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Abstract

Nature conservation is increasingly focused on recovering depleted populations and ecosystems. The United Nations General Assembly
has proclaimed 2021-2030 the UN Decade on Ecosystem Restoration, and global commitments to ecosystem restoration in response to
biodiversity, climate, and sustainable development targets are now considerable, with over 100 nations committed to halting and revers-
ing forestloss and land degradation by 2030. The impacts of these resources on nature recovery will depend on how actions are identified
and implemented. Systematic conservation planning has historically been used to prioritize areas for protection but has shown great
potential to guide nature recovery actions that are underpinned by principles of spatial conservation planning. In the present article,
we advocate for systematic conservation planning to target resources for nature recovery and show how well-established systematic
conservation planning frameworks can be developed appropriately, particularly by integrating models for forecasting ecological, social,
and economic conditions with spatial prioritization methods designed to target nature recovery resources.

Keywords: ecosystem restoration, spatial prioritization, biodiversity

The United Nations General Assembly has proclaimed 2021-2030
as the UN Decade on Ecosystem Restoration (Resolution 73/284),
with the objective to prevent, halt, and reverse the degradation of
ecosystems worldwide: The decade is underway, and the stakes
are high for global biodiversity (WWF 2022). The targets agreed
on at the 15th United Nations Biodiversity Conference recog-
nize the importance of restoration in “substantially increasing
the area of natural ecosystems by 2050” (CBD 2022). The Glas-
gow Leaders’ Declaration on Forests and Land Use, established
during the 26th United Nations Climate Change Conference, com-
mits over 100 nations to collaborate in halting and reversing for-
est loss and land degradation by 2030. Furthermore, additional
efforts to restore ecosystems have been set forth through na-
tional commitments within the Paris Climate Agreement, aimed
at limiting global warming to 2 degrees Celsius, and the 2030
Agenda for Sustainable Development, which seeks to halt and
reverse land degradation. These commitments build on work
undertaken in response to the Bonn Challenge, which has re-
ceived pledges from over 60 countries to deliver collectively more
than 200 million hectares of restoration on degraded and de-
forested land and aims to reach 350 million hectares by 2030
(Dave et al. 2018).

Biodiversity losses in most biomes have been substantial (WWF
2022), which has driven breakdowns in ecological processes
and associated ecosystem services (IPBES 2019). Land- and sea-
use change, the major direct driver of recent biodiversity loss
(Jaureguiberry et al. 2022), is ongoing, with a 9% increase in global
croplands between 2000-2019—half this area replacing natural
vegetation (Potapov et al. 2022)—and approximately 5 million
hectares per year of forest loss over the same period (FAO 2021).
Although this emphasizes the need to protect the remaining ar-
eas of natural vegetation, reversing declines in biodiversity and
restoring ecological processes requires not only the prevention
of further losses but, where possible, the restoration of degraded

ecosystems and the creation of new habitat for species on con-
verted lands (Anderson 1995, Possingham et al. 2015, Leclére et al.
2020, Garibaldi et al. 2021). This objective can be broadly termed
nature recovery. Although there is a degree of ambiguity associated
with the meaning of nature recovery and similar terms, we de-
fine it in line with the International Principles and Standards for
the Practice of Ecological Restoration, which reserves “the term
restoration for the activity undertaken and recovery for the out-
come sought or achieved” (Gann et al. 2019). Nature recovery is
not defined or measured simply in terms of coverage targets for
revegetation (e.g., afforestation) but rather in terms of the quan-
tifiable outcomes for specific species (e.g., population size or area
occupied), vegetation types (e.g., coverage and quality), or pro-
cesses (e.g., through restoring ecological functions, such as seed
dispersal by frugivores). We use nature recovery rather than biodi-
versity recovery to reflect that targeted outcomes may be broader
than biodiversity, although species conservation is often a ma-
jor focus of nature recovery efforts. The focus of and specific ob-
jectives for nature recovery, such as when a population or eco-
logical process is deemed to have recovered, are context specific
and will often be influenced by regional, national, and global con-
texts, but targets and action plans for nature recovery are now
widely incorporated into policy (e.g., EU Biodiversity Strategy for
2030; EC 2020).

Although the opportunities for nature recovery are promising,
too often, resources designated for ecosystem restoration result in
on-the-ground actions that do not contribute adequately toward
nature recovery, such as planting monocultures of nonnative
trees (Seddon et al. 2019), afforestation of land best suited to other
vegetation types (Bond et al. 2019), or restoration of vegetation
vulnerable to climate change (e.g., Harris et al. 2006). This raises
concerns that the resources pledged to ecosystem restoration
will be less effective at delivering nature recovery outcomes than
they might have been (Hua et al. 2022) and will miss potential
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Table 1. Glossary of key systematic conservation planning terms.

Term

Definition

Planning region

Planning unit

Conservation features

Surrogates

Goals

Targets

Representation

Complementarity

Efficiency

Conservation assessment

Minimum set problem

Maximal coverage problem

Spatially defined area within which conservation actions are designed and implemented. A region might be
defined, for example, by management or political boundaries or by biogeographic characteristics.

The spatial unit serving as the basic building block for designing and implementing conservation strategies and
prioritizing conservation actions within a planning region.

A specific element of biodiversity or an ecological attribute for which actions are targeted in conservation
planning processes. Features may be species, but also vegetation or assemblage types or even geographic
features and processes.

An ecological feature used as a replacement for a more intricate or challenging to measure target, enabling
conservation planners to make informed decisions when direct assessment or monitoring of specific
biodiversity elements is impractical or challenging.

A vision statement that steers the development of conservation plans and strategies, typically focused the desired
effect on biodiversity, or ecosystem function or services, inclusive of human health and wellbeing.

Specific, quantifiable objectives for conservation features, likely set to ensure persistence of the feature in the
planning region (e.g., ensure minimum viable population sizes). Typically, proxies for actual population
estimates are used, such as area weighted number of planning units in which the feature occurs, because they
are easier to quantify.

The extent to which a comprehensive set of conservation features is adequately included within a conservation
plan or network. It ensures that a range of conservation features are sufficiently covered to maintain the overall
biodiversity and ecological integrity of the planning region.

The principle of selecting conservation actions or areas that contribute unrepresented features to a portfolio of
sites. The objective is to maximize the effectiveness and efficiency of conservation efforts within a designated
planning region.

The optimization of resource allocation to achieve conservation goals with minimal resources and effort,
maximizing benefits while minimizing negative impacts or trade-offs, thereby ensuring the effective use of
limited resources and time.

The process of prioritizing new conservation actions. This is typically achieved using mathematical
decision-theory methods that seek efficient solutions to prioritization problems.

The computational challenge of identifying the smallest set of areas needed to achieve the specified conservation
goals, aiming to meet all biodiversity targets, where possible, while minimizing costs and trade-offs.

The computational challenge of selecting areas that collectively provide the highest representation of biodiversity
features within budget and spatial constraints of the planning activity.

Costs Costs encompass various expenses, trade-offs, or negative impacts associated with conservation actions,
including financial expenditures, opportunity costs, and environmental and social impacts.

Restoration gaps

The disparity or deficiency in the representation and protection of degraded biodiversity features, including

temporal gaps in feature representation caused by time lags in habitat maturation after conservation action.

synergies between actions taken toward nature recovery objec-
tives and those primarily targeting particular ecosystem services
(e.g., nature-based solutions), such as the increasing demand
for afforestation to sequester carbon (Carwardine et al. 2015,
Strassburg et al. 2019, Aguirre-Gutiérrez et al. 2023). Although
opportunities are being missed, decades of systematic conserva-
tion planning experience could be drawn on to target available
resources more effectively toward delivering nature recovery
outcomes, inclusive of protecting, restoring, and creating new
high-value nature areas, especially in working landscapes with
multiple, competing demands on land (Garibaldi et al. 2021).
Systematic conservation planning emerged as a structured,
participatory approach for guiding objective and evidence-based
decisions about the types and locations of conservation action
(Margules and Pressey 2000, Knight et al. 2006, McIntosh et al.
2017). It is most strongly associated with protected area network
design, where the objective is to establish or expand networks
across areas of natural vegetation to support the long-term per-

sistence of conservation features (e.g., species or vegetation com-
munities) in landscapes (see table 1 for glossary of key system-
atic conservation planning terms; Fernandes et al. 2005). System-
atic conservation planning is target driven, informed by spatial
information on conservation features, with targets representing
aspects of population viability (e.g., the minimum area of occu-
pancy) or the amount of each vegetation or habitat type required
to ensure a desirable fraction of each species’ occupied range or
population is protected. Systematic conservation planning then
relies on selection processes or algorithms that typically exploit
differences in species composition between sites (i.e., comple-
mentarity) and account for between site measures of connectivity
and economic costs of protecting or managing land (Kukkala and
Moilanen 2013) to find subsets of locations that collectively sat-
isfy conservation goals (Margules and Pressey 2000, Kukkala and
Moilanen 2013, McIntosh et al. 2017). Despite some debate about
the realized impacts (McIntosh et al. 2017, 2018), systematic con-
servation planning has had a strong influence on terrestrial and
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marine protected area network design globally (Fernandes et al.
2005, Alvarez-Romero et al. 2018). Nevertheless, the influence of
systematic conservation planning on the targeting of nature re-
covery opportunities appears limited in practice across much of
the globe, despite evidence for large increases in the cost effec-
tiveness when resources are allocated strategically (Strassburg
et al. 2019, 2020).

