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Systematic conservation planning (SCP) involves the cost-effective placement and
application of management actions to achieve biodiversity conservation objec-
tives. Given the political momentum for greater global nature protection, restora-
tion, and improved management of natural resources articulated in the targets of
the Global Biodiversity Framework, assessing the state-of-the-art of SCP is timely.
Recent advances in SCP include faster and more exact algorithms and software,
inclusion of ecosystem services and multiple facets of biodiversity (e.g., genetic
diversity, functional diversity), climate-smart approaches, prioritizing multiple
actions, and increased SCP accessibility through online tools. To promote the
adoption of SCP by decision-makers, we provide recommendations for bridging
the gap between SCP science and practice, such as standardizing the communi-
cation of planning uncertainty and capacity-building training courses.

The global need for systematic conservation planning

The Kunming—-Montreal Global Biodiversity Framework (GBF) sets out the 2030 global agenda for
nature conservation [1]. Under this framework, 196 countries have committed to protect 30% of
the planet through an ecologically representative, well-connected, and equitably governed
system of area-based conservation measures, as well as to restore 30% of degraded ecosystems
(Targets 2 and 3). Spatial planning features prominently in the framework’s Target 1: ‘Ensure that all
areas are under participatory, integrated, and biodiversity inclusive spatial planning and/or effective
management processes’. Inherent within spatial planning is how decisions are made to allocate the
use of limited resources in space and time, and it thus implicitly underpins almost every dimension
of the GBF. The targets set by this framework are shaping national strategies for land, freshwater,
and ocean protection as well as restoration and sustainable use of biodiversity. Decision-making in
the next decade will have lasting effects on the planet and must be informed by spatial planning that
is effective, robust, and transparent.

SCP offers a scientific process for improving spatial planning by identifying cost-effective conser-
vation actions [2,3] (Box 1). With over three decades of applications worldwide, SCP has
emerged as the leading approach to guide conservation investments [4]. The central steps within
an SCP process include defining conservation objectives (e.g., maximizing biodiversity represen-
tation within protected areas), obtaining georeferenced data for conservation features (see
Glossary) and socioeconomic activities, and then using mathematical algorithms to identify
spatially explicit planning solutions (‘prioritization’) to guide the implementation of actions to
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Systematic conservation planning (SCP)
offers decision-makers an integrated
approach to tackle multiple targets of in-
ternational policies such as the Global
Biodiversity Framework and, notably, to
efficiently achieve the "30 x 30’ target by
protecting 30% of land and sea by 2030.

Recent advances in optimization tools
have broadened the scope of problems
that can be addressed by SCP. These
include new and enhanced optimization
methods and the integration of multiple
objectives prioritizing actions across
space and time.

Improved SCP methods and tools can
assist decision-makers to better allo-
cate resources. Building trust with
decision-makers is crucial to reinforce
the adoption of SCP for efficient biodi-
versity management.

Future SCP research could facilitate
decision-makers in assessing trade-offs
among conservation and socioeco-
nomic objectives and estimating uncer-
tainty in conservation plans.
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achieve the objectives [5,6]. Although many tools can play a role in guiding interventions for area-
based conservation (including participatory Geographic Information System tools), here we focus
on tools that attempt to optimize the prioritization of actions across large spatial extents for
managing numerous and diverse conservation features, such as Marxan [7] and Zonation [8,9].
At their core, these optimization tools aim to address foundational SCP principles, including
comprehensiveness, adequacy, representativeness, efficiency, and connectivity [10],
which are reflected in the GBF. Ultimately, these principles aim to support the persistence of
biodiversity while providing flexible planning solutions to decision-makers.

SCP tools, initially applied to design networks of protected areas, have recently expanded in
number, scope, and complexity to assist in solving complex conservation problems. These
next-generation SCP tools can consider multiple objectives; prioritize multiple actions; incorpo-
rate different types of connectivity, threats, and costs; and increase stakeholder engagement
processes. A nonexhaustive list of free and open-source optimization tools indicates that they dif-
fer in the type of conservation challenges that they address, having different capabilities and attri-
butes (Table 1). Although all these tools address SCP principles, their implementation varies,
resulting in different prioritization outputs. For example, they may use distinct, explicit measures
to assess the performance of solutions (termed ‘objective functions’). The use of different algo-
rithms by different tools impacts both the runtime and the quality of planning solutions [11]. More-
over, some tools have been specifically customized to address particular challenges in SCP,
including incorporating complex ecological processes such as connectivity (e.g.,[12]).

We highlight recent advances in spatial prioritization made over the past 15 years, which have
broadened the scope of problems addressable through SCP using optimization tools. We pro-
pose future research directions needed to fill critical gaps, such as designing dynamic planning
solutions and improving the estimation of trade-offs when planning for multiple objectives
(e.q., freshwater biodiversity conservation and securing water provision). Last, we explore and
discuss strategies that could effectively bridge the gap between conservation planning science
and practice.

Box 1. What is SCP?

