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Abstract 

Ecological restoration efforts protect and benefit the biota we value, contribute to clean air and water, and enhance human health and 

mental well-being. Such efforts, however, are futile unless we concurrently address the climate crisis. Many restoration actions 

implicitly or explicitly provide climate mitigation outcomes, and these need to be emphasized and prioritized. Local actions that 

collectively have global impacts need greater participation of academics, managers, policymakers, and stakeholders. Such actions will 

reduce the current knowing-versus-doing gap, speed up essential activities, and increase the spatial extent of restoration efforts that 

benefit climate solutions and provide community resilience to extreme climate events. All landscapes, regardless of the extent of human 

impacts, are potentially eligible for these actions. Priorities of management that are neutral or negative with respect to climate 

mitigation need to be reevaluated given the need and availability of similar actions that facilitate climate mitigation. If traditional 

management programs such as urban construction, tillage, landscaping, roads, trails, and weed control are subsumed within an 

enhanced climate solutions framework, restoration emerges as the common management theme. Of particular importance, programs 

that both repair and prepare for current and anticipated catastrophic climatic events deserve priority status. A relatively new paradigm 

created by land managers, the “Restore-Accept-Direct” model, provides a framework where conservation, human well-being, and 

enhanced climate solution outcomes can be simultaneously achieved. 
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1. Introduction 

Restoration ecology exploded as an applied science toward the 

end of the last century and currently has the potential to function 

as a mechanism of socioecological transformative change [1]. 

Restoration ecology was argued “to be one of the most important 

fields in the coming century” [2]. In recent years, a broader 

interpretation of restoration has included human-dominated 

landscapes that have been continuously altered for millennia [3]. 

Restoration efforts also teach humility, i.e., we do not know as 

much as we thought we did. However, the importance and signifi-

cance of this discipline both then and now remains clear. Urgency 

is called for; the ongoing global landscape degradation and the 

increasing frequency and intensity of extreme climate events 

justified the United Nations (UN) resolution declaring the 2021–
2030 interval the “Decade on Ecosystem Restoration” [4]. 

Aldo Leopold, an eminent ecologist and perhaps the greatest 

environmental ethicist of the last century, clearly understood and 

articulated the principles of ecological restoration [5]. He recognized 

that any community contained “parts,” i.e., species or objects, and 

these parts had functions that produced outcomes in terms of such 

community or ecosystem characteristics as water quality or plant 

productivity. If we protect the parts and understand how biotic 

communities are constructed and function, then we should be able 

to reassemble them after these have been degraded by human or 

natural causes. Restoration efforts usually demonstrated that 

complete or exact reconstructions were rare, and this likelihood has 

diminished with time. This is due to topographic, hydrological, and 

physical or chemical changes to landscapes and soils. These changes 

either drive or accompany the loss of species and the presence of 

relatively new organisms, including a suite of largely unknown soil 

microbes and soil animals introduced into landscapes either delib-

erately or accidently by humans. Furthermore, these new configura-

tions of organisms are interacting with or without potentially novel 

climate conditions [6], although novel climates are becoming the 

norm. In recognition of this, restoration ecologists have suggested 

other terminology that recognizes the program’s limitations, such as 

“ecosystem rehabilitation” [7] or “intervention ecology” [8]. For 

scaling restoration ecology up to the planetary level, the term 

“biosphere stewardship” is appropriate [9]. The activity continues to 

benefit from a wealth of new findings and conceptual frameworks 

[10], including paleoecological findings that provide insights into 

rates of change, responses, and potential recovery of communities to 

changing climates and catastrophic events [11–13]. Given that the 
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UN chose to use the term “restoration,” it remains the most common 

identifier of the science efforts that attempt to change degraded 

systems into something of greater value. 

We are now about halfway through the UN decade of ecosystem 

restoration, and efforts, while numerous and significant, remain 

underfunded and underemphasized as serious contributions to 

climate mitigation. While academics will continue to argue 

details, there is no doubt that the global practice of restoration 

ecology can contribute to the slowing and stabilization of the 

planet’s temperature [14–16] and can be implemented now. 

Much of restoration ecology involves manipulating communities. 

Simply put, plants affect climate [17], and thus impact local 

heating, greenhouse gases, and water dynamics. This fact be-

comes the dominant tool for natural climate solutions (NCS). 

Physical objects and materials can sometimes substitute for these 

plant effects, and in the built environments of urban areas, these 

can be significant tools for achieving NCS goals [18]. 