Although the basic structure of systematic conservation plan-
ning is not changed when used in a nature recovery context, many
aspects of the problem framing are fundamentally altered, which
has important consequences for each systematic conservation
planning stage (box 1) and affects the information requirements
for conducting spatial prioritizations (figure 1). This can be un-
derstood by considering that nature recovery is by necessity fo-
cused on land that is considered to be no longer contributing to-
ward valued outcomes for nature (e.g., intensively managed agri-
cultural land). In these areas, the historical abiotic conditions,
vegetation types, species assemblages, and ecological processes
once present are often uncertain or unknown or may no longer
be relevant. By introducing a range of choices for what action
to take, the complexity of the spatial prioritization process in-
creases greatly, which would conventionally just be limited to a bi-
nary choice (protect or not). Furthermore, the difference between
the initial state and the target state of the land will typically be
greater for actions focused on habitat creation, resulting in sub-
stantial time lags between interventions and targeted outcomes,
along with less certainty about achieving those outcomes. Empha-
sis therefore must be placed on anticipating the effects of signif-
icant changes in the amount, type, and spatial arrangement of
resources and conditions in the landscape on nature recovery out-
comes, and prioritizing decisions against outcomes that may take
decades to be realized.

In this article, we propose that achieving the objectives of
the UN Decade on Ecosystem Restoration requires building on
lessons learned through systematic conservation planning to
guide nature recovery. Systematic conservation planning has un-
dergone extensive development over many decades, with well-
established frameworks offering opportunities to guide nature
recovery projects from conception to implementation. In the
present article, we discuss how these frameworks can be devel-
oped in a nature recovery context to incorporate principles and
data unique to the challenges of delivering nature recovery in
complex and dynamic anthropogenic landscapes. We draw atten-
tion to the anticipatory nature of systematic conservation plan-
ning for nature recovery, where conservation decisions must be
based on predicted responses of biodiversity features to manage-
ment actions, including creation of habitat for species on con-
verted land. We discuss approaches for solving problems in spatial
prioritization and optimization in a nature recovery context and
discuss the potential for adapting and developing spatial prioriti-
zation methods tailored to specific needs of nature recovery found
in varying landscape contexts across the globe. Finally, we high-
light several key challenges to adopting systematic conservation
planning as best practice for targeting resources toward deliver-
ing ambitious global ecosystem restoration and nature recovery
targets.

The process of systematic conservation
planning

Systematic conservation planning is traditionally divided into
stages, each with a distinct purpose. Although the exact struc-
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ture of systematic conservation planning varies depending on the
planning scenario, the 11-stage systematic conservation planning
framework from Pressey and Bottrill (2009) encompasses the core
stages traditionally included in the process. This framework ex-
pands earlier versions (e.g., Margules and Pressey 2000) to increase
the emphasis placed on the social and economic elements that
are integral to successful conservation planning in anthropogenic
landscapes, elements that are also critical to the effective deliv-
ery of actions targeting nature recovery. The major focus of tradi-
tional systematic conservation planning has been on prioritizing
areas of existing habitats or vegetation types in the process of cre-
ating or expanding protected area networks, where the process is
targeting the protection of conservation features (species or vege-
tation types) in areas of the landscape that they currently occupy.
Throughout, we label this context nature protection.

Systematic conservation planning starts by defining the conser-
vation planning problem, including the geographic scope of the
planning region and the overall goals of the conservation plan-
ning activity. The planning region is often defined by geopoliti-
cal boundaries, but other strategies include defining the region
on the basis of environmental (e.g., hydrological catchments) or
biogeographic characteristics. The overall goals of the conserva-
tion planning activity are defined as broad, qualitative statements
about the biodiversity and societal objectives (Pressey and Bottrill
2009). These goals should be aligned with policy and stakeholder
input, representing a range of community voices and shared val-
ues and may encompass diverse ways of valuing nature and its
impact on society (Knight et al. 2006). At this initial stage, avail-
able financial resources and the required practitioner skills are
identified (Watson et al. 2011). Stakeholder engagement from the
start is important to understand the socioeconomic conditions
of a planning region, which strongly affect conservation actions
and priorities (Naidoo et al. 2006, Pressey and Bottrill 2009). Con-
ditions encompass local livelihoods, economic reliance on natu-
ral resources, cultural values, and legal factors affecting planning
decisions (Ban et al. 2013). When used in a nature protection con-
text, key conditions are those that affect the protection of land
that has existing or potential high value for nature, including the
cost of acquiring and managing land. Integrating socioeconomic
data into systematic conservation planning helps balance con-
servation objectives with stakeholders’ concerns, leading to more
feasible, sustainable, and equitable outcomes (Knight et al. 2006,
Ban et al. 2013, McIntosh et al. 2017).

The next major stage of systematic conservation planning in-
volves gathering information on the current spatial distribution of
conservation features, which is crucial for quantifying the contri-
bution of planning units to conservation goals. Where species are
the conservation features, distribution mapping is usually highly
incomplete, particularly at high spatial resolutions, and relying
solely on known occurrences is undesirable because of major data
gaps and uncertainties associated with the presence and absence
of species across planning units (Baker et al. 2021). To overcome
data gaps, outputs from species distribution models are com-
monly used in systematic conservation planning (Thomson et al.
2009), but alternatively, broadscale surrogates of species distribu-
tion, such as vegetation types or landscape structural complex-
ity, can be used to capture the distribution of biodiversity on the
basis that representing a given proportion of vegetation or struc-
ture types will protect a percentage of species (e.g., defined by
species—area relationships; Desmet and Cowling 2004). Ultimately,
data must be identified to serve as surrogates for the broader suite
of conservation features in the landscape (Rodrigues and Brooks
2007, Hanson et al. 2017).
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Box 1. Stages in systematic conservation planning for nature recovery.

Adapting the 11 stages from Pressey and Bottrill (2009) to a nature recovery context where text in italics indicates key differences,
building from Margules and Pressey (2000).

Stage 1: Define the scope and cost the nature recovery activity
Define boundaries of planning region. Determine the budget, including sources of long-term funding to support nature recovery activities.
Identify skills required by the systematic conservation planning team.

Stage 2: Identify and involve stakeholders

Identify key stakeholders and engage disengaged individuals or communities. Identify contentious activities, particularly where
nature recovery activities may require major changes in land use or characteristics, including species composition (e.g., species eradications or
reintroductions).

Stage 3: Describe the socioeconomic—cultural context for nature recovery
Describe the social, economic, and political setting. Consider stakeholder attitudes to nature recovery, legal frameworks, and financial mech-
anisms (e.g., environmental subsidies and credit markets), with emphasis on securing long-term investments.

Stage 4: Identify nature recovery goals

Create a vision statement, capturing broad representative values, including statutory nature recovery goals and regional and local priorities.
These may capture ecological (e.g., stable populations) and ecosystem services (e.g., flooding, human well-being). Emphasis is placed
on ambitious visions for building back resilient ecosystems.

Stage 5: Compile data on socioeconomic variables, threats, and potential areas for nature recovery

Data on costs of activities (e.g., opportunity/management costs). Data on social or political opportunities and barriers to engagement
with nature recovery. Continuing and potential threats to biodiversity, including forecasts of emerging threats. Identify areas available
for nature recovery, quantifying site condition, potential target states, and the likelihood of achieving these states under relevant socioeconomic
scenarios.

Stage 6: Compile data on the conservation features of the planning region

Review existing data, identify features where data quality is sufficient to inform systematic conservation planning and where re-
sponses to nature recovery action can be forecast with some confidence. Identify surrogates for features without sufficient data. Identify
nature recovery actions shown to facilitate recovery of target features. Develop quantitative information to anticipate responses of features to
nature recovery activity (e.g., habitat suitability models).