SCP addresses the optimal spatial distribution and application of management actions to achieve conservation objectives
[10,94]. SCP involves a goal-explicit, stagewise approach to allocating spatial conservation actions and devising manage-
ment policies with feedback, potential revision, and reiteration at any stage [2,10]. Initially, the SCP framework included the
following six steps [2]: (i) gathering information on biodiversity for the focal region; (i) identifying conservation objectives
(quantitative targets for species, habitats, and design attributes such as connectivity); (i) reviewing existing conservation
areas to assess the extent to which quantitative targets are achieved by existing protection; (iv) selecting additional
conservation areas (identify potential new conservation areas to complement existing ones; this step is known as ‘spatial
prioritization’); (v) implementing conservation actions (deciding on the most appropriate or feasible management for each
area); and (vi) maintaining the required values of conservation areas by monitoring and adaptive management. This initial
framework was further developed to include social dimensions more explicitly as separate steps in the framework,
including stakeholder engagement to incorporate values from various stakeholders within a transparent and inclusive
process and the collection of data on socioeconomic activities and anthropogenic threats to biodiversity in the focal region
[3] (Figure IA).

SCP has traditionally been applied to design networks of conservation areas to promote the persistence of biodiversity and
other natural features. Using a variety of sophisticated mathematical algorithms and optimization tools, SCP identifies
areas that maximize the representation of conservation features within budgetary limits or achieve the representation
objectives (targets) while minimizing the cost associated with protection. A fundamental characteristic of SCP tools is that
they identify complementary areas that collectively achieve the required objectives [95] (Figure IB). The use of such optimi-
zation methods and tools represents a major improvement over previous additive scoring approaches incapable of
addressing the fundamental concepts of SCP or tackling the need to design efficient networks of complementary conser-
vation areas.
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Figure |. Graphical representation of the main steps in the systematic conservation planning (SCP) framework (A)
and the principle of complementarity (B). Conservation planners, after setting conservation objectives and defining
quantitative targets for conservation features (e.g., species and ecosystems of conservation interest) with stakeholders
(e.g., farmer associations and hiking organizations), collect spatial data on biodiversity, socioeconomic uses, and existing
managed areas (protected areas and other effective area-based conservation measures). Then, through spatial prioritization
using optimization tools, they identify new conservation areas in which conservation measures can be implemented, monitored,
and adaptively managed. New areas are selected on the basis of the principle of complementarity. In this example, although spe-
cies richness is higher in planning sites A and B, the more efficient (cheaper) solution that protects all species is D and E. This logic
underpins all systematic conservation plans. Abbreviation: OECMs, other effective area-based conservation measures.

Recent advances in SCP concepts, tools, and approaches

A summary of the major advances in SCP and spatial prioritization over the past 15 years, along
with their outcomes, is shown in Figure 1. This diverse range of primary recent advances in opti-
mization tools and spatial prioritization has been grouped in the following subsections.

Expanding methods to solve optimization problems

Some SCP tools, such as Marxan and Zonation, use metaheuristic algorithms together with a
mathematically defined objective to generate prioritizations for finding near-optimal solutions.
Metaheuristics are strategies that guide the search process to explore the search space
efficiently. While they do not guarantee the identification of a single optimal solution, they can
achieve near optimality and are well-suited for large, mathematically complex, and nonlinear
optimization problems [8]. This nonlinearity allows consideration of aspects such as functional
connectivity and species area-based extinction risk. More recently, there has been rapid progress
in the development of exact algorithms that are mathematically guaranteed to identify optimal
solutions [11,183]. For example, the prioritizr and prioriactions R packages employ mixed
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integer programming solvers to find the optimal solution. Exact algorithms are generally faster than
metaheuristics when solving linear or quadratic conservation planning problems [11,13,14]. Newer
approaches harnessing artificial intelligence (Al) technology include the tool CAPTAIN [15],
which combines individual-based simulations with Al to identify spatial priorities for conservation
according to user-defined targets. However, the ability of Al to solve a range of conservation
problems remains to be tested.

Capturing additional facets of biodiversity and ecosystem services

Traditionally, SCP applications have been focused on representing species and ecosystem
distributions within proposed protected area systems. Recently, the scope of SCP has broadened
to incorporate other facets of biodiversity, such as intraspecific genetic diversity for long-term
species persistence [16-18], functional diversity [19,20], and phylogenetic diversity (or diversity
of evolutionary histories [21]). Moreover, recent advances in the sequencing technologies of
environmental DNA have allowed SCP studies to generate more comprehensive solutions by
providing information on the distribution of taxa that are usually undetected by visual surveys
[22]. Capturing better and more aspects of biodiversity in SCP is important for identifying more
representative, comprehensive, connected, and adequate protected area networks that can
secure species persistence and maintenance of ecological functions. This need is also reflected
in the GBF’s Target 4, where the maintenance and restoration of genetic diversity through conser-
vation actions is explicitly stated.

Furthermore, more studies in the past decade have incorporated benefits of ecosystem services in
SCP, including coastal protection; water provision; and agricultural, fisheries, and forestry produc-
tion [23-25]. These theoretical and methodological advances have allowed planners and conser-
vation practitioners to incorporate missing ecological, socioeconomic, and policy considerations
critical to inclusive, equitable, and effective area-based conservation interventions [23].

