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ABSTRACT

In alignment with the global initiative to slow biodiversity loss, the European Union has

committed to ambitious area-based conservation and restoration targets for the upcoming

decade. Ensuring that these area-based targets are meaningfully achieved, while land

requirements for commodity production and climate mitigation targets met, will require

strategic planning across land uses, management measures, and jurisdictional boundaries.

In this study we spatially optimize the allocation of restoration and conservation measures

across different land-cover types to maximize species conservation and carbon sequestration

objectives, subject to projected crop, pasture, and forestry production constraints by 2030.

We show how simultaneously prioritizing landscapes for restoration and conservation can

significantly improve the efficacy and coherence of area-based conservation initiatives compared

to currently available disparate optimization of these measures. Additionally, we explore

the impact of multilateral burden sharing and multi-objective weightings on optimal land

allocation for production and the expected biodiversity and climate mitigation benefits of

proposed solutions. Our results provide insight for the implementation of timely EU policy

measures and a baseline for EU member states to evaluate the potential of their conservation

pledges. Moreover, the methodology can easily be adopted to different contexts around the

world and showcase how conservation planning can meaningfully optimize land allocation

needs for both nature and people.
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1 Introduction

In an e�ort to halt biodiversity loss [1] and safeguard nature's contributions to people (NCP)

[2], the Convention on Biological Diversity (CBD) is nearing the adoption a post-2020 global

biodiversity framework [3]. Largely coalesced around area-based conservation targets (e.g.,

protecting 30% of lands and waters by 2030), this framework is in
uencing hundreds of

national and sub-national conservation policies around the world as governments pledge to

improve the protection of their biodiversity assets [4, 5]. However, area-based conservation

measures are only as e�ective as the ecological objectives and NCPs (e.g., climate mitigation)

they successfully target and address [6, 7]. The strategic implementation of these area

targets, rather than meeting the area targets themselves, will shape the next decade of global

biodiversity outcomes and decide whether we are able to bend the curve on biodiversity loss.

In alignment with the global post-2020 biodiversity goals, the European Union (EU)

has committed to ambitious land conservation targets (EU Biodiversity Strategy for 2030).

Complemented by the Nature Restoration Law (European commission, 2022), these decadal

policies seek to not only expand the EU protected area network to cover at least 30% of land

and waters but also enact a binding commitment to restore 20% of degraded ecosystems

by 2030. With most EU land being under some form of human use and given anticipated

geopolitical and climate impacts on the bio-economy, it is necessary that these area-based

targets are achieved in a way so that land-use production needs are met, which will necessitate

strategic planning across land use and management measures. Moreover, because biodiversity

is not uniformly distributed across the EU, planning the implementation of these policies will

require thoughtful consideration and intergovernmental cooperation to avoid equal burden

sharing between member states of the EU.

Systematic conservation planning has long been applied to inform the spatial allocation

of conservation actions [8, 9], being able to identify optimal priorities and actions so that

the most complementary portfolio of species and NCPs is contained in a particular solution

and managed optimally. Recent advances in optimization methods (e.g., linear programming
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[10]) have allowed for exploring the optimal allocation of conservation measures at multiple

scales [11], under competing objectives [12], or by subjecting the allocation to land use

constraints [13]. Yet, much of these approaches have been applied in isolation and separately,

and concurrently optimizing conservation and restoration allocation has to our knowledge

never been attempted [12, 14]. It is furthermore necessitated by the EU policy agenda that

synergies and co-bene�ts are optimally identi�ed to avoid any land management portfolios

to be left up to chance. For example, forest restoration in a given location might seemingly

provide the best bene�ts to biodiversity and carbon sequestration when considered alone,

however in a regional perspective it may be more preferable to allocate restoration to a

another land-cover type (e.g., grassland) if this bene�ts species who are less ubiquitous and

constrained to this region. Without planning conservation and restoration in concert, it is

not easily feasible to assess whether priorities are optimally contributing to the preservation

of species habitats and NCPs.

In this work, we aim to identify the areas that, if restored or conserved, would maximize the

achievement of a series of targets for species conservation and carbon sequestration. Opposed

to previous global conservation [12] and restoration [14] prioritizations, we estimate for the

�rst time how and where conservation and restoration targets could be met simultaneously,

while also considering existing and future constraints on land area (e.g. production needs of

the EU bio-economy by 2030). We estimate how landscape-scale habitat requirements for

European species of conservation concern (e.g. those in the Habitats and Birds directives)

could be met by "maintaining" natural habitat (i.e., natural land cover not converted to

production) rather than legal protection. This de�nition of conservation recognizes that some

of the areas of conservation importance identi�ed in our analyses will require speci�c national

or international designation (e.g. protected area) or governance.