Stage 7: Set quantitative targets for nature recovery within the planning region

Set quantitative targets for conservation features to be achieved at a future time point as the outcome of nature recovery actions, likely on
the basis of functional or historical reference points, often linked to policy targets. Set quantitative targets for minimum habitat patch size,
quantity, quality, or connectivity to be achieved in the future through targeting of nature recovery opportunities.

Stage 8: Review existing conservation areas
Estimate the extent to which quantitative targets have been achieved by existing protected areas and areas of natural habitat.
Identify emerging threats to existing areas, including climate change, invasive species, and socioeconomic trends.

Stage 9: Select new nature recovery areas and actions (conservation assessment)

Select new areas and specific nature recovery actions in those areas (e.g., woodland creation, wetland restoration) that contribute
toward nature recovery targets, with this contribution identified through forecasted responses of features to nature recovery actions. Identify the
temporal scheduling of activities and trajectories toward targets considering restoration gaps. Agree nature recovery actions with
stakeholders, evaluating trade-offs between different choices.

Stage 10: Implement nature recovery management actions in selected areas

Engage with land managers to determine appropriate form of management. Build stakeholder networks (e.g., landowners, com-
munity) to facilitate joined up nature recovery activity. Build community support for nature recovery recognizing that large changes might
affect (positively and negatively) some existing activities (e.g., farming, recreation). Ensure legal protections and management solutions are
in place to buffer nature recovery from external conditions (e.g., market forces, social trends) over sufficient time scales for nature
recovery outcomes to be realized.

Stage 11: Maintain the required value of conservation and nature recovery areas

Set nature recovery monitoring targets that recognize realistic timescales for reaching targets, incorporate intermediate objectives to assess
progress at earlier time points. Design monitoring protocols for measuring the progress toward targets. Conduct appropriate manage-
ment to ensure targets are met. Periodically evaluate overall performance of nature recovery activities, identifying weaknesses and
opportunities for improvement.
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Figure 1. Systematic conservation planning in a nature recovery context requires substantial information on current and future conditions in each
planning unit, particularly in multifunctional and highly modified landscapes. Information is required on potential nature recovery actions permissible
in each planning unit (in the present figure, a field parcel) on the basis of edaphic, hydrological, and climate conditions. Conservation features must be
mapped and potential responses to specific actions anticipated, accounting for population processes that affect colonization likelihood from source
populations. Information on threats, costs, and potential synergies and trade-offs with ecosystem services—such as flood risk reduction, carbon
sequestration, pollination—are among the additional information required to prioritize nature recovery actions in complex socioecological landscapes.

Setting quantitative targets for conservation features involves
converting broad goals into objective criteria that can be evalu-
ated quantitatively. In a nature protection context, targets typ-
ically aim for continued feature persistence (e.g., stable popu-
lations) in the planning region while ensuring representation of
all features across a portfolio of protected areas. The targets are
often defined by the minimum number of sites or area each
feature should constitute (e.g., vegetation types) or occupy (e.g.,
species) across the planning region. Ideally, the targets would
be set on the basis of detailed ecological analysis—for example,
to establish minimum viable population sizes and estimates of
habitat-specific population densities. Rarely are these data avail-
able, and targets are often set without a strong ecological ratio-
nale, typically on the basis of heuristic rules (e.g., expert opin-
ion) or policy objectives (e.g., protecting a percentage of the area
of a species’ habitat). Approaches linking habitat area targets to
species traits, such as using allometric scaling relationships be-
tween body size and population density to estimate the habitat
area requirements for a species, have been used as more eco-
logically grounded alternatives to heuristic methods (Pressey et
al. 2003). The targets might also consider characteristics of patch
size and quality that affect occupancy, including setting a min-
imum patch size (Smith et al. 2010), demographic connectivity
such that selected areas form viable metapopulations (Daigle
et al. 2020), or being weighted on the basis of species- or trait-
specific threats or the rarity of conservation features (Chan et al.
2006, Gordon et al. 2009). Some conservation features may not
meet the identified targets (i.e., they are not present in a suf-

ficiently high number of protected sites), requiring the addition
of new sites to the protected area portfolio to meet shortfalls.
Target setting has significant consequences for planning, which
places great importance on understanding the consequence of
using any particular strategy (Pressey et al. 2003, Rondinini and
Chiozza 2010).

Conservation assessment, the process of prioritizing new con-
servation actions, comprises its own distinct steps, including di-
viding a planning region into planning units, quantifying the
amount of each conservation feature and the socioeconomic costs
of protection per planning unit, assigning targets and weights to
features that reflect priorities, and then running a spatial prior-
itization analysis to meet specified targets. Setting the planning
unit size can have important effects on spatial prioritizations and
therefore requires careful consideration. Conservation features
are mapped to planning units, and therefore, changing the size of
the unit can alter the apparent spatial distribution of the feature
(Nhancale and Smith 2011). The planning unit size should reflect
the confidence in the accuracy of conservation feature data while
also recognizing that smaller planning units are likely to better
capture areas of habitat in fragmented landscapes and barriers
to species movements between patches, and they generally re-
sult in more efficient solutions because each unit contains fewer
nontarget areas (Nhancale and Smith 2011). Several computa-
tional or decision support tools are available to solve prioritiza-
tion problems, although the precise framing of the problem differs
among those tools. The most common and widely used heuris-
tic approaches for identifying priorities are Marxan and Zonation.
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Marxan aims to meet specified targets while minimizing costs
(minimum set problem; Ball et al. 2009), whereas Zonation aims to
maximize biodiversity gains for a given cost (the maximal cover-
age problem). Although these two widely used tools can only find
near optimal solutions, mixed integer linear programming (e.g.,
prioritizr; Hanson et al. 2024) can find optimal solutions and in-
corporate different management actions or zones. Each of these
tools has been used in systematic conservation planning, with
each having different strengths and weaknesses, and most can ac-
commodate core conservation principles by emphasizing to some
degree the importance of, for example, patch size and connectiv-
ity, and the incorporation of information on threats, costs, and op-
portunities. The principal choice of prioritization algorithms cen-
ters on the framing of the prioritization problem, whether the
algorithm is guaranteed to find efficient solutions, and the com-
putational resources required to solve the prioritization problem
(Delavenne et al. 2012, Beyer et al. 2016).

The outputs from conservation assessment are designed to
guide decisions about which new areas to add to an existing pro-
tected area portfolio rather than to be definitive. A key step in-
volves stakeholder evaluation, which can take a wealth of ap-
proaches, but key is highlighting trade-offs of adopting differ-
ent strategies to identify outcomes that better balance conser-
vation objectives and stakeholder interests and reconciling dis-
agreement between prioritization outputs and on-the-ground per-
spectives (Klein et al. 2010, Metcalfe et al. 2015). The scheduling
of implementation is agreed, informed by data on site irreplace-
ability and risks of delaying action (e.g., potential for logging). Fi-
nally, to accrue benefits from systematic conservation planning
requires effective management that relies on robust monitoring
strategies and the development of socioecological performance
indicators to evaluate changes over time relative to established
benchmarks.

Adapting systematic conservation planning
to a nature recovery context

In this section, we highlight key conceptual and methodological
elements relevant to each systematic conservation planning stage
when applied to nature recovery. These are discussed with refer-
ence to box 1, which reframes the 11 stage systematic conserva-
tion planning framework presented by Pressey and Bottrill (2009)
in a nature recovery context. Many elements are relevant for both
nature protection and recovery context, but the contexts can have
important effects on the types of information required and how
thisis used within systematic conservation planning, and we draw
out these distinctions throughout. We also highlight the diverse
range of information and potentially complex spatial prioritiza-
tion process of nature recovery systematic conservation planning
(figure 1) and reflect on existing examples of systematic conserva-
tion planning applied to problems with nature recovery objectives
(table 2). These examples are used to highlight the limitations
with existing approaches and to identify key advances needed to
overcome these challenges.

