditions.
2875

 Such thinning could, in theory, also promote growth and vigor of the 

tree layer under warming climate, but no studies have examined this question.
2876

 However, the duration 

of this effect and the degree to which it promotes undesirable understory growth is a major 

uncertainty.
2877

 In addition, thinning and associated management activities can increase occurrence of 

invasive plants.
2878

 

In water-limited forests, it is possible that tailoring stand density to the expected water conditions of the 

future will increase resilience to insect attack and climate change in general by increasing stand water 

supply to counteract the projected increased atmospheric demand.
2879

 Thus, density management can 

reduce drought stress as well as alter insect population dynamics, but it could make forests more 

susceptible to wind.
2880

 

However, thinning to reduce water stress would lower carbon stores in the short-term, but might assure 

more carbon is stored over the long-term if disturbance severity or frequency greatly increase or if forests 

disturbed in the future are unable to regenerate.
2881

 It should be noted that due to the feedback between 

fire severity and fuel level, a period of more frequent, severe fires will not persist (more frequent removal 

of fuels means less fuel, which means lower severity fires).
2882

 Removal of fuels to alter fire behavior and 

severity to reduce carbon emissions would, in most cases, lead to substantial losses of carbon stores as the 

amount of carbon needed to be removed to alter fire severity exceeds the amount released by fires at least 

10-fold.
2883

 Using removed fuels as a biofuels feedstock or for wood products narrows the carbon cost of 

fuel treatments, but it does not entirely eliminate the carbon debts created by these treatments.
2884

 

                                                      
2872

 Verbatim from Littell et al. (2010, p. 150-151) 
2873

 Verbatim from Littell et al. (2010, p. 151) 
2874

 Nearly verbatim from Dale et al. (2008, p. 730) 
2875

 Verbatim from Spies et al. (2010, p. 1192). Spies et al. cite Thomas et al. (1999) for this information. 
2876

 Verbatim from Spies et al. (2010, p. 1192) 
2877

 Verbatim from Spies et al. (2010, p. 1192) 
2878

 Verbatim from Spies et al. (2010, p. 1192) 
2879

 Verbatim from Littell et al. (2010, p. 151) 
2880

 Nearly verbatim from Dale et al. (2008, p. 730) 
2881

 Nearly verbatim from Shafer et al. (2010, p. 191) 
2882

 Verbatim from Shafer et al. (2010, p. 191) 
2883

 Verbatim from Shafer et al. (2010, p. 191). Shafer et al. cite Mitchell et al. (2009) for this information. 
2884

 Verbatim from Shafer et al. (2010, p. 191) 
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Assuming fuel removal continues to produce biofuels, it may take many decades to centuries to pay back 

the carbon debts incurred.
2885

 

Use wildfires to facilitate establishment of climate-adapted species and communities 

While increased wildfires can be a threat to biodiversity, especially in landscapes where habitat has been 

altered by logging and land-use change, they also provide a benefit by creating diverse early successional 

conditions and opportunities for natural or artificial regeneration of new genotypes and species that may 

be better adapted to the climate than those in existing stands.
2886

 The challenge to planners and managers 

is deciding when and where to allow fires to burn and what to do afterwards.
2887

 Planting with new 

species mixes or new genotype combinations, or assisting development of new animal habitats after 

disturbance, are examples of actions that can be taken after a disturbance.
2888

 The challenge is especially 

great where federal lands border state and private lands where wildfires can threaten commercial timber 

crops and homes.
2889

 

Align significantly disrupted systems to likely future conditions 

Realigning significantly disrupted ecological conditions to current and future climates may be a preferred 

choice when resilience thresholds are exceeded and restoration to historic pre-disturbance conditions is 

considered too environmentally challenging, too expensive or not politically feasible.
2890

 This type of 

adaptation was implemented for Mono Lake, California; after court-ordered mediation among 

stakeholders, restoration goals were revised to take into account current climate and future climate 

uncertainties to determine the most appropriate lake level for present and anticipated future conditions.
2891

 

Additional options 

The following adaptation option for restoring, creating, or maintaining climate-resilient habitat was found 

in the literature, but was not discussed in detail, or is described elsewhere in this report: 

 Use diverse genetic stocks when replanting: It has been suggested that replanting efforts and 

restoration efforts in general make use of diverse genetic stocks instead of relying on local 

genotypes.
2892

 For additional information on preserving and restoring genetic diversity, please 

see section “Preserve and restore genetic diversity.” 

                                                      
2885

 Verbatim from Shafer et al. (2010, p. 191). Shafer et al. cite Mitchell et al. (2009) for this information. 
2886

 Verbatim from Spies et al. (2010, p. 1192) 
2887

 Verbatim from Spies et al. (2010, p. 1192) 
2888

 Verbatim from Peterson et al. (2011, p. 62) 
2889

 Verbatim from Spies et al. (2010, p. 1192) 
2890

 Verbatim from Blate et al. (2009, p. 61) 
2891

 Verbatim from Blate et al. (2009, p. 61). Blate et al. cite Millar, Stephenson, & Stephens (2007) for this 

information. 
2892

 Nearly verbatim from Stein et al. (2012, p. 6-22). Stein et al. cite Glick & others (2009) for this information. 
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Maintain, restore, or create prairie, oak woodland, savanna, and 

grassland habitats 

In the context of climate change, developing new conservation strategies should focus on taking 

advantage of opportunities (e.g., warmer, longer and drier summers) and facilitate the minimization of 

long-term land management and management expenses.
2893

 Conservation of prairies and savannas should 

also take into account other threats besides climate change.
2894

 Several of these threats (e.g., land 

conversion, landscape fragmentation) are likely to be of more immediate consequence to grassland 

species than is climate change.
2895

 Therefore, effective conservation strategies need to assess how climate 

change may exacerbate the impacts of these other threats, for example, impacts due to likely human 

immigration from warmer and drier areas.
2896

 

Utilize the full geographic and climatic range of prairies and oak savannas 

In Washington and Oregon, taking advantage of the 497 

mile (800 km) north-south range of prairies and oak 

savannas in the Willamtette Valley-Puget Sound 

ecoregion is crucial for conservation actions to mitigate 

local constraints.
2897

 Despite its controversial aspect, 

assisted colonization and similar translocations within 

the ecoregion may become critical to ensure the 

conservation of at-risk individual species or plant 

assemblages that support target faunal communities.
2898

 

For example, conservation efforts to translocate western 

bluebirds from the Puget Sound, where they are 

threatened by habitat loss and nesting competition, 

northward to the San Juan Islands have been very 

successful.
2899

 Consideration is now underway to extend 

this translocation into British Columbia.
2900

 

Establishing and enhancing connectivity between sites will also become increasingly important.
2901

 This 

will place a high priority on identifying and protecting parcels that occupy critical locations to provide 

essential linkages.
2902

 These parcels may not contain prairie/oak ecosystems at present, and may not even 

                                                      
2893

 Verbatim from Bachelet et al. (2011, p. 420) 
2894

 Verbatim from Bachelet et al. (2011, p. 420) 
2895

 Verbatim from Bachelet et al. (2011, p. 420) 
2896

 Verbatim from Bachelet et al. (2011, p. 420) 
2897

 Nearly verbatim from Bachelet et al. (2011, p. 420) 
2898

 Verbatim from Bachelet et al. (2011, p. 420). Bachelet et al. cites Stone (2010) for information on the 

controversial aspect of assisted colonization. 
2899

 Verbatim from Bachelet et al. (2011, p. 420-421). Bachelet et al. cite Slater & Altman (2011) for this 

information. 
2900

 Verbatim from Bachelet et al. (2011, p. 421) 
2901

 Verbatim from Dunwiddie & Bakker (2011, p. 87). The future of restoration and management of prairie-oak 

ecosystems in the Pacific Northwest. 
2902

 Verbatim from Dunwiddie & Bakker (2011, p. 87) 

Adaptation in Action 

In western Oregon’s Willamette Valley, a 
landscape-level approach is being used to 
understand the effects of climate and land 
use change on wildfire in historic oak-pine 
savanna. The goal of the project is to 
identify options for reducing the risk of 
wildfire and the loss of already imperiled 
oak-pine savanna ecosystems. 