Prioritizing conservation actions and multiobjective planning

A key conceptual advance in SCP has been the shift toward prioritizing conservation actions in
space and time over only identifying areas to protect. This approach recognizes that tangible out-
comes and costs are associated with specific actions, rather than with species, locations, or
threats [6]. For example, prioritizing land-use practices outside protected areas can be an efficient
complementary strategy to reduce biodiversity loss [26]. Moreover, a recent development in SCP
has been multiaction prioritization, which considers the contribution of various land- or sea-use
types toward conservation and societal objectives (e.g., [27,28]). Multiobjective and multizoning
planning allows us to solve more complex conservation problems that generate both biodiversity
and socioeconomic outcomes with the potential to contribute to GBF’s Target 10 (‘Enhance bio-
diversity and sustainability in agriculture, aquaculture, fisheries, and forestry’). For example, Law
et al. [28], used Marxan with Zones to compare different policy scenarios, setting objectives for for-
est protection, restoration, and rural development in Indonesia, and highlighted the trade-off be-
tween oil palm and smallhoder agriculture, subject to the achievement of a set of carbon, timber,
and biodiversity conservation targets. Newer tools with greater functionality have also been de-
signed (e.g., the prioriactions R package [29]). These new tools allow the use of more than one cost
metric or threat type. Tools that prioritize multiple concurrent actions can also be used for optimiz-
ing both restoration and protection initiatives (e.g., [30]), whereas the restoptr R package [31] was
specifically designed to inform restoration planning.

Addressing multiple types of connectivity
A critical aspect and challenge in SCP tool development is integrating various forms of connectivity,

from populations to ecosystems [32]. Different species and habitats exhibit unique connectivity
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Glossary

Adequacy: an adequate system of
conservation areas should be large
enough to ensure the persistence of
each ecosystem and species.

Climate refugia: areas where climate is
projected to remain relatively stable or
where climate may stay suitable for a
species.

Comprehensiveness: a comprehensive
system of conservation areas is one that
samples the main components of
biodiversity within a region of interest
(e.g., ecoregions, habitat types, or
species).

Connectivity: a connected system of
conservation areas ensures the flow of
materials, including energy, organisms,
and/or genes, among habitat patches,
ecosystems, or regions of interest.
Movement of these agents can be
facilitated through the physical
arrangement of physical structures
(structural connectivity) and/or according
to the capacity of agents to respond to
physical structures (functional
connectivity).

Conservation areas: places where
some form of spatially explicit
management is undertaken to
contribute to conservation objectives;
two prominent broad types are
protected areas and other effective area-
based conservation measures.
Conservation features: these are
targeted by conservation efforts and
include the presence or distribution of a
species, habitat, or other elements of
conservation importance such as
ecological processes and social,
economic, cultural, or spiritual values
considered in plans.

Conservation target: the minimum
amount of a conservation feature to be
conserved, restored, or managed, often
expressed as a percentage of the total
amount of the conservation feature
within a planning region.

Cost: social, economic, political, or
cultural constraints associated with
conservation actions such as costs related
to acquisition (e.g., cost of buying land),
management (e.g., enforcement and
implementing costs of protected areas),
transactions (e.g., costs associated with
negotiating protection), opportunity cost
(i.e., estimates of foregone revenues or
economic livelihoods from protecting an
area), or cultural cost (e.g., estimates of
loss in cultural or spiritual value).
Efficiency: a cost-efficient system of
conservation areas is one that
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patterns, which complicate the prioritization problem. Tools and methods for incorporating
connectivity within conservation problems have expanded [12] both in terms of their ability to
address structural connectivity (e.g., via increasing clumping using neighbor constraints or border
minimization) and also for the more complex functional connectivity for species-specific dispersal
capability and directional flows (e.g., via optimizing metrics informed by connectivity data or
considering spatial dependencies among sites). When accounting for connectivity, the best
approach to pursue will depend on factors specific to the particular planning context, including
the management objectives, the rate of disturbance outside selected areas, and the availability of
connectivity information [e.g., 33].

Furthermore, it has become clear that the spatial planning process sometimes needs to extend
beyond the initial place of interest to manage elements such as upstream nutrient and sediment
runoff, essential for protecting interconnected land, freshwater, and marine ecosystems. Multirealm
SCP [34,35] has led to innovative methods for identifying priority areas for cross-realm connectivity
in species movements and human threats [36,37]. While current methods to account for connec-
tivity present challenges for exact algorithms because these methods massively increase problem
size and complexity, metaheuristics can incorporate species-specific dispersal capability into
large-scale prioritization problems [38].

Climate-smart conservation planning

Besides developing tools that facilitate solving complex problems, conservation planners are
increasingly suggesting approaches to account for climate change impacts on biodiversity
when prioritizing areas and actions. Such approaches include protecting climate refugia,
choosing areas highly resilient to climate impacts, selecting areas with a range of different climate
exposures, and maintaining connectivity under future climate scenarios [39-41]. Methods for
identifying climate refugia and integrating climate metrics and scenarios into SCP tools consider
both species-dependent and -independent climate metrics [42-44] and project ecological
processes [45,46]. Including changes in ecological processes is critical to ensure the functioning
of protected area networks under present and future climates. For example, it is a priority to identify
and protect critical network nodes under different climate scenarios because climate change
impacts bird migration patterns [47] and marine larvae [48], often limiting their dispersal capacity
and isolating some nodes of the network [46,49]. Historical data for identifying climate-resilient
areas, microclimates, have been used to map climate refugia [40]; however, we need to better
understand how these refugia reflect species-specific ecological responses, adaptation, and
human responses to climatic changes.