Leveraging best available data on the current and potential distributions of EU species,

carbon sequestration, and land cover, we identify priority areas for how an optimal allocation

of conservation, restoration, and production across land cover types could be met in the
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EU. Through a series of di�erent planning scenarios, we explore three main questions: (1)

What are the implications of simultaneously optimizing the allocation of conservation and

restoration measures across a landscape rather than considering the allocation of these

measures separately? (2) What are the trade-o�s and synergies between optimizing the

allocation of conservation and restoration measures for biodiversity conservation and carbon

sequestration objectives? Finally, (3) What are the implications of multilateral burden-sharing

on the coherence, e�ciency, and resilience of possible conservation and restoration allocation

solutions?

2 Methods

2.1 Problem formulation

We formulate the spatial optimization of land-use decisions as a mixed linear programming

problem, where the objective is to maximize the extent to which targets for species conservation

and carbon sequestration are met through optimal zoning of conservation and restoration

measures across land-use types in the EU (eq. 1), subject to spatial constraints in the

applications of these measures.

min [
PX

p

ZX

z

SX

s

ws(( ts �
PX

p

ZX

z

r s;pkz;sxp;z)=ts)] (1)

In the minimal shortfall objective (eq. 1),p 2 P indicates a given 100km2 planning unit,

z 2 Z indicates a management zone (�gure 1A), andap;z is the area of the planning unitp

allocated to zonez in the solution. r s;p is the amount of features 2 S in planning unit p

and has the same unit as the respective target,ts. Features include species of concern and

carbon (see below for additional details).kz;s is a zone-speci�c parameter that de�nes the

proportional contribution of zonez to achieving the target for features and is determined by

the habitat preferences and land use speci�c threats for the species (see SI and tables??,
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and 3 for additional details), or the estimated carbon sequestration of that zone.ws is a

feature-speci�c weighting that gives higher or lower priority to achieving a given target when

not all targets can be met (see 2.8 for additional details).

2.2 Management zones

We consider 25 management zones (decision possibilities) that can be allocated proportionally

within each of the 43,498 planning units across the EU (�gure 1A). Restoration zones consist

of both natural land cover restored from production landscapes and low-intensity production

landscapes restored from high-intensity production landscapes (table 1). Production zones

consist of varying intensity crop, pasture, and forestry areas that can be maintained or

created from other land-cover types. Finally, conservation zones capture the maintenance of

natural land-cover types (i.e., land not allocated to production or restoration). We bound the

allocation of each of these zones in a given planning unit based on the current and potential

land cover, improving the realism of our proposed solution space and minimizing unnecessary

and unrealistic "reshu�ing" (e.g. forests that should be restored to grasslands).

For the set of conservation zones in each planning unit, we consider the lower bound to

be the current area of a given land-cover type within the planning unit that is presently

within protected areas (Natura 2000 site [15]) or classi�ed as primary forest [16]. The upper

bound of conservation zones is the total extent of a given natural land-cover type in the

planning unit (see below for additional information on land cover data). Note again that

conservation here is distinct from legal protection. Instead, "conservation" is natural land

not allocated to production, urban area, or restoration. Importantly, this conceptualization

of conservation allows us to capture the habitat contributions of all natural land in a given

solution to optimize the biodiversity bene�ts of restoration allocation.

For the set of restoration zones, the lower bound is 0 (no restoration is required in any

given planning unit). The upper bound is constrained by the potential distribution of the

restored land-cover type and the current land cover available to be restored to that future
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Figure 1: Schematic diagram of the prioritization analyses. (A) List of management zones,
whose spatial allocation is optimized under a suite of di�erent scenarios 2.8 in the analyses.
(B) For each priority species, we set a target to meet by conserving or restoring habitat types
for the species within their present range. For carbon, the aim was to maximize the amount
of carbon stored in conserved or restored areas. Depending on the scenario variants, species
were weighted in importance di�erently relative to carbon to explore the implications of
putting more emphasis on di�erent objectives. The area allocation of a planning unit to a
given management zone was bounded with the bounds depending on the planning unit and
zone (B2). In addition, the optimization included constraints on the area under restoration
and how much area needed to be under production (grazing, farming, timber harvesting, B4)
in 2030. The result of this constrained optimization is a series of maps identifying priorities
for conservation, restoration, and production of food and timber products (B6)

land cover (according to logical transitions; see SI 6.1, eq. 4, and table 1 for additional

details). For the set of production zones, the lower bound is 0 (no production is required in

any given planning unit), and the upper bound is the land area of the planning unit minus

the distribution of the natural land cover in currently protected areas.
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2.3 Meeting 2030 production demands