Source: Conservation Biology Institute (n.d.) 
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have supported them in the past.
2903

 Invasive species may be rampant, and the soil structure, nutrients, and 

microfauna may be very different from that in a prairie/oak ecosystem.
2904

 Restoration of these types of 

sites has scarcely been attempted in this region, and presents enormous challenges in terms of both cost 

and feasibility.
2905

 

Use habitat heterogeneity to sustain populations and functions in place 

This may mean facilitating species shifts into new microhabitattypes or even new community types.
2906

 

For example, some plant species currently found in upland prairies may need to shift their distribution to 

wetland prairies or vernal pools under increased summer drought stress.
2907

 Similarly, tree shade in oak 

savannas and the presence of microtopographic heterogeneity, such as mounds and swales, affect the 

distribution of prairie species which may allow some to persist under a warmer, drier, climate, and also 

extend the flowering period of plants, potentially helping to maintain key plant-pollinator interactions.
2908

 

Managers working to conserve grassland species may also find it necessary to shift their attention from 

the hot, dry south-facing slopes that currently support much of the remnant prairie and savanna habitat to 

include the adjacent, cooler northern aspects that are currently dominated by Douglas-fir, especially if 

Douglas-fir should begin to decline on these sites.
2909

 

Manage current sites adaptively and strategically expand prairie conservation areas 

Adding certain species or functional groups, as well as increasing population sizes, may facilitate changes 

in community composition and phenology that still support conservation goals.
2910

 For instance, in several 

South Puget Sound prairies, conservation practitioners have begun to increase the amount of annual forbs 

and non-native plant species that can fill the need for early season food, especially in cool wet springs, for 

larvae of the Taylor’s checkerspot butterfly.
2911

 These efforts can be combined with the reintroduction of 

local species to either historical sites or to new, more favorable sites that can help boost local 

populations.
2912

 

Management of existing sites will need to counter the twin threats of invasive species and encroaching 

woody vegetation.
2913

 Although future climate change may influence the relative importance of these 

threats, both will remain management issues.
2914

 Early detection of these new invasive species, combined 

                                                      
2903

 Verbatim from Dunwiddie & Bakker (2011, p. 87) 
2904

 Verbatim from Dunwiddie & Bakker (2011, p. 87) 
2905

 Verbatim from Dunwiddie & Bakker (2011, p. 87) 
2906

 Verbatim from Bachelet et al. (2011, p. 421) 
2907

 Verbatim from Bachelet et al. (2011, p. 421) 
2908

 Verbatim from Bachelet et al. (2011, p. 421). Bachelet et al. cite del Moral & Deardoff (1976) for information 

on the factors affecting the distribution of prairie species. 
2909

 Verbatim from Bachelet et al. (2011, p. 421) 
2910

 Verbatim from Bachelet et al. (2011, p. 421) 
2911

 Verbatim from Bachelet et al. (2011, p. 421). Bachelet et al. cite Fimbel et al. (2010) for this information. 
2912

 Verbatim from Bachelet et al. (2011, p. 421) 
2913

 Verbatim from Dunwiddie & Bakker (2011, p. 87) 
2914

 Verbatim from Dunwiddie & Bakker (2011, p. 87) 



 

 
345 

with rapid and effective control actions before they become extensive and difficult to eradicate, is already 

a widely embraced strategy and will become increasingly urgent in years to come.
2915

  

Intensive management techniques used to restore prairies and oak savannas on severely degraded sites 

that have been cultivated are invaluable to both increase the number of prairie habitat sites and alleviate 

landscape fragmentation.
2916

 Additionally, and maybe more controversially, managers may want to 

consider using prescribed fire to pre-adapt areas to projected increases in fire frequency.
2917

 Prescribed fire 

is only now beginning to be widely utilized in prairies and oak savannas.
2918

 Fire managers may wish to 

consider higher fire frequencies on small portions of protected sites to help promote projected changes in 

communities, while still protecting fire-sensitive target species such as butterflies.
2919

 Similarly, managers 

might consider altering the timing of fires to reflect the increased likelihood of summertime fires in the 

future.
2920

 

Establish new prairies and oak savannas on lands that become suitable due to climate change 

Prairies and oak savannas are likely to tolerate the impacts of climate change better than lowland 

Douglas-fir forest or floodplain agriculture.
2921

 This could create an opportunity to expand prairie and oak 

savanna habitat where more susceptible communities have been displaced.
2922

 In fact, a climate-driven 

expansion of prairie habitat may reverse trends that have decreased the extent of prairie and oak savannas 

from the recent past.
2923

 For example, scenarios where both drier upland fields and wetter alluvial soils 

become unsuitable for productive agriculture are plausible.
2924

 Establishing natural prairie and oak 

savanna habitats in these less productive areas may be an ecologically sensible alternative.
2925

 

Enhance opportunities for conservation and restoration by using ecosystem services from prairies 

and oak savannas 

Because terrestrial carbon sequestration will be an important component of both current and future carbon 

markets, the restoration of prairies and savannas offers the opportunity to take advantage of financial 

incentives to fund conservation efforts.
2926

 Some prairies and oak savannas contribute to buffering 

hydrological flows.
2927

 For instance, wetland prairies in the WPG ecoregion can play a role in moderating 

potential high-water spates that are projected for the region.
2928

 In some areas such as Eugene, Oregon, 

                                                      
2915

 Verbatim from Dunwiddie & Bakker (2011, p. 87). Dunwiddie & Bakker cite Dennehy et al. (2011) for 

information on early dection and rapid and effective control actions as a widely embraced strategy. 
2916

 Verbatim from Bachelet et al. (2011, p. 422). Bachelet et al. cite Bakker et al. (2010) for this information. 
2917

 Verbatim from Bachelet et al. (2011, p. 422) 
2918

 Verbatim from Bachelet et al. (2011, p. 422). Bachelet et al. cite Hamman et al. (2011) for this information. 
2919

 Verbatim from Bachelet et al. (2011, p. 422) 
2920

 Verbatim from Bachelet et al. (2011, p. 422) 
2921

 Verbatim from Bachelet et al. (2011, p. 422) 
2922

 Verbatim from Bachelet et al. (2011, p. 422) 
2923

 Verbatim from Bachelet et al. (2011, p. 422) 
2924

 Verbatim from Bachelet et al. (2011, p. 422). Bachelet et al. cite Vynne et al. (2011) for this information. 
2925

 Verbatim from Bachelet et al. (2011, p. 422) 
2926

 Verbatim from Bachelet et al. (2011, p. 422) 
2927

 Verbatim from Bachelet et al. (2011, p. 422) 
2928

 Verbatim from Bachelet et al. (2011, p. 422) 
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they are already being harnessed to the service of infiltrating peak stormwater flows from urban 

impervious surfaces.
2929

 

Monitor climate and threshold responses of biological communities 

Since local climate and impacts will differ, monitoring may need to be customized to particular 

subregions and their projected changes.
2930

 For instance, extreme events such as drought may affect 

important plant species, such as Garry Oak or the native bunchgrass, Roemer’s fescue, at the southern 

extent of prairies and oak savannas, whereas drought in the northern range may not have sufficient 

intensity to produce similar effects on core species.
2931

 Monitoring programs should include information 

from adjacent agricultural land and timberlands, especially those that may become susceptible to 

abandonment or dieback as water availability decreases during the growing season.
2932

 If productivity 

becomes too low to be commercially viable on parts of the landscape that are currently zoned for 

agriculture or forestry, programs could be promoted to support conversion to prairie or oak savanna on 

such lands.
2933

 

Maintain, restore, or create terrestrial connectivity 

Static protected areas will not be sufficient to conserve biodiversity in a changing climate, requiring an 

emphasis on landscape-scale conservation, connectivity among protected habitats, and sustaining 

ecological functioning of working lands and waters.
2934

 Dispersal corridors are vital for species to track 

changes in climatic conditions.
2935

 

Intact natural landscapes constitute the best options for wildlife survival during climate change because 

they provide functional matrices or corridors for migration and moderated microclimates for short-term 

persistence and longer-term adaptation.
2936

 More specifically, intact ecosystems can soften the impact of 

climate change to wildlife by slowing the rate of landscape change, moderating microclimates, and 

providing alternative habitats.
2937

 Strategies to reduce adaptive constraints include enhancing connectivity 

through fragmented landscapes by encouraging compatible land uses and maintaining or enhancing 

wildlife corridors.
2938

 Non-degraded, supportive habitat provides the best chance for the movement and 

transport of materials, nutrients, energy, and organisms, so planning should strive for: 

 Very large core intact area complexes; 

 Large intact mountain ranges, to maintain their key laddering role across ecosystems and life 

zones; 

                                                      
2929

 Verbatim from Bachelet et al. (2011, p. 422-423) 
2930

 Verbatim from Bachelet et al. (2011, p. 423) 
2931

 Verbatim from Bachelet et al. (2011, p. 423) 
2932

 Verbatim from Bachelet et al. (2011, p. 423) 
2933

 Verbatim from Bachelet et al. (2011, p. 423) 
2934

 Verbatim from Stein et al. (2012, p. 6-1) 
2935

 Verbatim from Heino, Virkkala and Toivonen. (2009, p. 49) 
2936

 Verbatim from Pojar (2010, p. 42). Pojar cites Groves (2003), Dobson et al. (1999), and Hilty et al. (2006) for 

this information. 
2937

 Nearly verbatim from Pojar (2010, p. 42). Pojar cites Noss (2001) for this information. 
2938

 Verbatim from Klausmeter et al. (2011, p. 12) 
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 Spacious migration corridors/landscape linkages – south-north, west-east (transmontane), 

upslope; and, 

 Supportive buffer areas.
2939

 

Protected area management to ensure adaptation to climate change may include restoration, focusing on 

resilient habitats, managing specifically for anticipated threats such as fire and pests, and addressing other 

threats (which can be exacerbated by climate change).
2940

 Restoration will be important both within 

protected areas and around them in targeted locations within the wider landscape.
2941