Moreover, incorporating climate change and biodiversity over thousands of meters of ocean depth
into marine planning has provided new approaches using different tools (Marxan [50], prioritizr [51],
Zonation [52]) that can be applied to underpin the establishment of protected areas into the high
seas beyond national jurisdictions. Addressing the climate-induced compression of 3D habitats,
particularly through constraints on vertical or altitudinal migration or the connection between
surface and groundwater systems, is critical for identifying and protecting sites that ensure spatial
coherence and facilitate the multidimensional redistribution of biodiversity [53-55].

Increasing SCP tool accessibility

Recent efforts of the scientific community have also been extended to ensure meaningful stake-
holder participation by making SCP tools and methods more accessible and interpretable to non-
experts. Such efforts are important for mainstreaming SCP considerations into policy and
effectively scaling spatial planning to reach conservation targets. Successful SCP stories demon-
strate that stakeholders should be engaged from the outset [56]. Increased tool accessibility has
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maximizes the conservation benefits per
unit cost or minimizes opportunity cost
and negative impacts on stakeholders
associated with conservation.
Optimization tools: software used for
defining, modeling, and solving
conservation problems using
mathematical algorithms.

Pareto frontiers: any point on a Pareto
frontier represents optimal trade-offs
among objectives.
Representativeness (or
representativity): a representative
system of conservation areas is one that
includes a representative sample of all
biodiversity present in a region, taking
into account composition (e.g., species
and genetic diversity), structure

(e.g., habitat types), and function

(e.g., recruitment and dispersal
processes).

Spatial (conservation) prioritization:
the allocation of effort and funds in space
and time to achieve conservation
objectives. It includes the identification of
permanent or temporary spatial priorities
for implementing conservation measures
and scheduling the implementation of
these measures through time; it also
includes identifying priorities for the
allocation of habitat restoration and
biodiversity offsetting in different periods.
Stakeholders: people, organizations,
or entities (e.g., governing institutions,
resource users, experts) who will affect

or be affected by conservation actions or

contribute to the planning process. They
include rights-holders and other
interested parties, including industries
such as agriculture, energy, fisheries,
forestry, mining, and tourism.
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Table 1. Main free and emerging open-source tools for systematic conservation planning

Optimization tool

Marxan
https://marxansolutions.org/
software/

Marxan with connectivity/
Marxan Connect
https://marxansolutions.org/
software/
https://marxanconnect.ca

Marxan with probabilities
https://marxansolutions.org/
software/

Marxan with Zones
https://marxansolutions.org/
software/

Zonation
https://zonationteam.github.
io/Zonation5/

Problem formulation

Uses minimum set formulation to
identify the ‘cheapest’ set of
planning units® for implementing
management actions

while ensuring each conservation
feature meets a representation
target

Uses same problem formulation
as Marxan but allows for more
sophisticated connectivity

Similar to Marxan but includes
additional objective function term
specifying future probability of a
site being destroyed. Helps plan
for persistence in protected area
networks.

Incorporates multiple costs and
zones. Assigns each planning
unit to a zone to meet ecological,
social, and economic objectives
at minimum cost.

For a conservation action
(protection, restoration,
management), it iteratively sorts all
planning units until it finds a rank
order that maximizes marginal
gains to biodiversity features per
area or budget used.

Refs

[7]

2]

[90]

[91]

[

Problem type

Prioritization Prioritization
of a single of multiple
action® actions”

v _d

v _

v _

v v

N —

Software attributes

Format

Desktop

application,
online web
application

Desktop
application

Desktop
application

Desktop
application

Desktop
app or via
command
line

Community of practice

Google group (https://groups.google.
com/g/marxan), Marxan Solutions
(marxansolutions.org)

Google group (https://groups.google.

com/g/marxan), Marxan Solutions
(marxansolutions.org),
https://marxanconnect.ca

Google group (https://groups.google.

com/g/marxan), Marxan Solutions
(marxansolutions.org)

Google group (https://groups.google.

com/g/marxan), Marxan Solutions
(marxansolutions.org)

GitHub (https:/github.com/
zonationteam/Zonation5)

Algorithm

Heuristic/metaheuristic
algorithms: flexible in
finding near-optimal
solutions to nonlinear
conservation problems
with increased complexity

=
@
S
o
7]
=
m
Q
Q
8
Qo
m
S
&
o
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https://marxansolutions.org/software/
https://marxansolutions.org/software/
https://groups.google.com/g/marxan
https://groups.google.com/g/marxan
http://marxansolutions.org
https://marxansolutions.org/software/
https://marxansolutions.org/software/
https://marxanconnect.ca
https://groups.google.com/g/marxan
https://groups.google.com/g/marxan
http://marxansolutions.org
https://marxanconnect.ca
https://marxansolutions.org/software/
https://marxansolutions.org/software/
https://groups.google.com/g/marxan
https://groups.google.com/g/marxan
http://marxansolutions.org
https://marxansolutions.org/software/
https://marxansolutions.org/software/
https://groups.google.com/g/marxan
https://groups.google.com/g/marxan
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Prioritizr
https://prioritizr.net/

Prioriactions
https://prioriactions.github.io/
prioriactions/

Coco
https://github.com/
esvanmantgem/coco

Restoptr
https://github.com/
dimitri-justeau/restoptr

CAPTAIN
https://github.com/
captain-project/captain-
project

@For example, prioritize areas for protection or restoration; identify priority areas for invasive species eradication or dam removal.