Priority restoration actions focus on activities that will specifically 

“increase carbon drawdown” [19], and the major nexus of 

restoration and climate mitigation involves removing carbon in the 

form of greenhouse gases from the atmosphere. Restoration that is 

directed at biological conservation can concurrently maximize the 

ability of biotic communities to contribute to NCS, but alterations of 

human-dominated environments such as agricultural and urban 

areas can also be used for this. The goal of this review is to 

demonstrate that all the pieces are in place to conduct these actions. 

Existing data and analyses indicate that compelling outcomes can be 

generated by restoration ecology as the mechanism for NCS. 

Furthermore, at the time of writing this review, the huge impacts of 

the increasing frequency and intensity of extreme climate events, 

including catastrophic wildfires, floods, and both terrestrial-based 

(e.g., wind storms, tornados) and coastal storms (hurricanes), are 

generating a compelling need for global restoration efforts. With 

crisis comes opportunity, and priority restoration activities following 

these catastrophes can include those measures that provide 

enhanced NCS. Clearly, if the focus is on greenhouse gas removal, 

large-area restorations become a priority. 

2. What are the key ecological factors 
that provide the maximum natural 
climate solution benefits? 
This review assumes substantial ecological knowledge on the part of 

its readers. As one who has engaged in the education of stakeholders 

in NCS activities, the author has discovered that while organisms are 

very much understandable objects with functions that almost 

everyone can appreciate, understanding the consequences of these 

biotic actions in terms of the physical and chemical changes caused 

by the collective interactions of organisms often results in a fuzzy 

abstraction. It is easier to engage stakeholders in conservation 

actions related to the health of various organisms than to engage 

stakeholders in the fine-tuning of the biogeochemistry of ecosys-

tems. The latter can involve some complicated measurements 

requiring substantial instrumentation, and few are trained to do this. 

Relating plant growth to carbon sequestration to atmospheric 

temperatures can be taxing [20]. If the compelling focus of enhanced 

NCS is to increase carbon drawdown and this process appears 

opaque and not quantitative to readers, then a visit to the carbon 

drawdown website or similar sites not funded by vested interests can 

be helpful [21, 22]. What’s important is to understand that within 

any regional area, the type of biotic community you wish to create or 

restore can definitely affect the short- and long-term NCS outcomes. 

Here, those restorations that provide the greatest diversity of 

benefits while maximizing NCS potentials for a specific area are 

emphasized. 

“Nature’s benefits” or “ecosystem services” are those direct and 

indirect outcomes and products provided by communities that we 

value. Full disclosure requires the acknowledgment that nature 

provides disservices as well, and restorations, while net-positive 

actions, can produce disservices. Ecosystem services also include 

cultural and individual contexts such as aesthetics and beauty. While 

recognizing that this classification can be observer dependent, if a 

service can be tallied as “a win,” then how many “wins” can a 

restoration project provide? An incomplete list is provided in Table 1, 

where 11 relatively common outcomes of restoration are listed. Again, 

it is worth noting that the restoration project may be conducted for 

reasons independent of NCS, but the NCS co-benefit can be large. 

Table 1 • The ecosystem services provided by a restoration 

project associated with enhanced natural climate solutions. 

Service Reference(s) 

Preservation of threatened species [23] 

Increased species diversity [24, 25] 

Enhanced plant productivity [26, 27] 

Enhanced carbon storage (carbon drawdown) [28] 

Local cooling effects [29] 

Reduced runoff, reduced flood threat  [30] 

Reduced wildfire threat  [31, 32] 

Reduction in undesirable species  [33] 

Increased physical health of participants [34]  

Increased mental well-being of adults and 

adolescents 

[35, 36]  

Education and empowerment [37] 

If the key-enhanced NCS goal is to remove a greenhouse gas from 

the atmosphere, then the capabilities of the various biotic 

communities to store the necessary carbon in the greenhouse gas 

provide insights into the relative value of prioritizing restoration 

efforts. Storage into living plant materials and dead organic 

materials in the soil have been measured and generalized for 

mid-latitude biotic communities (Figure 1) [38]. Of significance 

in many landscapes, carbon stored in the soil is much less 

vulnerable to catastrophic wildfires. While Figure 1 is a gener-

alization unlikely to accurately describe any specific locality, the 

graph can provide useful insights and potential priorities for NCS 

actions. Wetlands are by far the best at soil carbon storage, 

whereas our conventional agricultural systems are the worst. A 

surprise to many, grasslands can be better at storing carbon in 

the soil than forests. Any effort to convert conventionally tilled 

cropland to reduced tillage or no-till agriculture may generate a 

large benefit, and the area involved in these conversions is very 

large. Per unit area, restorations of wetlands are likely the best 

way to remove carbon from the atmosphere over the long term. 