 Future protected 

area management strategies and plans should also include options for carbon storage as well as reducing 

emissions from deforestation and degradation.
2942

 

Expand or create new protected areas 

Many strategies for improving habitat connectivity have focused on expanding protected areas to provide 

more space for species to shift, cover broader climatic conditions, or to span multiple biomes.
2943

 One 

such strategy that could be considered is for existing programs (for example, the National Wildlife Refuge 

system) to increase the number of functionally connected units, which may increase resilience to climate 

change for migratory species.
2944

 Larger reserves may help to protect more species for longer periods of 

time in a changing climate.
2945

 Similarly, reserves that span strong environmental gradients may facilitate 

range shifts within reserves by providing species access to areas where future suitable habitats may occur 

(for example, at higher elevations).
2946

 To best protect species in a changing climate, new reserves can be 

placed at the core of species environmental distributions, at elevational or poleward range limit of key 

species, or at transitions between major ecological systems or biomes.
2947

  

More sophisticated approaches for locating new protected areas to address climate change have been 

suggested:
2948

  

 Base protected areas on future species distributions: Recently, efforts have been made to locate 

new or expand existing protected areas based on projected shifts in species distributions under 

different climate scenarios.
2949

 The increase in specificity potentially makes this approach more 

                                                      
2939

 Nearly verbatim from Pojar (2010, p. 43). Pojar cites Franklin & Lindenmeyer (2008) for information on non-

degraded, supportive habitat providing the best chance for the movement and transport of materials, nutrients, 

energy, and organisms. 
2940

 Verbatim from Mansourian et al. (2009, p. 67). The role of forest protected areas in adaptation to climate 

change. 
2941

 Verbatim from Mansourian et al. (2009, p. 67) 
2942

 Verbatim from Mansourian et al. (2009, p. 68) 
2943

 Verbatim from Staudt et al. (2012, p. 5-20) 
2944

 Verbatim from Staudt et al. (2012, p. 5-20). Staudt et al. cite Griffith & others (2009) for this information. 
2945

 Verbatim from Stein et al. (2012, p. 6-20). Stein et al. cite Peters & Darling (1985) for this information. 
2946

 Verbatim from Stein et al. (2012, p. 6-20). 
2947

 Verbatim from Stein et al. (2012, p. 6-20). Stein et al. cite Araújo & others (2004) for information on placing 

reserves at the core of species environmental distributions, Peters & Darling (1985) for information on placing 

reserves at elevational or poleward range limits of key species, and Halpin (1997) for information on placing 

reserves at transitions between major ecological systems or biomes. 
2948

 Nearly verbatim from Stein et al. (2012, p. 6-20). Stein et al. cite Game & others (2011) for this information. 
2949

 Verbatim from Staudt et al. (2012, p. 5-20). Staudt et al. cite Game & others (2011), Hannah & others (2007), 

Vos & others (2008), Ackerly & others (2010), Williams & others (2005), and Rose & Burton (2009) as examples of 

locating new or expanded protected areas based on projected shifts in species distributions. 
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effective for the targeted species; however, it incorporates higher levels of uncertainty inherent in 

forecasting future climatic changes and the biotic responses to those changes.
2950

  

 Locate protected areas where underlying environmental gradients are protected: Others have 

suggested placing reserves in areas that protect the underlying environmental gradients that 

largely determine patterns of biodiversity at broader scales.
2951

 Although such approaches are 

theoretically justified, few studies have investigated their applicability.
2952

 

 Select protected areas that will serve as climatic refugia: Climate refugia have been described 

both as areas that are projected to experience relatively small changes in climate and as areas 

projected to have suitable microclimates for given species.
2953

 Ashcroft (2010) also distinguishes 

between climate refugia at macro versus micro spatial scales, and whether climate refugia are 

located within a species’ current distribution (in situ) or outside the current distribution (ex 

situ).
2954

 Protecting areas that are projected to change relatively little serves the purpose of 

protecting strongholds of current species, communities, and ecosystems.
2955

 Protecting areas that 

are generally projected to have cooler (or moister or drier) climates than those in the surrounding 

landscape serves the purpose of giving species in a region a place to go.
2956

 Locally cooler 

microclimates may occur at slightly higher elevations or be in areas with more vegetative cover 

or potential for vegetative cover.
2957

 

Dispersal corridors 

Longer-term adaptation options are needed that over time will help ecosystems and species to respond to 

climate change and that will help avoid dramatic and abrupt transitions from one ecosystem condition to 

another (e.g. forest to shrubland).
2958

 Ensuring that landscapes are connected to permit species migration 

and dispersal is considered fundamental in this regard.
2959

 Recent studies have highlighted alternative 

approaches to connecting landscapes to address climate change.
2960

 One such approach, uses climate 

projections to orient corridors and expand existing reserves in the direction of anticipated climatic 

changes.
2961

 Others have suggested using projected shifts in species distributions to map potential routes 

that species might take to track shifting climates.
2962

 Alternatively, Beier and Brost (2010) recommend 

using abiotic conditions or land facets (unique combinations of soil types, geologies, and topographies) to 

                                                      
2950

 Verbatim from Stein et al. (2012, p. 6-20). Stein et al. cite Beier & Brost (2010) for this information. 
2951

 Verbatim from Stein et al. (2012, p. 6-20). Stein et al. cite Anderson & Ferree (2010) and Beier & Brost (2010) 

for this information. 
2952

 Verbatim from Stein et al. (2012, p. 6-20). Stein et al. cite Schloss & others (2011) for this information. 
2953

 Verbatim from Stein et al. (2012, p. 6-20 to 6-21). Stein et al. cite Saxon & others (2005), Hansen & others 

(2010), Dobrowski (2011), and Shoo & others (2011) for this information. 
2954

 Verbatim from Stein et al. (2012, p. 6-21) 
2955

 Verbatim from Stein et al. (2012, p. 6-21) 
2956

 Verbatim from Stein et al. (2012, p. 6-21) 
2957

 Verbatim from Stein et al. (2012, p. 6-21) 
2958

 Nearly verbatim from Blate et al. (2009, p. 61) 
2959

 Verbatim from Blate et al. (2009, p. 61). Blate et al. cite Halpin (1997), Holling (2001), and Noss (2001) for this 

information. 
2960

 Nearly verbatim from Stein et al. (2012, p. 6-21) 
2961

 Verbatim from Stein et al. (2012, p. 6-21). Stein et al. cites Ackerly & others (2010) for this information. 
2962

 Verbatim from Stein et al. (2012, p. 6-21). Stein et al. cites Williams & others (2005) and Rose & Burton (2009) 

for this information. 
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define movement corridors.
2963

 Yet another approach involves connecting warmer areas to cooler areas 

(or drier areas to wetter areas) along routes that avoid lands that are more heavily impacted by humans 

and paths that do not follow more gentle climate gradients.
2964

 

Identifying migration corridors also has important practical applications for land use planning.
2965

 For 

example, areas that may not be of particular ecological importance at present and that may be considered 

for development could play a key role in the preservation of ecologically rich conditions in California as 

the climate changes.
2966

 In British Columbia, connectivity across the province’s borders will also be 

key.
2967

 Transboundary connectivity and corridors for migration and ecological transport includes: 

 Latitudinal movements – north from the U.S. (Washington, Oregon, Idaho, and Montana) to B.C., 

and from B.C. to Yukon, Northwest Territories, and Alaska; 

 Longitudinal movements – east from southeast Alaska to B.C., and from B.C. to Alberta and the 

northern Great Plains; 

 Transboundary rivers such as the Stikine, Taku, Alsek-Tatshenshini, Yukon, Liard, Peace, 

Columbia, Flathead, Okanagan; and, 

 Physiographic lineaments or between-mountain corridors such as the Rocky-Columbia-

Mackenzie Mountains, Cascade-Coast Mountains, Rocky Mountain-Tintina Trenches, Pacific 

coastal trough (Puget Sound-Georgia Basin-Hecate Depression-Alexander Depression).
2968

 

 Altitudinal movements upslope within mountain ranges should also be considered.
2969

 

Increase functional connectivity 

Measuring functional connectivity using the movements of individual organisms can be logistically 

complicated.
2970

 Even the largest studies using the most appropriate technologies can track only relatively 

few individuals over modest time periods, and controlled experiments addressing movements and 

dispersal at relevant scales are extremely difficult to implement.
2971

 One way to address this difficulty is 

to measure gene flow, which may more accurately and efficiently reflect functional connectivity across 

large landscapes.
2972

 Genetic studies avoid the logistic and financial costs of tracking individual animals 

and integrate only those movements that produce meaningful population impacts – dispersals that result 

in breeding or emigration.
2973

 A shortcoming of this approach is that current genetic patterns may not 

reflect the impact of current landscape features, especially for species with large population sizes or long 

generation times, or species affected by unobserved events, such as genetic bottlenecks caused by past 

                                                      
2963

 Verbatim from Stein et al. (2012, p. 6-21) 
2964

 Verbatim from Stein et al. (2012, p. 6-21). Stein et al. cites Nuñez & others (written communication, 2012) for 

this information. 
2965

 Nearly verbatim from Moser et al. (2012, p. 12) 
2966

 Nearly verbatim from Moser et al. (2012, p. 12) 
2967

 Nearly verbatim from Pojar (2010, p. 71) 
2968

 Nearly verbatim from Pojar (2010, p. 71-72) 
2969

 Verbatim from Pojar (2010, p. 72) 
2970

 Verbatim from Rudnick et al. (2012, p. 6). The role of landscape connectivity in planning and implementing 

conservation and restoration priorities. 
2971

 Verbatim from Rudnick et al. (2012, p. 6) 
2972

 Verbatim from Rudnick et al. (2012, p. 6) 
2973

 Verbatim from Rudnick et al. (2012, p. 6) 
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epidemics or human persecution.
2974

 In addition, genetic 

connectivity may be masked in some instances by local 

adaptation, which can drive genetic distinctiveness even in 

a well-connected landscape, by selecting for particular 

characteristics of the local environment.
2975

 

Networks of protected areas 

 Extensive networks of protected areas provide the 

most efficient way of conserving biodiversity in 

the face of climate change.
2976

 Reserve networks 

will only be effective at protecting biodiversity in 

a changing climate if species are able to move 

among the reserves.
2977

 For additional 

information on enabling species movement among 

reserves, please see sub-section “Dispersal 

corridors.” 