A flexible tool for building and
solving systematic conservation
planning problems. Includes a
variety of objectives

(e.g., minimum set and budget-
limited formulations), constraints,
penalties, and decision types.

Solves multiaction threat
management planning problem.
Involves selecting (i) sites and
(ii) actions at sites to address
threats against species.

Designs ecologically connected
conservation networks, directly
optimizing connectivity metrics

|dentifies priority areas for
restoration by maximizing
landscape indices. Constraints
ensure priority areas exhibit
particular characteristics

(e.g., priority areas form a single
contiguous network).

Optimizes conservation policy
within constraints of a limited
budget and a specific policy
objective, such as minimization
of species loss or maximization
of protected area

[92]

[29]

4]

(81

(9]

R package

R package

Python

module

R package

Python
module,
desktop
application
coming

GitHub (https://github.com/prioritizr/
prioritizr/issues)

GitHub (https://github.com/prioriactions/
prioriactions/issues)

GitHub (https://github.com/
esvanmantgem/coco)

GitHub (https://github.com/
dimitri-justeau/restoptr)

GitHub (https://github.com/captain-
project/captain-project/issues)

®For example, prioritize areas for protection and restoration; identify priority areas for invasive species eradication and dam removal and wetland protection.
°Planning units: natural, administrative, or arbitrary subdivisions of planning domains used for assessment and as building blocks for systems of conservation areas.

9Not suitable.

Exact algorithms:
guaranteed to find optimal
(or near-optimal within a
prespecified optimality
gap) solutions to linear
conservation problems.
Uses external solvers
based on mixed integer or
constant programming
techniques.

Al - reinforcement learning
algorithm. Identifies optimal
solutions while maintaining
flexibility. Warrants
assessment of its
capacities and limitations in
solving complex
conservation problems.
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Figure 1. Advances in systematic conservation planning (SCP) concepts and methods addressing critical spatial
prioritization topics (left) linked to key outcomes (right). The left part of the figure represents a rough timeline rather than a
logical evolution of methods/concepts. For example, exact mathematical models are not an evolution of heuristics or
metaheuristics, but they started being commonly used later. Seminal articles or recent reviews on the topics are reported:
(1) lwamura et al. [84], (2) Law et al. [78], (3) Halpern et al. [79], (4) Jung et al. [7€], (5) Tallis et al. [6], (6) Moilanen et al. [9],
(7) Marxan Planning Platform (https://marxanplanning.org), (8) Kujala et al. [69], (9) Pollock et al. [19], (10) Carvalho et al. [16],
(11) Villarreal-Rosas et al. [23], (12) Silvestro et al. [15], (13) Beyer et al. [11], (14) Beger et al. [32], (15) Nielsen et al. [18], (16)
Hermoso et al. [93], (17) Venegas-Li et al. [50], (18) Carroll et al. [39], and (19) Lawler et al. [42]. Abbreviation: Al, artificial intelligence.

been made possible via the creation of web applications that provide user-friendly interfaces for
practitioners (e.g., Marxan Planning Platform; https://marxanplanning.org; Where to Work,
https://ncc.carleton.ca/). Web applications provide several advantages, including (i) infrastructure
for performing computational analyses, removing the need for high-performance computing;
(i) access to tools across a variety of operating systems; {iii) less expertise and time required to
establish complex workflows; (iv) data storage and sharing; and (v) rapid access to the latest updated
software version. Most important, these applications can facilitate collaboration and learning and
enhance trust, legitimacy, and ownership of planning outputs, which are essential elements for the
successful implementation of conservation actions. Like with every tool, a potential disadvantage is
its incorrect use by nonexperts. To avoid such cases, increased capacity building is required.

Future research directions

Despite the significant recent advances, SCP tools and methods still face limitations and gaps
that warrant further development. Based on our collective expertise, we recommend focusing
future research on the following topics.

Designing dynamic planning solutions
Most SCP tools cannot directly provide dynamic solutions, since they do not explicitly incorporate

planning over time. While it is possible to include dynamic threats by sequentially applying static
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approaches incorporating multiple time steps in one prioritization [57,58] or zoning scheme,
where each time frame is addressed through an independent zone [59,60], these approaches
often fail to consider the time dependency of decisions and how delaying actions can impact con-
servation features. In marine conservation planning, coupled spatial solutions provided by SCP
tools and system dynamics models aimed to generate dynamic solutions (e.g., [61]). However,
this coupling of tools has disadvantages, including increased demand of data and uncertainty
and limited accessibility to nonexperts.

Future tool development in SCP could focus on explicitly integrating the dynamics of both biodiver-
sity features and their threats into a single planning tool. Such integration would enable the efficient
sequencing of management actions in response to dynamic and emerging threats, budget
availability, and changing environments [62]. Further efforts are needed to address the stochasticity
associated with these dynamic problems (e.g., uncertainty regarding when or where threats could
appear) and to understand the potential utility of dynamic protected areas, temporal transitions,
and their inclusion in SCP. This will require innovative optimization algorithms to manage the com-
plexity of dynamic problems. Networks of static and dynamic protected areas both on land and in
the ocean could qualify as area-based management tools with the potential to significantly improve
conservation outcomes [63,64].