Setting nature recovery goals and targets in
systematic conservation planning

The first major challenge of implementing systematic conserva-
tion planning in a nature recovery context is setting the goals and
targets (box 1, stages 4 and 7). Broad nature recovery goals re-
flect the ambitions and vision of society and must capture both
human and nonhuman requirements of landscapes, which will

vary in their degree of alignment and will often necessitate resolv-
ing strong trade-offs. Achieving many goals will require substan-
tial landscape alteration (e.g., on agricultural land), potentially
affecting established human-landscape relationships, especially
in areas influenced strongly by social or cultural relationships to
land (e.g., Iversen et al. 2022). Because nature recovery can be dis-
ruptive and contentious (Wynne-jones et al. 2018); for example,
where changes in farming practices or species reintroductions or
removals are involved, early identification and mediation of issues
through stakeholder engagement are crucial to developing nature
recovery goals (box 1, stage 2). The goals must consider potentially
diverse stakeholder perspectives, such as varying perceptions of
the need for and effectiveness of nature recovery actions (Mikota-
jczak et al. 2022, Dunn-Capper et al. 2023), and must identify op-
portunities to cooperate effectively to improve overall nature re-
covery outcomes (e.g., O'Bryan et al. 2023). These disparities in val-
ues and priorities are not only natural but also central elements of
the planning process. Systematic conservation planning can have
an important role in finding solutions where differences in stake-
holder priorities may require trade-offs (e.g., nature recovery ver-
sus carbon sequestration; Strassburg et al. 2019, 2020), but it is
imperative to address these differences from the outset and work
toward synthesizing them into a unified vision for nature recov-
ery that spans the entire planning region. Crafting a shared vision
for nature recovery that accommodates and reconciles these di-
vergent perspectives is critical for delivering successful and sus-
tainable nature recovery.

A critical stage of systematic conservation planning is convert-
ing broad nature recovery goals into quantitative targets for con-
servation features that will be a target of optimization in the con-
servation assessment stage (box 1, stage 7). The targets for na-
ture recovery are often less clearly defined than those for na-
ture protection (Grace et al. 2019), but recent efforts have begun
to be focused on quantitative definitions, such as “a fully recov-
ered species being viable and ecologically functional across their
indigenous range” (Akcakaya et al. 2018). Initiatives such as the
International Union for Conservation of Nature’s (IUCN) Green
List propose fixed recovery benchmarks on the basis of histori-
cal population status, and several dates have been suggested to
define a species as “fully” recovered (e.g., from 1750 to the start
of the Industrial Revolution; Grace et al. 2019). Benchmarking na-
ture recovery against historical populations sets aspirational tar-
gets but requires caution because of uncertainties in historical
population sizes and their attainability given modern constraints
on land availability and future climate conditions (Grace et al.
2019). Nature recovery targets should at a minimum support the
persistence of species but, where possible, should be more am-
bitious, acknowledging the scale of historical losses, the perilous
state of many species, including the likelihood that extinction
debt is highly prevalent in many populations (figure 2a), and the
impacts on ecological processes of failing to recover populations
(figure 2b). Focusing solely on persistence and threatened species
may overlook opportunities to restore ecological functions linked
to declines in nonthreatened species (Winfree et al. 2015, Baker
etal. 2019). Recovery targets should ideally be informed by knowl-
edge of abundance-function relationships, which may indicate
that targets for conservation features need to be set higher to
restore ecological function than to ensure persistence (figure 2b;
Baker et al. 2019).

Species often have the least predictable response to nature
recovery because of nonequilibrium community dynamics and
hysteresis effects (Cava et al. 2018). Predictability hierarchies
generally follow from vegetation structure to taxonomic diversity

G20z Ae|\ z| uo1senb Aq 0181 18/0£04e1q/10S01q/E60 |0 L/10p/2[01lB-80UBAPE/2OUSIOSOIM/WO0D"dNO DIWBpeIE.//:SAY WOl papeojumoq



7

Baker et al.

Downloaded from https://academic.oup.com/bioscience/advance-article/doi/10.1093/biosci/biaf030/8118104 by guest on 12 May 2025

‘(Amqrsseooe “8'9)
SOTISLI9IOBIRYD 9IS
UM SUOT}BLIEA
10 3URUNOJDE

UOTSSa00NS
1e}1qRY 10] SS[BISIWT)
JUSISJJIp pUB

ISUJOUE 0] 91€}S SUO
wo1j SUIUOn}ISUBI) JO

's91e1S

‘91818 1BIIqRY

‘syutensuod Are3sdpnq

Suru ‘awn ysnoryy s1yauRaq A1ISISATPOIq 1e11qRY )2IDSIP yoea u1 3uraq jo anfea urym ured £ienb
-urerdord S1S0D UOT}BI0}S3I JUSI2JJTp SUTWINSSE IN0J SSOIDE A1s19A1pOIQq paATRdIad WNWIXBU SASTYDE (1202)
Te3Ul 19831U] SUON Surysturwrq ‘paseq-OLIBURDS 1e11qeY SULI0)SaY 0] pax{ul] ‘Paseq OLIBUIS 0] UOTJBI0}S3I 3[NPAYDS san3ea[[od pue 00ys
ad /3 1e319BY YoeS JOo souEepuNnQge
“SI0MmIU JUS1Xd PUE 2dUBPUNQE UOT}BIO}SaI USTJ 3]qBISIATRY/YST “£31renb
Jo1Rq YSy usamiaq aA0I3UBW B30} 9SB3IDUI 0} 1e31qRY 2A01durt 1202)
uersakeq SUON SUON drysuonera1 pa[epom ‘7931 191540 ‘sseideas XIIBW JBIIGRY 310153y 0] UOT}BIO]S3I 9ZILIOL] san3ea[[od pue Aq[H
“JIUn € 03 1e31qeY SI0W
3urppe jo suinjal
Surystuiwirp Surunsse
UOT}BI0}S2I JO 1Jauaq
{S[PpoW UOTINQUISIP
sardads SuIsn paLLjul
UOT}BI0}SaI SUTWNSSE
'S1500 suonnquistp renusiod 'S}UTBIISUOD 350D ‘(uonyenysanbas
3umusj + s3s0d yim ‘diysuoneal pue ‘s}a31e} U0gIed u0qIed 10 AJISISATPOIQ)
Sunuerd x s3s00 eare-soads 9101891 pue AISI9ATpOIq UOT}BI0}S3I 15310
Suruweid Aureyreoun 33 U0 paseq 03 JUS1X3 DU0ISIY 03 patidde s3unysrem JO S}yauaq OIS (6107) sendeay[od
-o1d 1B9UIT SUON UOTIBI0ISY {SU UOTIOUTIXS 31SBII0] 3152105 jo uonzodoid pSLIBA 3TM SOLIEUSDS WS1SAS003 SZTUWIIXEIN pue 31ngssens
"(A1z00d Sutop
sa10ads ou ‘suonnios
(Qmgeams Jelqey) paduereq) spiiq 10§
(:e3s ured £}1s19A1poiq 1e31qeY SZIUIXEBW O}
(sz0301pa1d 1€31qRY) TeutdLio 21e21021) 2IMINJ 0} UOINQLIFU0D senuoud uonejsdanal (600¢) sengesy[od
UOnBUO0Z, SUON SUON spepowt £ouednooQ UO1}B}939A8Y pajoadxa Aq say1s uey rexodwsy/(eneds pue UOSWOoY],
‘uonouny 971S 193pNnq & USAIS
aAnd3(qo 28e19100 UOTIE}RZA S311Ss UOn 1932431
wo3Isnd pUE Sp10d31 pue saads
s saroads [eoLI0ISIY 1[€ 19A0 3DUSLINII0 'samads p11q
3urresuue anrea £yzadoxd U0 paseq S[opout 28e19A0D [BOUIOISIY Jo fytiqeqord JO 9)INS 10 UOT}BIO}SAI (£007) sendearod
paje[nuIIS SUON JO UONOUNJ IBJUTT uonnquUIsIp sarads 0] :e1333A9Y pPaWIWINS 3} SZIUIIXEN adeospuer rewundo pue reydisam
suonoe sjearyL, $1S0D sasuodsai pajedpnuy suonoe s1931e], EY\hET(e[o) Apmg
aznuoud K1200031 21n1EN

‘A12A0031 a1n3eu 3unagdiel 10J pasn saydeoidde Sutuue[d UONBAISSUOD DI} EWSISAS JO sojduuexd 'Z S[qel



BioScience, 2025, Vol. 0, No. 0

8

Downloaded from https://academic.oup.com/bioscience/advance-article/doi/10.1093/biosci/biaf030/8118104 by guest on 12 May 2025

WYILIO3[.
uoneznuoud
uonoennw axodssg

UBXIBIN

UBXIBN

“SI0MIUTRI]
reonAreue
ST} UT SUOTIO®

SE PaIapISu0D

'S150D
uonisimboe pue

£yrenb

SUON pue[ [eInnoudy

'$1500

(Buuesurdus “3'9)
UOT}BI0ISaI PUE
(puer pareannd
woij) farunyzoddo

opowt
reqided femieu eip

‘suondwnsse

a1qrsnerd 10 aIn3eisi]

wo1J paurelqo

33 QuauILleqe

sjeal1y} 03 sasuodsal
oyyads-sarads

"pa103sal 8q PInod
1) sadfy-1e11qey
10j s}9318)