To avoid setting more land aside for conservation and restoration than what would be needed

given projected demands for timber and agricultural products, we included production area

requirements for each NUTS2 jurisdiction for each of the seven production zones (high-

intensity cropland, reduced intensity cropland, low-intensity cropland, high-intensity pasture,

low-intensity pasture, production forestry, and multi-functional forestry) (Figure 1B(4)). For

example, to ensure the allocation of su�cient high-intensity cropland to meet projected 2030

production needs, we require that the sum of the area allocated to the relevant cropland

zones across planning units within each NUTS2 jurisdiction is greater than or equal to

the speci�ed 2030 target of that jurisdiction. These targets are derived from GLOBIOM

[17], a global partial equilibrium model that explicitly integrates di�erent land-use sectors

(IIASA GLOBIOM, 2022), and which has been adapted speci�cally for EU contexts and

policy problems. In this work we made use of the "Fit for 55" scenarios constructed as part

of the EUCLIMIT project and that following a "Middle-of-road" design for the European

bio-economy in 2030 and is fully consistent with the EU Corine land cover product (see 6.4).

We formally implement these constraints using eq. 2:

PX

p

ZX

z

(D i;k;p;z � X p;z) � t i;k 8i 2 I and 8k 2 K (2)

where i 2 I denotes a set of planning unitsp (e.g., all planning units within a NUTS2

jurisdiction), and k 2 K a set of zones relevant to a given targett i;k . D i;k;p;z denotes the

constraint data associated with planning unitsi 2 I for zonesk 2 K .

2.4 Biodiversity data

We estimated the distribution of 1277 species included the EU habitats directive using

an integrated species distribution modeling (iSDM) approach where best-available data

sources (occurrence, preference, expert information - see SI section 6.5 for a full description

6



of included data) are integrated into one joint prediction (see SI section 6.6 for prediction

variables) using di�erent types of linear and non-linear modeling approaches (full methodology

for SDM in SI section 6.6.1). We also leverage species distribution models to depict the

potential distribution of the species (sensu[18]), understanding potential in this context as

the contemporary climatic, soil and natural vegetation conditions that would allow a species

to persist in an area (full methodology for potential SDMs available in SI 6.6.2). Critically,

and opposed to mapping current suitable habitat, the potential modelling approach considers

only contemporary di�erences in climate and soil, and not any land-cover or land-use, aligning

with the concept of the potential natural vegetation of Europe [19]. The predictions from

the species distribution models used here thus aim to depict where a species might exist

under current conditions while also allowing modest inter- and extrapolation from its current

distribution.

2.5 Land cover data

We used data on the distribution of land-cover types as distinguished by the Corine 2018

dataset. The thematic legend of the Corine land-cover data (level 2) was re-categorized into

di�erent MAES habitat categories to allow for a crosswalk with species habitat preferences.

Our input land cover di�ered from the MAES categories slightly for production lands,

which we �rst split from natural lands using more disaggregate layers of the Corine dataset

where necessary (e.g., grasslands where split into natural grasslands and pasture lands).

We distinguished the current area of di�erent management intensity classes of cropland,

forests, and pasture using the current distribution of those production lands multiplied by

the estimated percentage of intensity for a given production intensity at the 10km2 scale

using outputs from G4M and EPIC models, constructed as part of the GLOBIOM Fit for 55

scenarios (see above).

To calculate the protected and unprotected land cover distributions within each PU, we

rasterized protected areas in the Natura 2000 network to align with reclassi�ed 100-meter
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Corine land cover data. Then, we masked the 100-meter land cover data by the protected

areas and aggregated this from the 100m resolution to the 10km grain size by calculating the

proportion of 100m grid cells in each coarser grain for each land cover inside and outside of

current protected areas. This was done to separate areas inside and outside protected areas,

as in particular restoration inside such sites is speci�c objective in the EU Restoration law.

To identify potentially restorable land, we followed the concept of potential natural

vegetation (sensu[18]). We de�ne potential in this context as the contemporary climatic,

topography, soil, and natural vegetation conditions that allow for a speci�c type of natural

habitat (e.g., Forest, Wetland) to occur in an area. The full methodology and input data

used for estimating potential land cover are available in the SI section 6.4.