Improving climate-smart planning

In instances when climate change has been addressed in conservation planning, it has typically
only been included in a limited portion of the SCP process. However, climate-smart planning
should infuse climate change considerations into all aspects of conservation planning by (i) setting
climate adaptation objectives and targets, (i) developing spatial layers that align with these objec-
tives, (i) evaluating alternative climate scenarios and their outcomes, (iv) refining climate adaptation
objectives and targets, and (v) prioritizing climate-smart areas [46,55].

Climate-smart planning is often hindered by the lack of clear objectives and an uncertain theory of
change (i.e., a comprehensive description and illustration of how and why a desired change is
expected to happen in a particular context). For instance, many different climate-smart ap-
proaches are used in prioritizations: selecting climate refugia [52], preferentially selecting adapta-
tion hotspots where there are likely to be genotypes more resilient to climate change [65], and
choosing climate-representative areas where protected areas are placed across a range of
climate futures [66]. The strengths, weaknesses, and efficacy of these various approaches is
unknown. A stronger theory of change linking climate change impact on species to conservation
outcomes is needed. This in turn could inform clearer climate-smart objectives.

Estimating and reporting uncertainty

While SCP tools can handle data uncertainty, they often underreport the uncertainty introduced
by input data and user decisions [67-69]. In real-world applications, errors in species distribu-
tion models can significantly impact spatial prioritization [70]; yet, these errors are rarely quan-
tified or considered (Box 2). Careful consideration should also be given to the uncertainty
related to socioeconomic data included in spatial prioritization (either as costs or as threats
to biodiversity), because they can profoundly affect conservation priorities [71,72]. Socioeco-
nomic data associated with land values can undergo rapid changes [71], while the availability
of cost data is very limited in the marine realm and surrogates are often used [72]. Greater
use of sensitivity analyses is needed to assess how uncertainties in spatial data and the incor-
poration of new information, such as the inclusion of additional conservation features or spatial
distribution data covering different time periods, could modify total conservation costs and the
overall SCP outcomes [69,73].
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Box 2. Uncertainty in species distribution modeling and SCP

Spatial prioritization outputs are only as robust as the data that underpin them. Spatial information on species is often produced from species distribution models (SDMs).
Major sources of uncertainty in SDMs stem from model selection and parameterization [96]. In addition, when presence-only data are available, SDMs are estimated by
generating pseudoabsences, introducing a scale-dependent bias that cannot be easily controlled [97,98]. Presence-only data are commmon in large biodiversity repositories
(e.g., the Global Biodiversity Information Facility - GBIF and the Ocean Biogeographical Information System - OBIS). Uncertainties in SDMs can lead to misplaced conser-
vation efforts and more expensive plans through the neglect of areas erroneously deemed as unimportant (omission errors) or the allocation of resources to areas with little
conservation value (commission errors).

Errors in SDMs can be mitigated by careful model building in terms of parameters, appropriate validation techniques (e.g., the use of field data to refine and improve
model accuracy), and improved modeling methods. For example, point process models have been proposed as the most natural way to analyze presence-only data,
addressing scale-dependent biases and accounting for sampling biases [98]. Particularly in the Bayesian framework [99], point process models can enable real
integrated distribution modeling, which allows harmonization of various data sources within a single modeling exercise while mitigating different sampling biases [100].

SCP tools could also benefit from better handling of uncertainty associated with SDMs. One approach is to discount areas with higher uncertainty [101]. Another is to
find solutions that meet predefined objectives without regard to data uncertainties. By considering SDM uncertainty within the SCP framework, the resilience and adapt-
ability of conservation plans to changing conditions and uncertainties in species distributions could be enhanced (see Figure | highlighting uncertainties associated with
the distribution of the white shark in the Mediterranean Sea). However, the effect of SDM uncertainty on SCP results is nonlinear; sometimes, changes in the spatial pat-
terns of species will not alter significantly the prioritization result (e.g., [69]). Better understanding of this relationship would enable us to identify when resolving uncer-
tainties is important for developing effective prioritizations (e.g., [102]).
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Figure |. The distribution of white shark (Carcharodon carcharias) based on two different species distribution models (SDMs) and the contrasting
subsequent priority conservation area selections in the Mediterranean Sea. This simplistic example illustrates how the selection of different SDMs can lead
to different prioritization plans for achieving the same conservation targets when environmental parameters used in SDMs and cost data used in systematic
conservation planning (SCP) are kept constant. The species modeled distribution is based on estimates using (A) Maximum Entropy (MaxEnt) with the default
settings and (B) a point process model in a Bayesian framework. The same data and covariates were used [103], and intensity values were scaled between O and 1.
Also, the same cost distribution data were used [72]. Maps illustrating the priority areas selected by the prioritizr R package to conserve 60% of the species
distribution across the Mediterranean Sea using the distributions based on (C) MaxEnt and (D) the point process model. In both cases, the threshold of 0.7 was set
to define the presence of a species in a planning unit (PU) (each planning unit represents a discrete locality in the study area that can be managed independently of
other areas). The bar plot (E) presents the percentage of selected planning units in (C) only (in green), in (D) only (in magenta), and in both prioritizations (in brown).