Surpnpour Aq A)30211pU]

‘syeaIy}
01 f111qeI2UNA pUR
18313 JO SaInsesaw
sa1e10dI00UT
Ayrenb yeyiqey ‘epour
1eaded [exnjeu e 3uisn
D1B[NDTED SIYIUSq
{(£yrenb yejiqey
‘DIOIA Islem ‘UOTIUIDI
110s ‘93B103S UOQIED)
S9DTIAISS WISAS0D9 ITNOJ

‘samads 1981e] 0}
S}BaIY} S}BIpaWal
01 Tenjusiod

3 suonoe o[ dnnn

Apoarpug

“(AyderBodoy

10 S2IN)edJ

[10S UO paseq)

PUEI9M IO 1S310]
0] pUBULIE] 210)SY

‘satads
0} S}ESI} S)BIPaWaL
0] ATBSS303U SUOTO’

JO UOmBUIqUIOD dYads

's1081e)
a2df3-1e11qeYy 198 11adx3

‘BaIR UONBI0}SAI
10 soLreusds [dnn

"}S0D [BWITUIUL
1€ 1931€] UOT}BAISSUOD
o3 S2A3IYDE
1e) saads ysy
I9}BMUSaI] 03 S}eaIU}
SSaIppe 03 SUOT}Oe

Jo 13s ay3 aznuoud o,

'SUOTITPUOD [eJT30]003
anoxdurr 0y padeurwr
I901€[ 31 YA ‘SUOZ
A1900231 pUE 3100
Surpnpour 1om1au
A19A0031 21njeU
renusjod e AJuap]

'S}JaURQOD SZIWIKBW
0] S9DIATSS W9]SAS0D
JO SJJO-9PEI} UOTIBIOISIY

(sT07)
SaN3ea[[0d PUB OULIB}IED

(czo)
SaN8La[[0d pue YITWS

(czoz)
san3ea[[od pue NN

Suonoe 9ZNLIoLd

S1ealyL 5150D

sasuodsail pajedpnuy

suonoe
K1an0031 arnjeN

sya8iel

2a1123(q0

£pms

panunuoy ‘g 9qeL



a. ,
Historic ' Future
o ] Recovery,
N .
o | N i
o A S ;
o \ ) ;
= ! Persistence
L N —=
g.. M—""
o Current ’ _—;'-
o status 1 L
1 e Extinction debt
1
Time
’—--——_____;=/_
P Fra
o) / ik
2 / #
bt / Pradd
o / PLal
£ a /
e ! . < ]
2 A e /i
= g ~
(5] PV H /
e !z : /
S 4 5 o &
L <7 = : :
LV H : / -
- * H e H
L0 G, = L& .
Abundance/Richness
C. | s
Py Natural state —-p»
S i
© : :
Q ! !
8 i :
ol U
£
? i ‘ 7 Undergoing
© ; ¢+ | restoration
(@] i i
Time/Area

Figure 2. Identifying nature recovery targets on the basis of (a)
populations and (b) function and services, and (c) recognizing
restoration gaps. Population targets (a) can be benchmarked against
historical population sizes (the solid line) or aim to ensure persistence of
the species (the lower dashed line). These targets are likely to differ and
reaching those targets may need to account for extinction debts that
result in continued decline of populations after nature recovery activity
is implemented (the dotted line). Ecosystem function or service targets
(b) linked to, for example, abundance or species richness depend on
these functional relationships (e.g., linear, threshold, logistic). Targets
will differ for the same function or service outputs (e.g., restore 50% of
historical levels, as pictured) with different functional relationships and
understanding these relationships will be important in setting targets.
Restoration gaps (c) describe the delay in restored habitat reaching the
same quality as habitat in a natural state and, therefore, targets require
either more time or a larger area (the dashed double-headed arrow) to
support the same amount of conservation features as the natural state
habitat.

then functional diversity and, finally, taxonomic composition
(Laughlin et al. 2017). Shifting focus up this hierarchy toward
greater predictability might be beneficial when there is high
uncertainty in species outcomes and when restoring ecosystem
processes or services is required. Areas that are of particular
importance for “the continued provision of ecosystem func-
tions and services” are emphasized alongside biodiversity in the
Kunming-Montreal Global Biodiversity Framework (CBD 2022),
and considerable progress has been made in integrating these
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aspects of biodiversity into systematic conservation planning
(Strassburg et al. 2019, Villarreal-Rosas et al. 2020, Mu et al. 2022).
Trait-based approaches informed by community assembly theory
are increasingly being used to target species groups to recover
particular ecosystem processes or services (Carlucci et al. 2020).
The targets can be selected on the basis of traits and considering
functionally or genetically complementary or redundant species
(Noss et al. 2009, Laughlin et al. 2018, Nielsen et al. 2023) and
informed by the functional relationships between specific aspects
of biodiversity and function or service outputs (figure 2b).

It is important to be clear about what is being targeted in na-
ture recovery systematic conservation planning. Where species
are the conservation feature for which targets are set, prioriti-
zation problems are typically aiming to protect, restore, or cre-
ate habitat sufficient to meet targets. Habitat refers to the natu-
ral environment where species live and is a species-specific con-
cept that encompasses biotic and abiotic conditions. Creating a
particular type of vegetation structure or community does not
necessarily equate to creating habitat for a particular species,
where critical resources or conditions may be absent (e.g., ther-
mal conditions), nor does it equate to particular ecosystem pro-
cesses or services. Therefore, there is a clear distinction between
prioritizing for species- or process-specific targets and, for exam-
ple, broad vegetation types (e.g., deciduous woodland), and it is
important to be specific about the conservation features being
assessed.

The targets should also recognize restoration gaps (i.e., a dis-
parity or deficiency in the representation and protection of de-
graded biodiversity features), where some environments need ex-
tended time for recovery, and, therefore, larger spatial extents
need to be restored to have the same function as “pristine” ar-
eas (figure 2c). The size of the restoration gap will in part reflect
the duration of the time lag in achieving the required habitat
state after conservation action, as well as the time taken for tar-
get conservation features to respond (e.g., based on life-history
traits), which might be affected by the spatial configuration of
habitat patches through effects on colonization rates (Kapés et al.
2023) or the likelihood of achieving a successful outcome (McBride
et al. 2010). Measuring restoration gaps might require empirical
data on the differences in species’ abundances across areas of
differing restoration states, and this may only be available for a
subset of species. Consultation with species experts can be valu-
able in obtaining qualitative data on potential restoration gaps
that could then be used to scale targets for conservation features
accordingly.

Accounting for the socioeconomic context to
nature recovery in systematic conservation
planning

Changing land use to deliver nature recovery is inextricably linked
to socioeconomic factors affecting land value, inclusive of eco-
nomic (e.g., food production), recreational, and cultural value
(Brown et al. 2022). This is the second major challenge of imple-
menting systematic conservation planning in a nature recovery
context. Predicted patterns of land-use change, and therefore op-
portunities for nature recovery, differ substantially depending on
assumptions about socioeconomic and climatic conditions and
lead to very different outcomes for biodiversity in the absence
of directed nature recovery activity (Brown et al. 2022). A major
challenge is securing long-term restoration commitments, partic-
ularly where external factors can rapidly shift the demands on
land (e.g., the Russia-Ukraine war; Strange et al. 2022, Chai et al.
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2024). Integrating scenario-based land-use change from paired cli-
mate and socioeconomic models into nature recovery systematic
conservation planning will be necessary to capture such socioe-
conomic drivers of land-use changes and ensure nature recovery
plans reflect real-world opportunities. The key constraint is the
availability of spatial socioeconomic data that reflect appropriate
land-use costs (Ban et al. 2013), but open-source land-use models
are now widely available that can be parameterized for a given
planning region and a range of economic and climate scenarios
(Murray-Rust et al. 2014). Nature recovery takes time and there-
fore considering land value over longer timescales under a range
of scenarios is critical for targeting nature recovery in areas that
have long-term security.

A major challenge to delivering effective nature recovery is
funding the on-the-ground activity, with most landowners requir-
ing at least some level of financial incentive for participation in a
nature recovery activity, covering not only payments for operat-
ing costs related to nature recovery but also the net income fore-
gone (i.e., opportunity costs associated with loss of agricultural
production). This can affect, for example, a landowner’s willing-
ness to lease or sell land (Knight et al. 2011) or to engage with na-
ture recovery financing schemes (Reimer and Prokopy 2014). Un-
derstanding the funding landscape and budgets for a planning re-
gion is crucial at the outset of systematic conservation planning,
because they affect the scope of the the conservation goals and
the ambition of the targets. Funding for ecosystem restoration
activity is increasing globally through a range of initiatives (e.g.,
Seddon et al. 2021), including payments for ecosystem services
programs that offer scalable financial incentives for restoration,
facilitated by governments or voluntary markets (United Nations
and World Bank 2022). Increasing interest from corporations in
developing sustainable supply chains and offsetting the impacts
from operations offers a further mechanism to support funding
ecosystem restoration activity (United Nations and World Bank
2022).