 A well-planned protected area network is 

necessary if species that are present in few 

fragmented patches of habitat, in small numbers 

or at the limits of their range are to adapt to 

climate-related changes.
2978

 Size, shape and 

altitudinal gradients all contribute to a protected 

area’s resilience to climate change and to species’ freedom of movement.
2979

 Optimally designed 

protected area networks should reduce barriers and obstacles between protected areas.
2980

 They 

should incorporate buffers, connections, corridors and stepping stones for the movement of 

animal species across the landscape and abundant good habitat across a vast range of altitudes, so 

that in times of stress species can move to more favorable environments within the relative safety 

of a protected area.
2981

 

 An integrated approach for both freshwater and terrestrial ecosystems is likely to be the most 

fruitful avenue for conserving wholesale biodiversity in reserve networks.
2982

 Given that currently 

protected areas are typically delineated based on the representation of terrestrial ecosystems and a 

low number of taxonomic groups (e.g. vascular plants and terrestrial vertebrates), it is unclear if 

freshwater biodiversity is adequately protected in current protected areas network, and if future 

                                                      
2974

 Verbatim from Rudnick et al. (2012, p. 6) 
2975

 Verbatim from Rudnick et al. (2012, p. 6) 
2976

 Verbatim from Heino, Virkkala and Toivonen. Climate change and freshwater biodiversity: detected patterns, 

future trends and adaptations in northern regions. (2009, p. 49) 
2977

 Verbatim from Stein et al. (2012, p. 6-21) 
2978

 Verbatim from Mansourian et al. (2009, p. 66) 
2979

 Verbatim from Mansourian et al. (2009, p. 66) 
2980

 Verbatim from Mansourian et al. (2009, p. 66) 
2981

 Verbatim from Mansourian et al. (2009, p. 66-67) 
2982

 Nearly verbatim from Heino, Virkkala and Toivonen. (2009, p. 49). The authors cite Abell (2002) for this 

information. 

Adaptation in Action 

To supplement and inform a state-wide 
connecitivity assessment, the Washington 
Wildlife Habitat Connectivity Working 
Group’s Climate Change Subgroup used 
information on current climatic gradients, 
land-use patterns, and topography to 
identify climate-smart connectivity areas 
across the state. These areas represent a 
likely network of patches and corridors 
across which species may move in response 
to a changing climate.  

The subgroup has also developed finer scale 
analyses for the Columbia Plateau Ecoregion 
and transboundary areas of Washington and 
British Columbia, and is working to identify 
core habitat areas and linkages that may 
persist in a changing climate. 

Sources: Krosby et al. (20#), Nuñez et al. (2013), 
WWHCWG (2013) 
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shifts in freshwater species’ ranges could be accommodated by these areas.
2983

 For additional 

informationon conserving freshwater diversity in reserve networks, please see the cited 

companion report.
2984

 

Management of the matrix between protected areas 

Although much of the research and discussion of connectivity focuses on corridors for connecting 

landscapes, there are other, likely more cost effective approaches that are potentially more applicable to a 

wider range of species.
2985

 Furthermore, data show that the type of land cover between protected areas 

strongly affects the sensitivity of species to the impacts of living in small isolated patches of 

protection.
2986

  

For example, increasing the permeability of the landscape (that is, the degree to which a landscape is 

conducive to wildlife movement) by managing lands to facilitate species’ movements will likely also be 

an effective method of increasing connectivity.
2987

 Connectivity of native forest habitats can facilitate 

movement of desirable organisms and impede movement of undesirable organisms (e.g. exotic plants).
2988

 

However, increased connectivity of dense forests in fire prone landscapes can also facilitate the spread of 

fire and insects.
2989

 Increasing connectivity to facilitate movement of species in response to climate 

change can come by promoting old-forest habitats (e.g. thinning to promote the development of large 

trees in plantations, and fire management to protect existing old forests) and structures, increasing the 

extent of riparian buffers, especially on non-federal lands where buffers are currently limited, and 

increasing connections across ridgelines to promote dispersal of headwater species.
2990

 On the other hand, 

reducing connectivity by breaking up contiguous patches of dense fuels in dry forest types or introducing 

heterogeneity into monocultures can reduce spread of fire and insects.
2991

 

To increase landscape area devoted to providing critical habitats and resilient ecosystem types, another 

option is to increase the safety margin against the loss of valued habitats (e.g. northern spotted owl and 

other old-forest associated species) to high-severity disturbances.
2992

 For example, on U.S. federal forests 

an option may be to manage the matrix lands (land currently intended for timber production, about 20% 

of total federal land) to increase area devoted to producing critical habitats and climate and fire-resilient 

forests.
2993

 Selective harvest or retention cuts, tree-planting, alternative zoning, and rotational grazing may 

provide enough permeability to facilitate range expansions for many species.
2994

  

                                                      
2983

 Verbatim from Heino, Virkkala and Toivonen. (2009, p. 49) 
2984

 Tillmann & Siemann (2011b) 
2985

 Verbatim from Stein et al. (2012, p. 6-21) 
2986

 Nearly verbatim from Pojar (2010, p. 47) 
2987

 Verbatim from Stein et al. (2012, p. 6-21). Stein et al. cite Franklin & Lindenmayer (2009) for this information. 
2988

 Verbatim from Spies et al. (2010, p. 1191) 
2989

 Verbatim from Spies et al. (2010, p. 1191) 
2990

 Verbatim from Spies et al. (2010, p. 1191). Spies et al. cite Olsen & Burnett (2009) for this information. 
2991

 Verbatim from Spies et al. (2010, p. 1191) 
2992

 Nearly verbatim from Spies et al. (2010, p. 1191) 
2993

 Nearly verbatim from Spies et al. (2010, p. 1191) 
2994

 Verbatim from Stein et al. (2012, p. 6-21 to 6-22). Stein et al. cite Kohm & Franklin (1997) and Manning & 

others (2009) for this information. 
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Land exchange and acquisition 

A land exchange program, such as a conservation easement, typically transfers some development and 

management options – such as the right to subdivide or to cut trees – from the landowner to a nonprofit or 

governmental organization that holds those rights.
2995

 The landowner reserves certain rights, such as the 

right to build additional homes or add roads and also continues to own the property and manage it within 

the bounds set by the easement.
2996

 The easement holder is responsible for monitoring and enforcing 

easement specifications.2997 A conservation easement program is 

likely to be most effective when it has strong planning and 

outreach components that identify lands that would benefit from 

easements and inform property owners about easements and their 

benefits.
2998

 

Landowners who donate their easement may be eligible for 

federal or state tax breaks.
2999

 Easements typically apply in 

perpetuity and are passed on from owner to owner.
3000

 Most are 

placed on individual properties, but they may also be placed on 

subdivisions or coordinated at a regional scale (e.g., to more 

effectively manage a strip of land or accommodate wetland 

migration).
3001

  

New land designations and/or tenures will likely be required to 

guide management of an expanded conservation network that 

falls outside of existing protected areas.
3002

 

Specific options for migratory species 

Habitat fragmentation impedes the ability of broad-front migrants to adapt their migratory routes and may 

create new ecological barriers, although this could be reduced by using fragments of natural and semi-

natural habitat in a matrix of low intensity land-use to create a permeable landscape surrounding these 

“stepping stones.”
3003

 For other species, maintenance of an ecologically coherent network of stopover 

sites will be required, and identification of such networks is urgently required to provide a strategic, 

                                                      
2995

 Nearly verbatim from Merenlender et al. Land trusts and conservation easements: Who is conserving what for 

whom? (2004, p. 67) 
2996

 Nearly verbatim from Merenlender et al. (2004, p. 67) 
2997

 Verbatim from Merenlender et al. (2004, p. 67) 
2998

 Verbatim from NOAA. (2010, p. 68) 
2999

 Verbatim from NOAA. (2010, p. 68) 
3000

 Verbatim from NOAA. (2010, p. 68) 
3001

 Verbatim from NOAA. (2010, p. 68) 
3002

 Nearly verbatim from Pojar (2010, p. 71) 
3003

 Verbatim from Robinson et al. (2008, p. 95). Robinson et al. cite Travis (2003) and Opdam & Wascher (2004) 

for information on the effects of habitat fragmentation on migrants. 