Carbon can be moved into living plant materials much faster than 

it can be stored in soils. Plants are the soil carbon pumps, and 

revegetation of appropriate habitats with anticipated long-term 

carbon storage outcomes is a reality. Can these activities be 
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scaled up to produce meaningful results on a global scale? The 

answer, while often qualified, is yes [39–41]. 

Figure 1 • Estimates of carbon storage capability by various terrestrial ecosystems in the temperate zones of the planet. The carbon in 

the aboveground plant biomass (green bars) is uniformly lower than that found in soils (brown bars) and the above/below ratios clearly 

differ among communities (data from Neufeld and Smith [38]). 

3. Operating manuals for natural climate 
solutions 
The general principles for developing and operating restoration 

efforts with large NCS emphasis have been articulated, with a large 

number of articles focused on specific ecosystem types, including 

natural, agricultural, and built environments [42–44]. Of obvious 

importance, such efforts need to be “fine-tuned” for specific climates 

and social goals and, therefore, have a local focus [45], as well as deal 

with how new climatic events and conditions will influence restora-

tion efforts [46, 47]. Furthermore, programs need to understand 

both the economic and political conditions that are necessary to 

facilitate successful restoration efforts [48, 49]. To achieve the 

identified management goals, a “co-production science” approach 

[50, 51] can speed up the planning and doing process. This approach 

specifically demands that stakeholders, academics, managers, and 

other professionals be involved from the planning stage onward. 

While restoration ecology efforts often have experimental dimen-

sions and must include monitoring to be science-based, the projects 

themselves can be led by citizen scientists, nonprofit organizations, 

and land managers (cf. [52, 53]). 

Using co-production procedures, managers and applied ecol-

ogists have advocated the “Resist-Accept-Direct” (RAD) frame-

works for natural climate solution actions [54–56]. As the names 

imply, managers, in conjunction with stakeholders and academ-

ics, determine if management actions should attempt to restore a 

damaged site, potentially accept the changes that have occurred, 

or opt to proactively restructure a biotic system to achieve 

management goals. All options demand local expertise and the 

recognition that site-specific outcomes are possible. The manage-

ment focuses on what we want and need rather than on things we 

do not want, and concurrently identify explicit goals and pitfalls. 

This management approach also is compatible with factoring 

acceptable components of climate change adaptation strategies 

[57]. Requiring all restoration actions to be valued in terms of 

their contributions to enhanced NCS should be a prominent part 

of these actions. 

4. Case studies: rewetting in both upland 
and lowland habitats has large enhanced 
natural climate solution values 
An endemic bird found in Colorado, USA, the Gunnison sage 

grouse, has been listed as a threatened species due to the birds’ 
low population numbers, low population growth trends, and 

relatively low local distribution. Beginning in 2012, scientists, 

managers, and stakeholders began what has become a long-term 

and ongoing restoration effort to enhance the survivorship of this 

species [26]. The key activity was to restore meadows that had 

been eroded by decades of cattle use and roads. Downcutting of 

these meadow soils had resulted in the vegetation drying out, 

with grasslands slowly converted into shrublands. These shrub-

lands did not provide sufficient-quality food resources for young 

grouse, thereby enhancing the mortality of the birds. A variety of 

“low-tech” erosion control and water retention structures were 

employed to rewet these meadows (Figure 2) [58]. The out-

come, while still being assessed, suggests that the number of 

birds has increased while contributing to virtually all of the 

ecological services listed in Table 1. Thus, while the focus of the 

restoration was to save a rare species, the climate mitigation 

benefits, specifically enhanced carbon drawdown, were evident 

from this effort. The techniques of rewetting across multiple 

landscape types have been detailed [59, 60], and similar projects 

are now underway at a much larger spatial scale to benefit similar 

species. 
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Figure 2 • Low-tech “geoengineering.” A group of restoration volunteers examine their work three years after the installation of 

structures designed for erosion control, rewetting of grassland meadows, and reestablishing the flood plain on sites that were previously 

being drained and converted to sagebrush. Photo by Cathy Tate. 