Beyond sensitivity analysis of conservation features, their targets, and cost metrics, adopting
futures thinking and scenario analysis considering alternative pathways and trends of critical
drivers of social-ecological systems (e.g., ecological, political, technological, and economic)
could assist decision makers to better deal with uncertainty [74]. Scenario analysis could be
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used to create different plans for alternative futures, with the aim of handling uncertainty and
maximizing the probability of achieving conservation outcomes. A well-established financial
framework, Modern Portfolio Theory, constructs and selects optimal asset allocation strategies
for a given level of risk and has recently been adapted to address uncertainties in conservation
planning related to climate change [75]. This approach highlights the potential of integrating
theories from research fields accustomed to high uncertainty (such as finance) into SCP for
enhancing conservation decision-making under uncertainty.

Dealing with trade-offs

Conservation planners must balance trade-offs associated with the increasing complexity in SCP,
such as accounting for multiple current and future uses (e.g., land conversion for agriculture, renew-
able energy, and urbanization), including ecosystem services (e.g., food production), and climate
change simultaneously. This means that the raft of potentially competing objectives increases and
SCP algorithms need to wrangle multiple objectives equitably (e.g., [76,77]). Balancing such
trade-offs is nontrivial, and previous work has suggested Pareto frontiers to estimate trade-offs
among policy scenarios that aim at achieving socioeconomic and conservation objectives
(e.g., [28]). Although existing SCP tools (e.g., Marxan with Zones) can estimate trade-offs among
different objectives [27,28,44], in reality, compromise solutions need to involve key stakeholders
[78] and equity assessments across communities and sectors [79,80]. Advances in multiobjective
optimization, more interactive software facilitating stakeholder engagement, and more case study
examples are needed to improve the way we explicitly balance trade-offs in SCP.

Including social and cultural dimensions

While SCP typically integrates ecological principles, it often includes limited social and cultural
dimensions or focuses on a narrow set of values for nature [81]. Indigenous and other communi-
ties may perceive conservation and associated costs differently [82]. Their values may prioritize
nonmonetary aspects, such as knowledge, spirituality, language, territory, or other cultural
aspects, over biodiversity or economic benefits. Incorporating social and cultural dimensions in
SCP would value conservation areas by better including nature’s contributions to people and
incorporating social equity. This would include Indigenous peoples’ and local community rights,
knowledge, and values to improve legitimacy and ownership while addressing cobenefits and
trade-offs in planning decisions. This diversity of perspectives highlights the need to broaden
our understanding and approach to SCP using a more inclusive lens [83,84].

Bridging the gap between science and practice

The adoption of SCP by practitioners faces substantial challenges, rooted in both sectoral inter-
ests and systemic issues, such as the lack of coordination among different legislation and policy
frameworks (e.g., environmental versus agricultural management). Different sectors and levels of
government, often working in silos, set policy targets for a range of user groups, often competing
for the same space or resources. Such uncoordinated approaches hinder synergies among
sectors and impede the implementation of SCP, leading to fragmented, incoherent, and ineffec-
tive conservation strategies [34]. Tighter integration of SCP into intersectoral spatial planning
schemes and frameworks, such as Strategic Environmental Assessments, Biodiversity Offset-
ting, and Marine Spatial Planning (Box 3), could facilitate cross-sectoral collaboration; equal
footing among sectors; and estimation of trade-offs and synergies among ecological, social,
and economic planning objectives (e.g., [85]).

SCP implementation demands robust data, encompassing ecological features and human uses.
Detailed and up-to-date data are often lacking or incomplete, leading to SCP applications that are
only partially representative of the particular management problem, eliciting criticism by

¢? CellPress

Trends in Ecology & Evolution, Month 2024, Vol. xx, No. xx 11




¢? CellPress

stakeholders [86]. Moreover, decision-makers sometimes find it difficult to effectively apply the
complex models and trade-offs associated with various SCP key elements, including spatiotem-
poral connectivity, climate change, and cumulative impacts on ecosystems. Building trust in the
scientific process and communicating the reliability of SCP approaches to decision-makers is
essential [87]. Standardizing communication of key modeling decisions and gaps potentially
influencing trade-offs in conservation plans could improve acceptance of SCP by decision-
makers. Making SCP tools accessible, providing license-free options for user-friendly tools,
and effectively communicating these complex processes to legislators and decision-makers
are imperative. This necessitates diversifying working groups by including science brokers
adept at translating research findings for nonexpert audiences [88].

To ensure that knowledge and experience persist and grow within institutions and among
practitioners in government and environmental non-governmental organizations (NGOs), com-
munities of practice could play a key role. Practical guidance, including the development of com-
prehensive manuals and toolkits, can facilitate this process [89]. Accessible targeted training
courses for administrators, politicians, and industry leaders can bridge the gap between science
and practice in SCP. These necessitate a strategic reframing of terminology and an understanding
of how political processes can impede practical SCP implementation. In parallel, promoting SCP as
a profession (with certification) that follows standardized training through a recognized curriculum
could ensure better uptake of SCP on the ground.