A conservation easement is a 
legal agreement between a 
landowner and a land trust or 
government agency that can be 
used to restrict development in 
sensitive and hazard-prone areas. 
A conservation easement 
program is likely to be most 
effective when it has strong 
planning and outreach 
components that identify lands 
that would benefit from 
easements and inform property 
owners about easements and their 
benefits.  

Source: NOAA (2010) 
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international overview of site protection priorities.
3004

 Measures are likely to be necessary throughout the 

species range, particularly when there is a high degree of population structuring in migratory routes.
3005

  

A major challenge in the conservation of migratory species is the shifting of migratory routes.
3006

 Thus, it 

will be important to protect areas that may be used in the future, and to recognise shifts away from 

currently used sites, as seen for shorebirds wintering in western Europe.
3007

 Future changes may also 

remove sites from the network (either because of habitat loss, or because latitudinal shifts in habitat mean 

that journeys become too long), causing the network to collapse.
3008

 A novel approach to these problems 

is exemplified by the creation of “zakazniks” (reserves which limit hunting and disturbance), which 

follow the annual migration of saiga antelope, rather than being limited to particular sites.
3009

 

Preserve and restore genetic diversity 

A common recommendation for enhancing the adaptive capacity of terrestrial ecosystems, particularly 

forested systems, is to broaden the genetic variability and the species diversity of managed sites.
3010

 The 

restoration of as much biodiversity and redundancy as possible may contribute to sufficient genetic 

diversity for thermal adaptation by many species.
3011

 Conserving genetic diversity may occur by 

maintaining adaptive potential and reducing disturbance probability and intensity in native stands (in situ 

conservation) and by collection and storage of the most vulnerable populations (ex situ conservation).
3012

 

Species-based adaption approaches could include efforts to identify and manage for populations with 

higher genetic diversity, or promote populations with more plastic behaviors and morphologies.
3013

 Ex-

situ conservation may be a necessary alternative to assisted colonization or some species whose ranges or 

populations are dramatically reduced by climate impacts.
3014

 Such actions could include seed banking and 

captive breeding to ensure the long-term survival of a species.
3015

  

Gather, maintain, and evaluate information on genetic diversity 

Options to gather, maintain, and evaluate information on genetic diversity include: 

 Review the state of the knowledge of seed collection and storage for key species, as well as 

propagation and planting requirements.
3016

 Develop plant collection and nursery propagation 

protocols for new or difficult-to-grow species that may have an increased emphasis in future 

                                                      
3004

 Verbatim from Robinson et al. (2008, p. 95) 
3005

 Verbatim from Robinson et al. (2008, p. 95). Robinson et al. cite Martin et al. (2007) for this information. 
3006

 Verbatim from Robinson et al. (2008, p. 95) 
3007

 Verbatim from Robinson et al. (2008, p. 95). Robinson et al. cite Austin & Rehfisch (2005) for this information. 
3008

 Verbatim from Robinson et al. (2008, p. 95) 
3009

 Verbatim from Robinson et al. (2008, p. 95). Robinson et al. cite Gordon et al. (2004) for this information. 
3010

 Verbatim from Lawler (2009, p. 88). Lawler cites Harris et al. (2006) and Millar et al. (2007) for this 

information. 
3011

 Verbatim from Senos et al. (2006, p. 420) 
3012

 Nearly verbatim from Shafer et al. (2010, p. 193) 
3013

 Nearly verbatim from Stein et al. (2012, p. 6-22) 
3014

 Verbatim from Stein et al. (2012, p. 6-22). Stein et al. cite Li & Pritchard (2009) for this information. 
3015

 Verbatim from Stein et al. (2012, p. 6-22) 
3016

 Verbatim from Erickson et al. (2012, p. 12). Genetic resource management and climate change: genetic options 

for adapting national forests to climate change. 
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reforestation practices due to changing climate.
3017

 Consider both commercial and non-

commercial species, and species that are now regenerated naturally but may need to be 

augmented or moved outside their current ranges in the future.
3018

 

 Acquire and maintain historical provenance data and share broadly so that the NFS (i.e., the 

National Forest System Genetic Resource Management Program) and others can collaboratively 

use it to predict responses to climate change and choose appropriate seed sources.
3019

 For 

example, the Pacific Northwest Research Station has collaborated with Oregon State University 

in a simple Web-based data management system, called the Center for Forest Provenance 

Data.
3020

 The systems may be used for archiving provenance data and make it available for others 

(see http://cenforgen.forestry.oregonstate.edu/index.php).
3021

 

 Maintain detailed spatial information on seed source locations (such as latitude, longitude, and 

elevation) in seed inventory management systems (such as the Nursery Management Information 

System), continued support of seed transfer expert systems, and development of GIS applications 

to track seedlot origin and use and to facilitate seed sharing in the future.
3022

 When seed sources 

are combined, consider bulking seed across smaller geographic scales and elevation bands to 

facilitate the creation of custom seedlots and provide flexibility in deployment decisions in the 

future.
3023

 For example, buffer possible changes in seed movement guidelines in the future by 

adding a percentage of seed from outside the current seed zone or recommended elevation band, 

with emphasis on areas that could be reasonable analogs for the future.
3024

 

 Evaluate seed production capacity, seed storage, and nursery capacity to determine whether 

they are adequate to meet long-term needs or whether additional focused investments are 

required.
3025

 

 Assess needs for additional seed orchards and cutting orchards for long-term plant material 

sources for new species or geographic areas where there is likely to be greater demand in the 

future (approximately 50–80 years from now).
3026

 Plant material suited to these future climates 

may not currently exist on National Forest System lands, and may need to be obtained from other 

land ownerships.
3027

 Seed orchards established with this material could be designed to also 

perform as assisted migration trials to evaluate plant adaptation to novel environments.
3028

 

 Install common garden studies in multiple climates to help choose seed sources for species and 

geographic areas where this information is lacking.
3029

 Many key species currently lack even the 

most basic information on adaptive genetic variation.
3030

 In these situations, consider available 

climate-based tools such as SeedZone Mapper 
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 Verbatim from Erickson et al. (2012, p. 12) 
3018

 Verbatim from Erickson et al. (2012, p. 12) 
3019

 Nearly verbatim from Erickson et al. (2012, p. 12) 
3020

 Verbatim from Erickson et al. (2012, p. 12) 
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 Verbatim from Erickson et al. (2012, p. 12) 
3022

 Verbatim from Erickson et al. (2012, p. 12) 
3023

 Verbatim from Erickson et al. (2012, p. 12) 
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 Verbatim from Erickson et al. (2012, p. 12) 
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 Verbatim from Erickson et al. (2012, p. 12) 
3026

 Nearly verbatim from Erickson et al. (2012, p. 11) 
3027

 Nearly verbatim from Erickson et al. (2012, p. 11) 
3028

 Nearly verbatim from Erickson et al. (2012, p. 11) 
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 Verbatim from Erickson et al. (2012, p. 12) 
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 Verbatim from Erickson et al. (2012, p. 12) 

http://cenforgen.forestry.oregonstate.edu/index.php


 

 
355 

(http://www.fs.fed.us/wwetac/threat_map/SeedZones_Intro.html) and the Seedlot Selection Tool 

(http://sst.forestry.oregonstate.edu/PNW/index.html) to identify the best locations to obtain and 

deploy plant materials.
3031

 Support the refinement and development of these and other decision 

tools to better predict and plan for where to obtain seed that will be optimal for future 

climates.
3032

 

 Collaborate with researchers to establish and maintain common garden and provenance studies, 

as well as assisted migration trials for key species.
3033

 

Enhance the potential for natural adaptation 

Boosting population sizes, protecting or restoring multiple examples of ecosystems and promoting 

heterogeneous, multiple-age forest stands will increase biological diversity at multiple levels of 

organization (from genes to landscapes), and hence the potential for natural adaptation.
3034

 Specific 

options to create opportunities for rapid natural selection for species, habitats, and geographic areas with 

high observed or predicted potential for adverse impacts due to climate change include:
3035

 

 Promote abundant regeneration, mixing of appropriate genotypes and seed sources, and 

possibly also shortened generation times if appropriate and feasible.
3036

 

 When prescribing species and seed sources in reforestation programs, ensure that any changes to 

established practices are based on a variety of robust and reliable data sources such as common 

garden studies and reciprocal transplant experiments, climate model projections, remote sensing, 

dendroclimatology, and other empirical research and forest health and productivity monitoring 

approaches.
3037

 This approach very much aligns with current, robust and scientifically derived 

guidelines for plant material selection.
3038

 To minimize the high degree of uncertainty and risk 

associated with longer-term climate projections, develop adaptation strategies with a relatively 

short timeframe, such as a 10–20-year planning horizon.
3039

 This will promote the planting of 

species and genotypes that will be optimally adapted to predicted climates during the highly 

vulnerable seed and sapling stage.
3040

 