The North American and Eurasian beavers were hunted to near 

extinction and extirpated from a huge portion of the northern 

hemisphere. With the loss of this animal, a concurrent dry-down of 

many landscapes occurred, and in most cases, the landscape was 

transformed solely by the animal’s loss [61]. Later, agriculture that 

exploited the fertility of former beaver meadows tended to further 

dry down these lowland areas as well as enhance carbon losses to the 

atmosphere. The large impacts of these “ecosystem engineers” have 

been rediscovered, and the suite of restoration benefits have been 

identified [62] including a reduction in impacts of wildfires [25]. 

Low-tech structures that slow runoff, rewet soils, and can mimic 

beaver dams can transform landscapes [63]. While uncertainties 

remain, the enhanced NCS and related ecosystem service values by 

restoring the resilience of river corridors are huge [64]. Overall, 

restoring wetlands appears to be one of the most important, if not 

the most important, restoration activity in North America [65]. 

While planting or replanting trees may be an equally or more 

important activity on a large portion of the planet, the threat of 

losing the carbon found in aboveground plant biomass by 

wildfire means that reforestation is not appropriate in many 

communities [66]. This is true particularly in seasonally dry, 

semiarid, and arid environments that make up a large percentage 

of the terrestrial ecosystems [67]. However, planting savannas 

(widely dispersed trees in grasslands) in arid and semiarid 

regions that once were forests may be appropriate as these 

systems, and these can provide multiple ecological services and 

NCS. In humid environments, tree planting most often can 

provide substantial and the most important carbon drawdown 

and cooling benefits [68]. 

Planting and seeding dominates much of restoration ecology, but 

the restructuring of landscapes to correct damage from historical 

land use or redirecting runoff from our many impermeable 

surfaces of urban, and suburban areas also can provide enhanced 

NCS values [69]. The goal of this action is to spread this runoff 

over permeable surfaces, rewetting the soil sponge, enhancing 

plant-driven carbon drawdown, and recharging the local aquifers 

that collectively reduce water loss. Trails and roads should be 

looked at from the perspective of providing water subsidies to 

their surrounding landscapes. The economics of doing this are 

compelling in many areas as water becomes an even more limited 

resource in many regions of the world. 

5. What’s holding us up? 

We cannot simply substitute enhanced carbon drawdown for our 

increased carbon emissions to solve the climate crisis. That said, 

restoration actions generating enhanced carbon drawdown can 

often over-perform in terms of their climate benefits but are 

underfunded [15]. Climate change itself is often not helping here 

in that costly extreme weather events are increasing in intensities 

and frequencies, and in order for restoration to score enhanced 

NCS values, we must do more than neutralize the increased losses 

due to extreme climate events. Currently, most of the public 

funding is directed at reactive measures to repair systems from 

wildfires, floods, windstorms, and hurricanes. However, as 

discussed earlier, these reactions to the current manifestations to 

the climate crisis can be enhanced with proactive measures that 

will contribute to NCS. Why restore a site if only to fall victim to 

another catastrophic event? Rather, restore and reconfigure 

these systems to have maximum resilience to such events and the 
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largest NCS benefits for these landscapes. For example, restoring 

recently incinerated closed-canopy forests to savannas which can 

largely survive the next wildfire can also provide needed 

biodiversity and NCS benefits. Those species requiring old-

growth or closed-canopy forests will require special attention, 

but all of these goals are possible if regional planning provides 

the appropriate RAD management actions required to ameliorate 

climate risk and benefit conservation goals. 

Restoration is a model for co-production science actions. 

Participation in restoration efforts, including urban actions, can 

benefit all stakeholders, including youth, but socioeconomic 

factors constrain this opportunity and need to be addressed to 

provide a form of environmental justice for urban areas [70]. 

Programs designed to increase income equity and address 

environmental justice therefore can contribute both directly and 

indirectly to NCS. A climate conservation corps, modified from 

the incredibly impactful civilian conservation corps of the last 

century [71], has the potential to score all of the “wins” identified 

in Table 1. Community health and environmental interests now 

provide economic benefits that justify these actions, and once 

these are recognized by policymakers, then much larger projects 

such as those envisioned by individuals such as Ties Van Der 

Hoeven and John D. Lui (as described in Schwartz’s study [72]) 

can become mainstream. Academics can perform these actions as 

part of their service contributions, land managers receive credit 

for doing their jobs, and stakeholders can join in these activities 

as volunteers for multiple self-interest reasons. Collectively, 

more concerted ecological restoration efforts represent modest 

but immediate, cost-effective, and important contributions to 

climate crisis solutions. 
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