Information on funding and costs can be incorporated directly
into most spatial prioritization algorithms in the conservation as-
sessment stage (box 1, stage 9) but ideally requires quantitative
information on funds tied to particular nature recovery activities
(e.g., payment per hectare of woodland creation; figure 1). This is
easier to implement when funding schemes are well established,
defined by a clear set of rules, and where funding is secured and
predictable on at least decadal time scales. Unreliable funding
effectively expands the restoration gap because areas would be
expected to be lost as financial support is removed and alterna-
tive land uses are sought to fill the economic gap (figure 2c). Spa-
tial prioritizations must evaluate the consequence of such uncer-
tainty where possible, exploring outcomes across a range of long-
term funding scenarios to identify the risk of falling short on tar-
gets because of the emergence of funding gaps (e.g., McBride et al.
2007).

Anticipating responses of conservation features
to nature recovery actions

In a nature recovery context, systematic conservation planning
is fundamentally about planning for a future state of biodiver-
sity, with solutions depending on the anticipated consequences
of nature recovery activity on conservation features. This places
considerable importance on understanding and predicting how
species or other conservation features are likely to respond to spe-
cific nature recovery actions.

Anticipating responses of conservation features to nature
recovery actions first requires understanding the types of restora-
tion or creation activity possible at a location (figure 1), with
this information necessary to the secondary step of predicting
the responses of conservation features to these changes (box 1,
stage 5). Potential target and locations for nature recovery actions
can be identified most simply using information on historical
distributions of natural vegetation under the assumption that
appropriate management will restore vegetation to its natural
state, and this will provide habitat for historically occurring
species (e.g., Westphal et al. 2007, Thomson et al. 2009, Strass-
burg et al. 2019, Smith et al. 2022). This approach provides a
straightforward means of mapping habitat potential across the
landscape assuming historical data are available, although it
does not consider potential alternative scenarios that might now
be favored because of environmental changes that cannot easily
be managed (e.g., climate, hydrological flows). Alternatively, ap-
proaches that predict the potential to create particular habitats
or vegetation types on the basis of current or projected future
edaphic and climate conditions (figure 1), including accounting
for land use demands under a range of socioeconomic-climate
scenarios (Murray-Rust et al. 2014), might be more valuable in
landscapes dominated by converted land (e.g., agricultural land-
scapes of Western Europe) and in still changing environments
(e.g., high exposure to climate change). Such information would
allow planners to consider scenarios for vegetation or habitat
changes that are optimal for meeting the nature recovery targets,
deviating from historical baselines where appropriate, and more
viable long term (Cordell et al. 2017, Sylvester et al. 2020).

Data on the likely distributional changes of conservation fea-
tures in response to newly restored or created habitats are a fun-
damental component of nature recovery systematic conservation
planning, being required to determine future priority areas in the
conservation assessment stage (box 1, stage 6; figure 1). A range
of approaches have been used to date to develop this informa-
tion for the conservation assessment stage of systematic con-
servation planning in a nature recovery context, as is illustrated
in the examples presented in table 2. Mapping species’ distribu-
tions as a function of habitat condition after land-use change re-
quires establishing these functional relationships. The simplest
assumption is that species will occupy particular patches of nat-
ural vegetation if it is available, accessible, and of sufficient size
(Crouzeilles et al. 2015). This may be convenient where current
species distributions and species-habitat associations are well
known and likely to stay constant under future climate change.
Alternatively, predictive models, including correlative species dis-
tribution models, can be used to anticipate species’ responses
to land-use change (table 2; Thomson et al. 2009, Kujala et al.
2015, Strassburg et al. 2019). A concern is where there is a mis-
match between the spatial grain of information required and
the spatial grain at which species occurrence data have been
sampled. At high spatial resolutions, patterns of species occu-
pancy are driven increasingly by metapopulation dynamics and
stochastic processes that are not captured by static correlative
species distribution models. Models considering demographic and
spatial and temporal processes (Bonnot et al. 2017) and species
interactions (McAlpine et al. 2016) are likely to be better than
static species distribution models at prediction under novel condi-
tions (Higgins et al. 2020). This may affect prioritization patterns,
particularly where restoration gaps are not correctly identified
due, for example, to unaccounted for demographic or dispersal
constraints.
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Following the hierarchy of predictability and the challenges
of developing species-specific predictions, some studies have
avoided a species-focused approach entirely (table 2), consider-
ing species distribution models too uncertain to provide reliable
information on the effects of nature recovery actions (Smith et al.
2022). For example, Gilby and colleagues (2021) modeled the rela-
tionship between species abundance and the extent of several key
environmental features to forecast the effects of restoration. Oth-
ers have entirely avoided empirical approaches for anticipating
responses to nature recovery actions, instead developing scenar-
ios from expert opinion, often linked to vegetation types as the
conservation feature (Smith et al. 2022) and assuming different
biodiversity benefits of transitioning from one vegetation state to
another (Shoo et al. 2021). The choice of approach will depend on
the sensitivity of spatial prioritizations to uncertainties in species
or vegetation responses, as well as the ecological context (e.g.,
habitat specificity of focal species, the degree of habitat fragmen-
tation), availability of information to parameterize models (e.g.,
species occurrence data), along with computational complexity,
expertise, and resources.

Planning for nature recovery occurs against the backdrop of on-
going climate change, which is beginning to exert a significant in-
fluence on biodiversity, affecting both the value of existing pro-
tected area sites and the potential value of new sites for nature
recovery (Reside et al. 2018). Existing conservation areas that are
known to be effectively managed (e.g., defined through the IUCN
Management Effectiveness Tracking Tool; Stolton et al. 2021) and
contain high quality environments, would typically provide the
core areas from which nature recovery can be built. These ar-
eas would be locked into the spatial prioritization at the con-
servation assessment stage, whereas conservation areas that are
not effectively managed or in good condition might be consid-
ered among the opportunities for delivering nature recovery in
the landscape (i.e., through habitat restoration). Even where con-
servation areas are currently high quality, climate change im-
pacts to core sites could alter decisions about nature recovery ac-
tivity and therefore robust analysis of climate change resilience
across existing conservation areas is crucial (Baker et al. 2015).
Novel approaches to climate modeling are now able to capture
changes in species distributions at scales experienced by indi-
viduals, such as near the ground or below the canopy (Maclean
and Klinges 2021), providing more accurate assessments of cli-
mate change exposure and effects on species’ persistence within
conservation areas (Maclean and Early 2023). Considering cli-
mate change effects in the responses of species to nature recov-
ery activity may be crucial for maximizing the likelihood that
nature recovery solutions are robust under a range of climate
change scenarios, particularly given recent insights into the im-
portance of fine-scale habitat management for mitigating the ef-
fects of climate change on species (Maclean and Early 2023). Ac-
counting for climate change in systematic conservation planning
also enables the assessment of the long-term viability of exist-
ing sites because of climate change exposure, which is essen-
tial for identifying coverage gaps that may emerge (Reside et al.
2018, Critchlow et al. 2022). This can be used to designate the im-
portance of existing conservation areas in the conservation as-
sessment stage by, for example, down weighting the contribution
of the most climate change exposed conservation areas to fu-
ture conservation feature targets (i.e., requiring the solution to
compensate for the potential loss of these sites in future with
additional sites).
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Conservation assessment for nature recovery

Selecting nature recovery areas requires setting up and solving
prioritization problems not dissimilar to those found in priori-
tizing nature protection. The prioritization for nature recovery
must, however, be based on anticipated responses of conserva-
tion features to nature recovery activity. This includes predicting
the amount of each conservation feature in each planning unit
for future time points under a range of nature recovery scenarios,
reflecting the likely suitability and availability of land for habitat
restoration or creation, ideally capturing temporal changes in veg-
etation states and habitat quality that reflect restoration gaps, ac-
counting for accessibility on the basis of species’ dispersal traits,
and accommodating socioeconomic costs and benefits of nature
recovery action in a particular location (figure 1). This creates a
number of challenges not encountered when prioritizing for na-
ture protection (box 1, stage 9).