 Implement mechanisms for tracking reforestation success and the growth and health of forest 

stands to allow for recursive improvements to species and seed source prescriptions over the long 

term.
3041
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 Verbatim from Erickson et al. (2012, p. 12) 
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 Verbatim from Erickson et al. (2012, p. 12) 
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 Verbatim from Erickson et al. (2012, p. 12) 
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 Verbatim from Erickson et al. (2012, p. 13) 

http://www.fs.fed.us/wwetac/threat_map/SeedZones_Intro.html
http://sst.forestry.oregonstate.edu/PNW/index.html
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Create and maintain seed banks 

For forest trees, four specific options are: 

 Partner with other land managers to create a virtual cooperative tree seed bank: This would 

increase the likelihood that appropriate seed will be available for reforestation after large-scale 

disturbances such as fire or insect outbreaks.
3042

 Landowners can maintain their own seed 

inventories, but enter in cooperative agreements to share seed in the event of a major 

disturbance.
3043

 As a first step, one suggestion from western Washington is that Forest Service 

personnel should form a partnership with silviculturists, geneticists, and seed managers from the 

Washington Department of Natural Resources and the National Park Service and others to 

develop an approach for sharing information and seed.
3044

 

 Maintain an inventory of high-quality seed for tree species that are likely to be needed over the 

next twenty years: Expand operational seed banks to include a wider array of species, seed zones, 

and elevation bands.
3045

 Place a priority on species whose seeds store well and have good post-

disturbance establishment capabilities.
3046

 To accomplish this, one example from western 

Washington is to assess the viability of seed stored at the Forest Service storage facility at JH 

Stone Nursery, retest viability as needed, discard non-viable seed, and update Seed Procurement 

Plans to include new and replacement collections.
3047

  

 Conduct comprehensive risk and seed need assessments, for example, by assessing genetic 

diversity of existing inventories and by overlaying seed zones with climate change and 

disturbance threat maps (e.g., WWETAC ThreatMapper, 

http://www.fs.fed.us/wwwetac/threat_map, see map sidebar).
3048

 Also, evaluate seed inventories 

and replenish low seed stores for species, habitats, and geographic areas most likely to experience 

climate change effects, especially large-scale disturbance.
3049

 

 Protect and maintain existing seed orchards, breeding orchards, and clone banks to serve as 

the most efficient and cost effective source of high-quality seed for reforestation.
3050

 Characterize 

the mean and range of climates for the germplasm (i.e., genetic variability of a population) and 

deployment zones of existing orchards to better understand where that material may be 

appropriately used in the future.
3051

 In western Washington, specific suggestions are to maintain 

the Dennie Ahl seed orchard in Olympic National Forest (which serves as a gene conservation 

area and is the forest’s most efficient source of high quality tree seed for Douglas-fir, Pacific 

silver fir, and rust resistant western white pine), the White Salmon, Planting Creek, Coyote, 

Cispus and French Butte seed orchards in Gifford Pinchot National Forest (which serves as a 
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 Verbatim from Aubry et al. (2011, Table 29, p. 91) 
3043

 Verbatim from Aubry et al. (2011, Table 29, p. 91) 
3044

 Nearly verbatim from Aubry et al. (2011, Table 29, p. 91) 
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 Verbatim from Erickson et al. (2012, p. 10) 
3046

 Verbatim from Erickson et al. (2012, p. 10) 
3047

 Nearly verbatim from Aubry et al. (2011, Table 29, p. 91) 
3048

 Verbatim from Erickson et al. (2012, p. 10-11) 
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 Nearly verbatim from Erickson et al. (2012, p. 10) 
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 Nearly verbatim from Erickson et al. (2012, p. 11) 
3051

 Nearly verbatim from Erickson et al. (2012, p. 11) 

http://www.fs.fed.us/wwwetac/threat_map
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gene conservation area and is the forest’s most efficient source of high quality tree seed for 

Douglas-fir, noble fir, and rust resistant western white pine), and the McCullough seed orchard in 

Mt. Baker-Snoqualmie National Forest (which serves as a gene conservation area and is the 

forest’s most efficient source of high quality tree seed for Douglas-fir, noble fir, and rust resistant 

western white pine).
3052

 

For dry grasslands (includes native prairies, balds, and Oregon white oak savannas and woodlands), target 

both rare and “workhorse” species for gene conservation and restoration purposes.
3053

 Collect seeds and, 

if needed, increase seed of native grassland plants, including grasses.
3054

 For additional information on 

adaptation options for native prairies, balds, and Oregon white oak savanna and woodlands, please see 

the section “Maintain, restore, or create prairie, oak woodland, savanna, and grassland habitats.” 

Preserve representative samples of species and populations 

Conservation of genetic resources can be accomplished through a variety of in situ and ex situ 

approaches.
3055

 In situ methods protect plants in their native habitats where they are subject to natural 

evolutionary processes.
3056

 Ex situ methods involve storing genetic material in off-site locations such as 

seed banks, genetic resource plantations (such as provenance and progeny tests), and seed and breeding 

orchards.
3057

 A robust gene conservation strategy combines elements of both approaches and is based on 

knowledge of the genetic structure of a species and the perceived threat to a species—whether from 

natural disturbance processes, introduced insect and pathogens, or sensitivity to changing climate.
3058

 

These strategies are underpinned by effective management policies.
3059

 

Options to preserve representative samples include: 

 Develop and evaluate tools for assessing the vulnerability of species and populations to changes 

in climate.
3060

 Give focus to both rare and common species.
3061

  

 Conduct monitoring to identify species and populations for which gene conservation is most 

urgent because of climate change, and prioritize them by importance and urgency.
3062

 Include 

both rare and common species in monitoring efforts.
3063

  

 Develop and implement gene conservation plans for protecting a representative sample of genes 

from vulnerable species and populations, including long-term storage at Forest Service nurseries 

and extractories, regional genetic resources centers, the Forest Service National Seed Laboratory, 

and the Agricultural Research Service National Center for Genetic Resources Preservation.
3064
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 Nearly verbatim from Erickson et al. (2012, p. 14) 
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 Protect and maintain existing seed orchards, breeding orchards, clone banks, and provenance 

and progeny test sites to serve as ex situ gene conservation areas.
3065

 Protect and maintain the 

network of designated plus trees as in situ conservation.
3066

 For additional information on 

nurseries, please see the previous sub-section. 

 Develop techniques for ex situ preservation of novel species (for example, how to preserve 

large-seeded, recalcitrant species that do not store well, such as oak acorns, or American chestnut 

or butternut nuts).
3067

 

 Evaluate the need for additional infrastructure for ex situ gene conservation; for example, 

additional freezers to house working collections.
3068

 

Additional options 

The following adaptation options for preserving and restoring genetic diversity were found in the 

literature, but were not discussed in detail, or they are described elsewhere in this report. The selection 

and adaptation of plant populations in new environments may be facilitated by managing the genetic 

diversity inherent among and within plant populations by:
3069

 

 Assisted migration: Plant species and populations in new locations in which they may be 

expected to be adapted in the future.
3070

 Please see the section “Maintain, restore, or create 

habitat for vulnerable species” for additional information on assisted migration. 

 Establish genetic outposts: These are genetically divergent planted sands that may facilitate gene 

flow for adaptive variation into adjacent native stands.
3071

 Please see the section “Address 

invasive and non-native species, insects, and pathogens” for information on genetic outposts. 

 Breeding programs: Breeding programs for forest trees can promote genetic diversity, disease 

resistance, and tolerance to environmental stresses.
3072

 Use breeding programs to enhance 

adaptive traits such as drought hardiness, cold hardiness (for reasons of increased climatic 

variability and starting to move populations upslope), and pest resistance or tolerance.
3073

 

 Where appropriate, actively manage stands using a variety of silvicultural and restoration tools 

(planting, seeding, prescribed fire, thinning, etc.) to promote establishment, growth, and survival 

of desirable species and genotypes.
3074

 Consider the need for artificial regeneration, especially for 

species that are highly vulnerable to climate change effects and in areas of rapidly changing 

climate where natural regeneration has been the traditional method of reforestation.
3075

 For 

additional information on modifying forestry practices, please see the section “Reduce fuel 

loads.” 
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 Ensure that seed planted on national forests includes offspring from an adequate number of 

parents.
3076

 Use multiple species and a diverse mix of appropriate seed sources; consider the need 

to add germplasm (i.e., genetic variability in a population) from warmer/drier geographic areas 

that may be more suited to trending future climates (10–20 year timeframe).
3077

 Emphasize under-

represented species species in both planting and thinning prescriptions.
3078

 Increase genetic 

diversity within stands and across landscapes by planting mixtures of populations, and allowing 

for natural and human selection within diverse stands by planting at higher densities with the 

possibility of thinning.
3079

 More specifically, consider the need for increased planting densities to 

allow for enhanced natural selection opportunities and/or human mediated selection via thinning 

to remove maladapted phenotypes.
3080

 Conversely, if drought conditions or highly altered 

moisture regimes are projected, lower planting densities may be prescribed to reduce stress and 

inter-plant competition.
3081

  