2.6 Carbon data

For current carbon stocks, we used data on above-ground, below-ground, and soil organic

carbon at risk from land-use change from [12]. These data were created by selecting and

integrating the best available carbon maps for di�erent vegetation types. All data are in

units of tC/ha. For the analysis, we combined the current carbon layers by calculating the

combined sum of above- & below-ground and soil organic carbon for Europe. We included the

total amount as an additional feature in the prioritization (see SI section 6.7.1 for additional

information). Similarly, for allocating restoration priorities in regard to carbon contributions,

we needed to identify areas with high carbon sequestration potential. Here followed an

approach that combined the di�erent techniques from [14] and [20] for potential carbon

estimation, allowing for a estimation of carbon potential per planning unit and natural

land-cover types (see SI section 6.7.2 for full details on methodology).

2.7 Feature targets

Species targets are de�ned relative to the minimum habitat area (km2) necessary to qualify

the species for the Least Concern conservation status following IUCN criteria (see [12]). We
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equate this to the current area of habitat (AOH) within the range of the species, or 2200

km2 in the case that the AOH is less than 2200km2 (eq. 3). To calculate the current AOH,

we assess the proportion of each species range that is within corresponding MAES land cover

preferences ("preferred" or "suitable" habitat) for the given species. To di�erentiate the

habitat provided by low and high-intensity production landscapes, we leverage frequently

reported pressures on habitats and species associated with agriculture (EEA State of Nature

Dataset; see SI section table 3, 4, and 2 for more information on how we classi�ed threats by

zone). Moreover, we set a maximum area target for any given species to 106̂ km2 to avoid

infeasibly large AOH targets [12].

ts = min(max(2200; AOH s); 106) (3)

As mentioned above (eq. 1), we de�ne a zone-speci�c parameterkz;s that identi�es the

proportional contribution of zonez to achieving the target for features and is determined by

the habitat preferences for the species.kz;s is 1 if zonez (e.g. mountain coniferous forest) fully

contribute to achieving the conservation target for speciess (e.g. the three-toed woodpecker).

kz;s is 0 if the zonez does not contribute to the species' habitat.kz;s can be between 0 and 1

for species that persist in agricultural habitat but are sensitive to threats associated with the

intensity and type of agriculture in zonez (see SI table 3, 4, and 2 for more details).

We set the carbon sequestration target to the maximum potential value of carbon in

each planning unit and similar de�ned zone-speci�c parameters to understand the di�erent

contributions of di�erent land-cover types. We jointly optimize for both biodiversity and

carbon sequestration, and since we include only one target for carbon compared to multiple

targets for biodiversity outcomes, the weighting of target shortfalls is set accordingly (see

information on feature weighting scenarios below 2.8).
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2.8 Scenarios

We explore 45 di�erent scenarios of optimal land allocation. First, we vary the weighting

of carbon shortfalls relative to biodiversity shortfalls (15 di�erent weighting scenarios) to

understand the synergies and trade-o�s between these two objectives. Second, we compare

solutions that only optimally allocate restoration to solutions that prioritize restoration

allocation in the context of conservation and broader landscape constraints. Third, we set

constraints (eq. 2) for meeting 20% restoration targets at (1) the EU scale and (2) the

member state scale, allowing us to assess the impact of burden sharing between countries

across di�erent carbon/biodiversity objective weighting scenarios.

We use theprioritzr package [10] and the Gurobi solver (v9.5) [21] to build and solve

each of our spatial optimization problem scenarios.

3 Results

The resulting conservation plans provide insight into the optimal allocation of restoration,

conservation, and production measures under a variety of scenarios across the EU (a single

solution scenario is shown in �gure 2). We �rst compare plans for meeting 20% restoration

commitments between scenarios that jointly optimize restoration and conservation (�gure

3B) and scenarios that only consider restoration (�gure 3A). We show that the two scenarios

result in signi�cant spatial di�erences (�gure 3C) and land cover di�erences (�gure 3D) in

restoration priority. Because the coordinated prioritization framework integrates information

about the broader landscape within which restoration decisions are made, it presents a more

holistic perspective for both restoration and conservation, especially when compared to the

less informed optimization scheme (�gure 3B).

Using the coordinated prioritization framework (jointly optimizing the allocation of

restoration, conservation, and production), we explore a suite of optimal land management

allocation scenarios by varying the weight of biodiversity and carbon objectives (�gure 4A).
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