Abasic spatial prioritization problem for nature recovery might
involve restoring degraded natural vegetation to a known histor-
ical state. Because the prioritization problem is simply a binary
decision, to restore or not, the problem is somewhat analogous
to that encountered in a nature protection context—to protect or
not—and this type of problem has been addressed using existing
spatial prioritization algorithms with simple modifications to
the conservation feature input data (e.g., Westphal et al. 2007,
Lethbridge et al. 2010, Carwardine et al. 2015). For example, Thom-
son and colleagues (2009) used Zonation to target revegetation,
including temporal scheduling, by incorporating predicted distri-
bution layers for conservation features at multiple future time
points for a given revegetation scenario (table 2). Strassburg and
colleagues (2019) extended this problem by exploring how much
forest to restore per planning unit in order to maximize ecosystem
service benefits while also considering costs, assuming diminish-
ing returns for biodiversity following a species-area relationship.
This approach was based on the potential distribution of species
as the conservation features, assuming restoration had occurred.
McBride and colleagues (2010) showed how the basic Marxan op-
timization problem could be extended mathematically to include
multiple restoration facets, including transitions from different
degradation states, spatial dependencies between adjacent sites
and incorporating stochastic events (e.g., fire) that might alter
outcomes. These extensions do not seem to have been widely
adopted for prioritizing restoration, which suggest that although
they are mathematically tractable, there are barriers to adoption.

Nature recovery spatial prioritization problems are often
more complex than these basic scenarios. For instance, in highly
modified landscapes where there is uncertainty about historical
environmental states (e.g., much of Western Europe), multiple
actions may be possible to implement on a given land parcel de-
pendent on current edaphic, hydrological, and climatic conditions
(figure 1). For example, it may be possible to convert the same
arable field to species rich grassland, woodland, or wetland, with
each potential action benefiting a very different set of species or
ecosystem processes and contributing differently toward targets.
Marxan with Zones (Watts et al. 2009) extends the Marxan func-
tionality to consider the problem of apportioning the landscape
into different conservation zones, therefore optimizing for both
the type and spatial distribution of management. Although
typically used to assign planning units to particular management
strategies given the current distribution of conservation features
(e.g., strict, partial, or no protection), the approach can be used to
prioritize management actions (or zones). This can be achieved
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Figure 3. Two examples of important conditional spatial effects to consider in a nature recovery spatial prioritization problem. In panels (a) and (b),
the contribution of nature recovery actions at planning unit A to a species’ conservation target is conditional on nature recovery actions occurring in
unit B. In panel (a) this is due to dispersal constraints that are resolved in panel (b) through nature recovery actions creating appropriate habitat
through which the species can disperse to site A, and regardless of whether B contributes directly to the species’ target. In panels (c) and (d), the
contribution of actions at a single planning unit may facilitate occupancy at neighboring sites (e.g., via patch size, connectivity effects) increasing the
value of nature recovery actions at a focal site. In panel (c), the hatched planning units are suitable targets for nature recovery actions to benefit a
target species, whereas solid planning units have suitable habitat but are currently unoccupied because of patch size or connectivity constraints. In
panel (d), nature recovery actions at units A and B permit occupancy of not only A but the surrounding planning units. In a, b, and d, the solid
planning units indicate suitable habitat patches, which are occupied or not depending on patch size and connectivity constraints. The unfilled
planning units are unsuitable for the species without appropriate nature recovery action, whereas the hatched planning units indicate nature

recovery actions to create suitable habitat.

by assigning weights to each conservation feature that represent
the contribution of each planning unit to the feature target
conditional on the type of habitat created (e.g., which zone the
planning unit is assigned to). This type of approach is marginally
more complex to setup than a binary restoration problem, requir-
ing additional inputs for each potential nature recovery action
(e.g., conservation feature responses to and costs of each action).
However, the approach has also not been widely implemented
in a nature recovery context (e.g., Smith et al. 2022). Multiaction
algorithms have been developed for prioritizing conservation
actions aimed at increasing the probability of species persistence,
enabling decisions to be made about which suite of actions
should be targeted and where to reduce pressures on species
across their current range accounting for costs (table 2; Cattarino
et al. 2015, Salgado-Rojas et al. 2023).

Although these approaches provide a means of spatially priori-
tizing simple nature recovery scenarios using existing spatial pri-
oritization algorithms, made easier by modern software packages

(e.g., Hanson et al. 2024), the use of methods devised for priori-
tizing nature protection potentially omit important facets of the
nature recovery process that could have major consequences for
prioritization. For example, although most existing examples pri-
oritize conservation features on the basis of anticipated responses
to nature recovery actions, these responses are often static and
therefore cannot account for the value of a nature recovery action
being conditional on actions conducted elsewhere in the planning
region. Figure 3a illustrates this concept, showing that the contri-
bution of nature recovery actions at one planning unit to a species’
conservation target is conditional on nature recovery actions oc-
curring in another unit. This is due to dispersal constraints that
are resolved in figure 3b through nature recovery actions creating
appropriate habitat through which the species can disperse. Fur-
thermore, nature recovery actions in a planning unit may also fa-
cilitate occupancy in neighboring units through effects on patch
size or connectivity, therefore multiplying the contribution of a
single action to feature targets. Figures 3c and 3d illustrate this
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concept, showing that nature recovery actions at units A and B
permit occupancy of not only A but the surrounding planning
units through both patch size and connectivity effects. Recogniz-
ing these multiplier effects is important for ensuring that nature
recovery actions result in a distribution of patch sizes that allow
the persistence of species that are highly sensitive to patch area
thresholds. The importance of accounting for such processes in
nature recovery spatial prioritization needs to be investigated and
may require the continued development of spatial prioritization
methods to accommodate additional processes.

The temporal scheduling of nature recovery activities is critical
for delivering nature recovery objectives and must consider not
only the time scales required for habitat to reach a target state, for
target species to colonize these sites, and how suitability might
change under climate change (Reside et al. 2018, Dupont-Doare
and Alagador 2021) but also the temporal availability of funds re-
quired to support nature recovery actions and costs of manage-
ment (McBride et al. 2010). Temporal scheduling of nature recov-
ery actions has been analyzed by adjusting the feature contribu-
tion to a planning unit conditional on when those planning units
were restored (e.g., table 2; Shoo et al. 2021) and prioritizing mul-
tiple temporal slices simultaneously (Thomson et al. 2009). More
complex models that can calculate the value of a nature recovery
action conditional on other activities occurring elsewhere in the
landscape might have enormous value, shedding light on these
spatial and temporal dependencies and their effects on the or-
dering of interventions (e.g., where occupancy of a site is depen-
dent on the maturation of adjacent habitat). Incorporating tem-
porally varying costs is critical to understand how nature recovery
targets will be reached given the sustainability of funding for in-
terventions over decadal timescales (Thomson et al. 2009, Shoo
et al. 2021). Temporal scheduling should be considered as part of
the post hoc analysis of spatial prioritizations prior to implementa-
tion, but information to inform decisions must be generated dur-
ing spatial prioritization and likely calls for novel approaches that
can better incorporate the spatial and temporal dynamics of na-
ture recovery.

In this stage, it is important to carefully consider the size of a
planning unit and the trade-off between the unit’s size and the
accuracy and precision of suggested actions. In a nature protec-
tion context, evidence suggests that by including costs and con-
nectivity penalties in the conservation assessment stage, spatial
prioritization outputs are less sensitive to the planning unit’s size
and shape (Nhancale and Smith 2011). These results may trans-
late to simple nature recovery planning problems, such as binary
restoration action problems, but it is not clear how sensitive more
complex spatial prioritization problems are to the scale and shape
of planning units. An important challenge is where environmental
conditions (e.g., soil, microclimate, hydrology) vary over short dis-
tances affecting the types of habitat creation opportunities avail-
able. Larger planning units are computationally more feasible and
may often reflect more accurate knowledge about the distribu-
tions of conservation features and costs but may create an im-
plementation challenge where prioritized actions only apply to
a fraction of the planning unit. Smaller planning units help link
actions more directly to the specific conditions of land parcels
and are likely to reflect connectivity barriers for poorly dispers-
ing species better but may add uncertainty where information on
conservation features, including anticipated responses to nature
recovery actions, must be downscaled to fine resolutions. There-
fore, the planning unit size will always involve trade-offs between
data uncertainty, computational time, and the degree to which
landscapes and ecological processes are sufficiently resolved, and
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the choice of the planning unit’s size and shape must be tailored
to each planning problem.