Maintain, restore, or create habitat for vulnerable species 

Monitor to determine when and what changes are occurring 

Since many organisms respond to climatic variability and trends, some of these responses may be useful 

as indicators of climate change.
3082

  

Beyond categorization of existing biological indicators as sensitive/insensitive to climate change effects, 

there are biological metrics that could be considered for incorporation into bioassessment programs that 

are not currently measured on a routine basis in most existing programs.
3083

 Such “novel” indicators are 

considered specifically because of their sensitivity to climate change effects – most have been predicted 

or observed in the literature as biological responses to directional climate change, especially increases in 

water temperature.
3084

 U.S. EPA (2008b) summarizes examples of such “novel” biological indicators.
3085

 

Considerations for ongoing evaluation of potential novel indicators and their role in adaptation of 

bioassessment programs include: 

 Many of the metrics are more difficult or time- and resource-consuming to measure, especially on 

a routine basis.
3086

 

 Some metrics require sampling techniques and timing or frequency of sampling that are quite 

different from the commonly applied bioassessment approaches.
3087
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 U. S. EPA. (2008b, p. 3-5) 
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 The potential sensitivity to other 

(conventional) stressors, in addition to their 

responsiveness to climate change, will affect 

how they might be incorporated into a 

monitoring design and analysis approach.
3088

 

 If faced with enough external change, species 

and systems will exceed their adaptive 

capacity (even with the benefit of targeted 

adaptation actions), cross ecological 

thresholds, and undergo regime shifts.
3089

 

Although development of indicators to 

predict regime shifts is an active area of 

research, ecological thresholds are 

notoriously difficult to forecast, and tend to 

be recognized only once they have been 

exceeded.
3090

 

Alter microclimate 

Species-based approaches may include altering 

microclimates of artificial nest-boxes for rare birds by 

painting boxes white or locating them on north-

exposed slopes and supplemental watering of key 

plant species in drought years.
3091

 

Focus conservation resources on species that 

might become extinct 

This strategy would invest resources in the 

maintenance and continued survival of those species 

that are most likely to become extinct as a result of 

global climate change.
3092

 From a management 

perspective, climate change may provide 

opportunities for innovative approaches, such as the 

scheme described by Kilpatrick (2006) to accelerate 

the evolution of resistance to avian malaria in native 

Hawaiian birds.
3093

 Traditional endangered species 
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 Nearly verbatim U. S. EPA. (2008b, p. 3-8) 
3089

 Verbatim from Stein et al. (2012, p. 6-29). Stein et al. cite CCSP (2009) for this information. 
3090

 Verbatim from Stein et al. (2012, p. 6-29). Stein et al. cite Brock & Carpenter (2006) and Scheffer & others 

(2009) for information on developing indicators to predict regime shifts. Stein et al. cite Groffman & others (2006) 
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 Verbatim from Stein et al. (2012, p. 6-22). Stein et al. cite Catry & others (2011) for information on altering 

artificial nest boxes and Pavlik & others (2002) for information on supplemental watering of key plant species. 
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 Nearly verbatim from Heinz Center (2008, p. 26) 
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 Verbatim from Heinz Center (2008, p. 26) 

Adaptation in Action 

Derived from the North Cascadia 
Adaptation Partnership process, adaptation 
options for alpine and subalpine habitats 
in Mount Rainier National Park and the 
North Cascades Park Complex include: 

 Expand current monitoring over time 
and to new or revised areas of focus 
such as the phenology of focal species, 
interannual patterns in species 
abundance, demographics and 
productivity of high-elevation 
populations, tracking of species at their 
range extremes, and an assessment of 
the genetic and physiological adaptive 
capacity of high-elevation species. 

 Coordinate to ensure resources for 
whitebark pine are used strategically, 
for example on long-term permanent 
plots to monitor trends in infection and 
mortality from white pine blister rust 
and mountain pine beetle or on 
continuation of current management 
practices (e.g., planting blister rust 
resistant seedling, using anti-aggregation 
pheromones). 

 Establish baseline information on 
the extent and distribution of high-
elevation wetlands. 

 Consider active management such as 
tree removal and prescribed fire if trees 
begin to encroach on huckleberry 
habitat, which is a food source for 
wildlife and culturally important for 
Native Americans. 

Source: Littell et al. (2013) 
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management can also be extraordinarily expensive.
3094

 Unless significant new sources of funding are 

developed, resources will simply not be available for comprehensive conservation actions targeting every 

species imperiled by climate change.
3095

 

Reduce pressures on species from sources other than climate change 

This strategy seeks to remove other, non-climate stressors from wildlife species, to give wildlife species 

the maximum flexibility possible to evolve responses to climate change.
3096

 The strategy recognizes the 

obvious fact that species experience multiple stressors, and that the removal of these other stressors may 

give individual species additional flexibility in adapting to climate change.
3097

 However, there are a very 

broad spectrum of other stressors affecting species and only limited resources at present to address this 

broad suite of stressors.
3098

 Given these circumstances, there is potential for a loss in focus and much 

diffuse action across a broad range of threats, rather than targeted action to address a few key threats.
3099

 

Assisted migration 

This strategy (i.e., assisted migration, also known as managed translocation and assisted colonization) 

involves the human movement of species outside their native range in order to facilitate their movement 

in response to climate change.
3100

 To the extent that there are no similar suitable habitats nearby that 

species can reach on their own, managers may need to assist them in relocating to new suitable 

environments.
3101

 These translocations would include both movements among currently occupied 

populations, as well as introductions from extant populations into unoccupied habitat within the species’ 

broad geographic ranges.
3102

  

Frameworks for developing policies and making informed decisions for managed translocation have been 

developed.
3103

 Population response curves should be used to predict the maximum extent to which seed 

can be moved from milder to colder climates for reforestation in the short term and tree growth in the 

longer term, and seed transfer guidelines should be changed accordingly.
3104

 

A range of specific options for assisted migration are available: 

 Initially one could consider moving and planting genotypes within the current range of the 

species.
3105

 This certainly could occur when new plantations are established or when replanting 
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 Verbatim from Mawdsley et al. (2009, p. 1084). Mawdsley et al. cite Canadian Wildlife Service & U.S. Fish and 

Wildlife Service (2005) for this information. 
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 Verbatim from Heinz Center (2008, p. 28). The Heinz Center cites Inkley et al. (2004), Lovejoy (2005), and 

Robinson et al. (2005) for this information. 
3097

 Verbatim from Heinz Center (2008, p. 28) 
3098
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 Nearly verbatim from Stein et al. (2012, p. 6-22) 
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 Verbatim from Moser et al. (2012, p. 12) 
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 Verbatim from Running & Mills (2009, p. 26) 
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3104

 Verbatim from Aitken et al. (2008, p. 108) 
3105

 Verbatim from Spies et al. (2010, p. 1192) 
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after wildfire.
3106

 The USDA Forest Service is already beginning to plant more southern ecotypes 

of trees on the lands that are being manually replanted.
3107

  

 Establishment of new genotypes and species often requires creating canopy openings in existing 

forests that are large enough to meet the light requirements of species.
3108

 On federal lands, these 

management actions could be done within existing plantations and other younger forests.
3109

  

 Additionally, experimental populations could be established outside the current ranges of the 

species as sources of seed and genetic material to facilitate natural gene flow and population 

migration.
3110

  

 A specific example of a place-based adaptation strategy involves planting climate-resistant 

species or ecotypes.
3111

 These species or ecotypes could be used to establish “neo-native forests” 

– forests consisting of species that existed in that location in the past, but that are not currently 

found there.
3112

  

The effectiveness of assisted migration for genotypes and species is not well understood and is 

controversial in the scientific community.
3113

 Thus, assisted colonization has become a hotly debated 

topic with proponents highlighting the need to move species that will be unable to keep pace with climate 

change and opponents highlighting the potential for negative, ecological, evolutionary, and economic 

impacts, as well as ethical concerns.
3114

  

Facilitated or assisted migration of trees may be an effective and cost-effective strategy to increase the 

probability of persistence of populations or species.
3115

 In some cases, genotypes and species currently 

present in those areas are believed to be unlikely to persist as climate changes.
3116

 Translocations of 

populations for reforestation from milder to colder environments may eventually provide a source of pre-

adapted alleles into conservation populations through gene flow, once planted areas reach reproductive 

maturity.
3117

 Facilitated migration may be emphasized for species with narrow resource requirements or 

poor dispersal ability.
3118

 Additionally, species with small populations, fragmented ranges, low fecundity, 

or suffering declines due to introduced insects or diseases should be candidates for facilitated 

migration.
3119

 An assisted introduction can facilitate a climate change-induced range shift when the 

movement pathway is blocked, and assisted colonization from one population to another may increase 

adaptive genetic variation to respond to climate change in the receiving population.
3120

 