Concluding remarks

SCP offers a robust framework for achieving objectives outlined in the GBF. Recent advances in
optimization tools have broadened their functionality and scope and enhanced their effectiveness
in meeting SCP objectives. Some advances focus on the more technical aspects of spatial

Box 3. Integrating SCP into marine spatial planning

Marine spatial planning (MSP) is an integrative public process that strives to balance environmental protection with the
sustainable use of the sea and address conflicts for the use of marine space [104]. Worldwide, legal frameworks mandate
the development of marine spatial plans to delineate sea usage. For example, the EU MSP Directive requires all coastal
member states to develop and periodically update such plans.

The MSP framework (Figure ) is a broad process encompassing a wide range of methods, tools, and approaches. How-
ever, the nonspecificity of robust scientific tools within the MSP process can result in confusion, delays, suboptimal plan-
ning, and potentially adverse outcomes for biodiversity conservation. This emphasizes the importance of integrating SCP
into MSP [87,105]. SCP facilitates the identification of areas or management measures that effectively safeguard marine
biodiversity and ecosystem functions while balancing multiple objectives, including socioeconomic interests. The flexibility
and adaptability of SCP allows it to accommodate distinct sectoral interests, ecological conditions, and sociocultural set-
tings (MSP Step 5, Figure | outer blue circle). To meet the Global Biodiversity Framework targets, nations can harness the
SCP framework to tailor strategies that effectively balance conservation with economic sustainability within their MSP pro-
cesses. Such an example is South Africa, where marine protection increased tenfold after a 15-year process, aligning MSP
objectives and spatial priorities across sectors with similar requirements for ecosystem health and environmental manage-
ment [56,87].

A central aspect of MSP is the negotiation process among stakeholders, including industries, conservationists, and policy-
makers (MSP Step 4, Figure |, outer blue circle). This interaction is pivotal for optimizing SCP by aligning collective values
and preferences, assessing synergies and trade-offs, ensuring transparency, and the successful implementation of SCP
strategies (MSP Steps 7 and 8, Figure |, outer blue circle). Thus, integrating SCP into MSP necessitates a comprehensive
evaluation of different knowledge systems and perceptions related to marine uses and conservation.

Scenario analysis is a crucial step in a balanced MSP process, and it can benefit substantially from SCP contribution in
delivering conservation targets (MSP Steps 3 and 6, Figure |, outer blue circle). This aids informed scrutiny of policy op-
tions, underpinned by quantified data and visually supported by mapped alternatives. Leveraging opportunities for spatial
planning within emerging sectors, such as renewable energy and nature repair markets, can provide initial motivation and
common ground for different interests, facilitating SCP integration.
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Outstanding questions

How can we account for the dynamics
of multiple species’ movements and
set ecologically meaningful targets
for representation and changes in
connectivity patterns in the objective
function of optimization tools?

How can we effectively incorporate
the iterative process of monitoring,
evaluation, and learning into spatial
prioritization? Decisions are made in
changing contexts and depend on
future conditions that may vary over
time, and thus dynamic prioritization
and decision-making require informa-
tion on what conditions are more likely
over different time periods.

How can Al increase the capacity of
optimization tools to better address
SCP principles?

How can we better estimate and report
uncertainty in conservation plans and
especially in climate-smart planning,
considering climate-induced changes
of conservation features and human
activities?

How can SCP scientists better engage
stakeholders and optimization tools
better estimate and present trade-offs
among ecological, social, and eco-
nomic objectives for cross-sectoral
collaboration and increase biodiversity
outcomes in intersectoral planning?

How can SCP address diverse knowl-
edge systems associated with indige-
nous and local communities, including
spiritual values not amenable to spatial
visualization and/or quantitative analysis?

How can optimization tools be
enhanced, data challenges improved,
and institutional barriers overcome
to integrate multirealm and
multidimensional considerations across
time and space?
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Figure |. The diagram illustrates the process and alignment of the UNESCO marine spatial planning
approach [104] with the framework of systematic conservation planning (SCP) [3]. Embedding and
simultaneously addressing SCP key steps (shown in the inner orange circle) alongside marine spatial planning (MSP) (steps
shown in outer blue circle) would support ‘best practices’ for ensuring that biodiversity values, environmental threats, and
management actions are adequately captured within a spatial plan. Stakeholder partnerships and involvement are
recommended throughout the process. Abbreviation: UNESCO, United Nations Educational, Scientific and Cultural Organization.

prioritization (e.g., the use of exact algorithms and Al improving planning solutions’ quality); others
are concerned with conceptual SCP aspects (e.g., broadening the spectrum of objectives and
biodiversity representativeness), and still others focus on outreach and stakeholder engagement.
Future SCP research should aim to address pressing theoretical, technical, and implementation
challenges (see Outstanding questions). These questions could be answered by developing
methods for better integrating spatiotemporal connections and changes into planning, quantifying
and communicating uncertainty, dealing with trade-offs when planning for multiple objectives, and
including social and cultural dimensions in SCP. Addressing these issues will enhance the available
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tools and methods so that they provide greater flexibility in problem formulation and better solve
complex problems. Mainstreaming SCP concepts, tools, and methods into policy is key for im-
proving the allocation of limited resources for biodiversity conservation.
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