Conservation assessment in nature recovery systematic con-
servation planning could become complex, incorporating species’
responses to multiple scenarios for habitat restoration and cre-
ation within different socioeconomic-climate contexts while also
addressing a range of uncertainties (figure 1). Spatial prioritiza-
tion algorithms have received considerable attention throughout
the development of systematic conservation planning and mathe-
matical optimization tools are well developed. Although itis likely
that novel mathematical approaches will continue to help reduce
the time taken for algorithms to converge on optimal or near op-
timal solutions, several other strategies could be considered to re-
duce complexity. Refining input data is critical, including improv-
ing information on the nature recovery potential of land parcels
and eliminating socially or economically unfeasible options prior
to analysis (Delavenne et al. 2012). The development of region-
ally specific socioeconomic scenarios for nature recovery (box 1,
stage 5) could narrow the range of plausible future conditions to
consider. To generate potential rules of thumb for targeting na-
ture recovery actions, lessons from similar landscapes should be
examined, and, to achieve this, systematic conservation planning
processes and outcomes should be clearly documented and made
publicly accessible (McIntosh et al. 2017, Alvarez-Romero et al.
2018, Wintle et al. 2019, Metcalfe et al. 2022).

Finally, the challenge of spatial prioritization for nature recov-
ery has many unique elements, and it is important that mathe-
matical approaches to solving these problems address these ele-
ments specifically and are not constrained by existing approaches
designed to solve a related but often distinct problem.

Implementation and monitoring nature recovery
actions

The initial decisions on nature recovery priorities, along with
the temporal scheduling of interventions and monitoring of
nature recovery actions, continue the process of nature recovery
systematic conservation planning (box 1, stages 10 and 11). The
implementation of nature recovery actions resulting from the
conservation assessment stage will encounter legislative, social,
and economic barriers that are likely to alter the ultimate real-
ization of the delivery on the ground (Knight et al. 2011, Franks
and Emery 2013, Foster and Bell-James 2024). It is important
to reiterate that the outputs from conservation assessment are
not intended to be prescriptive but are used in the final stage of
conservation assessment—stakeholder evaluation—to guide de-
cisions toward effective outcomes. However, the barriers to imple-
mentation will inevitably still arise. Most barriers to restoration-
type activity occur in the socioeconomic domain and typically
relate to insufficient funding, differing priorities of stakeholders,
and low political priority, where the time horizons are short but
the impacts are realized over longer timescales (Cortina-Segarra
et al. 2021). For example, in the United Kingdom'’s heavily nature
depleted farmed landscapes the highly fragmented nature of land
tenue and cultural practices that typically emphasize working in-
dependently has proved a barrier to nature recovery despite huge
investment in habitat creation because resources have not been
effectively targeted (Baker et al. 2012, Baker et al. 2025). Improving
nature recovery outcomes requires more effective integration
of nature recovery planning with participatory approaches to
landscape decisions (e.g.,, the formation of farmer groups to
facilitate joined up decision-making) and legislation and funding
mechanisms that facilitate collaboration and cooperation across
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Figure 4. The analytical workflow of systematic conservation planning
should be viewed as cyclical and iterative, involving feedback between
stages such that monitoring of nature recovery actions implemented on
the ground can inform future spatial prioritizations of nature recovery
actions and using anticipated responses and counterfactuals to assess
progress toward targets.

landscapes (Franks and Emery 2013, Foster and Bell-James 2024,
Baker et al. 2025). Decisions must also be made about the degree
of intervention required to obtain specific outcomes (i.e., along
an active-passive continuum; Chazdon et al. 2024).

The long time scales required for nature recovery goals to be
realized and the potential variability in the success of nature re-
covery actions require constant monitoring and periodic reassess-
ment, which may require updating the nature recovery planning
through conservation assessment with new input data. The sys-
tematic conservation planning steps presented in box 1 could in
fact be represented in a circle with feedback occurring between
stages to ensure that planning over time reflects outcomes on
the ground and is responsive to changes in policy and legisla-
tion; this is illustrated in figure 4. Adaptation would also be re-
quired to allow for changes in management because of climate
change, which requires flexibility in restoration-focused legisla-
tion (Foster and Bell-James 2024). Monitoring and active manage-
ment are vital to ensure targets are achieved, but monitoring must
account for time lags in the responses of conservation features to
nature recovery actions. Predictive modeling could offer insights
into trajectories toward target states enabling in situ monitoring to
be benchmarked against explicit expectations to track progress
and accommodate unsuccessful outcomes (figure 4; Prach et al.
2019). Modeling also provides counterfactuals for assessing na-
ture recovery success (Grace et al. 2021), which is important when
there are time lags in meeting targets and ongoing biodiversity
declines because of extinction debts and continued species re-
sponses to environmental change (figure 2a). Innovations in bio-
diversity monitoring (e.g., remote audiovisual recorders, satellite
remote sensing) are necessary to track progress across vast areas
under active nature recovery management with limited monitor-
ing resources. During these environmental transitions, even with
sufficient protection of existing populations, extinction debts may
reduce source populations of target species, affecting the value
of newly created habitat. Understanding the expected temporal
dynamics of responses to nature recovery action will be crucial
for identifying additional supporting actions that might be re-
quired, such as managing existing populations and identifying
where assisted colonization of sites might be required in future.
Feedback on outcomes is also important for motivating landown-
ers to engage in high-quality environmental management and fa-
cilitate a sense of shared responsibility for achieving environmen-

tal objectives (Emery and Franks 2012), which is critical, given
a deficit in social knowledge about nature recovery is consis-
tently recognized as a major barrier to implementation (Mafas-
Navarro et al. 2023). Finally, ensuring that biodiversity metrics
used to monitor progress are linked to nature recovery targets
from the outset is critical and should be considered in the design
of targets as part of the systematic conservation planning process
(figure 4).

Conclusions

Landscape-scale conservation planning principles and decades
of systematic conservation planning experience must underpin
ecosystem restoration activities if we are to prevent, halt, and re-
verse the degradation of ecosystems and provide the space for na-
ture to recover and thrive. We propose that systematic conserva-
tion planning should be incorporated into policy and guidelines as
best practice for targeting resources toward nature recovery. We
identify several key challenges to making this an effective strategy
for improving the targeting of nature recovery resources:

First, the knowledge and technical skills necessary to use sys-
tematic conservation planning must be widely disseminated, en-
suring the availability of resources and training to empower lo-
cal actors in adopting these practices (e.g., Botts et al. 2019).
This might involve developing accessible training programs, creat-
ing resource hubs, and establishing partnerships to facilitate the
transfer of expertise and support to communities engaged in na-
ture recovery initiatives.

Second, Major global data gaps must be addressed, including
data on conservation features, habitat restoration and creation
opportunities, economic costs, and socioeconomic-climate sce-
narios. This may be achieved through strategic targeting of in situ
data collection or through exploiting modeling approaches using
existing data to infer, for example, species occurrence across land-
scapes. Globally, data gaps are likely to be biased toward areas
where ecosystem restoration resources are currently needed most
and, therefore, resources will require shifting to fill these priority
gaps effectively.

Third, Spatial prioritization algorithms are required that are
tailored to the unique challenges of prioritizing management ac-
tions for nature recovery, where often multiple potential man-
agement choices are available within a planning unit and where
species responses to nature recovery actions are conditional on
actions occurring elsewhere in the landscape that, for example,
affect connectivity and patch size. These models should be tem-
porally explicit to account for varied response times of conser-
vation feature to nature recovery actions to guide the temporal
scheduling of nature recovery actions and to provide benchmarks
and counterfactuals for monitoring progress toward targets.

Fourth, Computational resources needed for systematic con-
servation planning can be substantial but must become widely
available to enable the application of methods in any region of the
world. This may involve reducing the computational demands of
systematic conservation planning, leveraging innovative compu-
tational tools or employing approximate solutions (e.g., via model
emulation) derived from the analysis of portfolios of systematic
conservation planning solutions and providing access to cloud
computing facilities (e.g., Marxan is available in the cloud).

Finally, the monitoring of nature recovery actions must be
scaled to provide the data necessary to understand progress
toward targets across a representative range of nature recovery
projects and locations. This will likely be achieved by taking
advantage of developments in remote sensing (e.g., changes in
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vegetation cover or condition) combined with targeted in situ
audio and camera trap technology to obtain feature specific infor-
mation (e.g., changes in taxonomic or functional characteristics).
Achieving ambitious global nature recovery targets requires
restoring the fundamental processes supporting biodiversity. Al-
though complete restoration of historical conditions will be
unattainable because of modern land use constraints and climate
change, strategic targeting of nature recovery actions within spa-
tial and cost limitations are essential. The principles of spatial
ecology and decades of systematic conservation planning experi-
ence in nature protection highlight the value of strategically pri-
oritizing conservation resource allocation, and now these lessons
must be routinely adopted to deliver effective nature recovery.
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