                                                      
3106

 Verbatim from Spies et al. (2010, p. 1192) 
3107

 Verbatim from Running & Mills (2009, p. 24) 
3108

 Verbatim from Spies et al. (2010, p. 1192) 
3109

 Verbatim from Spies et al. (2010, p. 1192) 
3110

 Verbatim from Spies et al. (2010, p. 1192) 
3111

 Nearly verbatim from Stein et al. (2012, p. 6-22). Stein et al. cite Glick & others (2009) for this information. 
3112

 Verbatim from Stein et al. (2012, p. 6-22). Stein et al. cite Millar & others (2007) for this information. 
3113

 Verbatim from Spies et al. (2010, p. 1192). Spies et al. cite Marris et al. (2009) for this information. 
3114

 Verbatim from Stein et al. (2012, p. 6-22). Stein et al. cite Ricciardi & Simberloff (2009), Sax & others (2009), 

and Schwartz & others (2009) for this information. 
3115

 Nearly verbatim from Sturrock et al. (2011, p. 142). Sturrock et al. cite Woods et al. (2010) for this information. 
3116

 Nearly verbatim from Sturrock et al. (2011, p. 142) 
3117

 Verbatim from Aitken et al. (2008, p. 108) 
3118

 Verbatim from Sturrock et al. (2011, p. 142). Sturrock et al. cite Warren et al. (2001) for this information. 
3119

 Nearly verbatim from Aitken et al. (2008, p. 95) 
3120

 Nearly verbatim from Running & Mills (2009, p. 26) 



 

 
363 

Facilitated migration can have unintended consequences.
3121

 Intentional translocations via assisted 

colonization carry high cost and logistical challenges, as well as risks: ecological disasters from 

introductions are well-known, and translocations among different locally adapted genotypes can have 

unexpected negative effects on genetic structure.
3122

 For example, new pathogens may be introduced 

along with the target species (i.e., of trees).
3123

 The introduced trees may have little immunity against 

diseases in the areas into which they are moved.
3124

 Also, it is highly uncertain which pathogens will 

become more evident as climate changes.
3125

 In addition, autumn temperatures are not increasing as fast 

as springtime temperatures; therefore, this approach does run some risks for frost damage from early 

autumn freezes.
3126

 

Establish captive populations of species that would otherwise go extinct 

This approach would initiate captive maintenance programs for species that would otherwise become 

extinct due to climate change.
3127

 Such an approach would necessarily serve as the strategy of last resort 

for species otherwise facing extinction.
3128

 Rearing techniques and approaches to captive husbandry and 

propagation are have been described for many animals and plants, and society has a whole industry (zoos, 

botanic gardens, and aquaria) that is already devoted to this approach.
3129

 Nevertheless, given the 

resources required for captive maintenance programs, this is unlikely to be a viable long-term strategy for 

any more than a few species.
3130

 Under extreme climate-change scenarios, ecosystem conditions may be 

so altered that the reintroduction of these species will be unfeasible, essentially making these species 

living fossils.
3131

 

Support open-space preservation and conservation 

Open space preservation and conservation can be accomplished through the management of lands 

dedicated as open space through a number of the measures, e.g. zoning, redevelopment restrictions, 

acquisition, easements, setbacks, and buffers.
3132

 While there are costs associated with the management 

of open space, the public expenditures may be lower than if the land was developed and the provision of 

full services was required.
3133

 Management costs could be defrayed by transferring the title to a nonprofit 

conservation organization.
3134
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Open space management plans can be developed to guide the acquisition and use of open space in a 

manner that fulfills multiple community objectives (e.g., trails, athletic fields, campgrounds, community 

gardens, wildlife refuges, environmental education centers, etc.).
3135

 Any such plan should consider the 

impacts and consequences of climate change, sea level rise and flooding in particular, to ensure that 

investments are wisely made (land purchase as well as use and amenity placement).
3136

 Open space 

management should also consider the key role of open space in green infrastructure and wetland 

migration programs.
3137

 Please see the section “Modify infrastructure” for information on natural 

infrastructure. 

Protect large and environmentally heterogeneous areas 

More heterogeneous protected areas, for example, in terms of mountainous and lowland areas would also 

provide possibilities for freshwater organisms to track suitable temperature conditions following climate 

change.
3138

 Please see the section “Maintain, restore, or create connectivity” for additional methods that 

may allow terrestrial organisms to track suitable temperature conditions. 

Address invasive and non-native species, insects, and pathogens 

As with most forest management, management practices must be selected for the specific stand and 

objectives.
3139

 Invasive species management strategies depend on the extent and magnitude to which the 

invasion has progressed.
3140

 Before a disturbance occurs, forests can be managed to reduce vulnerability 

or to enhance recovery.
3141

 Some disturbances, such as fire, insects, disease, and drought, can be managed 

during the disturbance through preventive measures or manipulations that affect the intensity or frequency 

of the disturbance.
3142

 Alternatively, the disturbance can be managed to reduce its impact.
3143

 For a wide 

variety of systems, invasions by nonnative species may be minimized through vigilance, early detection, 

and aggressive removal.
3144

 

Modify Early Detection and Rapid Response strategies 

Responses include preventing the introduction of invasive species in the first place, early detection 

combined with rapid response, containing or minimizing the harmful effects of invasive species that are 

already established, and ecosystem restoration once the invasive species have been removed.
3145

 These 

approaches will remain the foundation for dealing with invasive species, but the specific strategies may 

need to be revisited to consider the impacts of climate change.
3146

 In particular, more intensive monitoring 
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would help to detect invasive species as climate change will make it possible for species to establish in 

new locations, expand their range into new territories, and even become invasive in response to new 

conditions.
3147

 For example, the State of Washington’s Aquatic Invasive Species Plan identifies species 

such as the giant salvinia and the water hyacinth as species that should be monitored, even though 

temperatures in the State are currently too cold for these species.
3148

 

Plant trees resistant to disturbance from insects, pathogens, and invasive and non-native species 

Trees can be planted that are less susceptible to disturbance.
3149

 Species that promote disturbances can be 

removed.
3150

 Managers can change species composition to reduce the vulnerability of forests to 

disturbances.
3151

 Tree species that are less vulnerable to fire, droughts, wind, insects, or pathogens can be 

planted or maintained.
3152

 For example, the colonization of phloem-feeding insects, such as bark beetles, 

is partially controlled by the ability of the tree to produce oleoresin, which is under genetic control.
3153

 So, 

planting selected tree species and genotypes with relatively high oleoresin could limit insect outbreaks.
3154

  

For species facing the dual threats of damaging exotic pathogens and climate change (e.g., butternut, 

hemlock, ash, American chestnut, 5-needle pines), create openings specifically for establishment of 

disease-resistant stock, or augment natural regeneration with supplemental plantings for more effective 

utilization of resistant germplasm (i.e., genetic variability in a population) in species recovery and gene 

conservation efforts.
3155

 In addition, initiate targeted outplantings to increase frequency of desirable 

genotypes and representation of at-risk species throughout their range (e.g., plant blister-rust-resistant 

western white pine or whitebark pine in gaps or openings created by planned and unplanned disturbances 

such as wildfires or pre-commercial thinning).
3156

  

Additional options for considering climate change when determining plans and priorities for disease and 

insect resistance selection and breeding programs include: 

 Assess existing selective breeding programs to determine if ongoing efforts (species and 

geographic areas) are in alignment with potential shifts in host species and insects/diseases due to 

climate change.
3157

 

 Develop an understanding of the dynamics that would create these situations (i.e., novel 

combinations of hosts and insects or disease, and the potential for more widespread and damaging 

outbreaks), and evaluate the need, cost, and effectiveness of new selective breeding programs to 

mitigate risk.
3158
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 For additional information, see the section “Preserve and restore genetic diversity.” 

However, prospects for developing resistance to new pests or diseases through traditional breeding 

programmes appear limited.
3159

 After some fifty years of tree breeding, few gains have been made in this 

regard, except for major diseases in a few commercially important species, e.g. leaf rust in poplars.
3160

 

Specific options for Armillaria root disease 

Regarding the Armillaria root disease example, a number of management options are available depending 

on the situation and management objectives.
3161

 These options could include:  

 Selectively removing species that are maladapted or predicted to become maladapted;  

 Planting with seed-sources that are well-adapted to the predicted climate during the tree’s 

lifespan;  

 Selectively favoring seral species (e.g., pine or larch species) that are more tolerant of Armillaria 

root disease and adapted to the predicted climate;  

 Avoiding wounding of trees, which may facilitate pathogen infection;  

 Employing treatments that reduce or do not exacerbate tree stress;  

 Applying treatments that minimize woody substrates that can serve to build up the inoculum 

potential; or,  

 Other less developed practices, such as fostering biological control.
3162

  

Additional options 

The following adaptation options for addressing invasive and non-native species, insects, and pathogens 

were found in the literature, but were not discussed in detail, or are described elsewhere in this report: 

 Biofuel harvest: In some situations there may be opportunities for biofuel harvest of some of 

these invasives that could also help restore the native ecosystems.
3163

 

 Remove beetle-damaged trees: A common way to control outbreaks of the southern bark beetle is 

to be on the alert for sites experiencing some beetle damage, then to cut those trees quickly to 

reduce the size of the area affected.
3164
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