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Research on mitigating land use conflicts is characterized by a

variety of projects from the global to various sub-global scales.

These projects are aiming at disentangling feedbacks within

changing socio-environmental systems to identify strategies

for sustainable resource use. Our review shows that any global

analysis benefits from systematic synthesis of sub-global

research from various scales, while sub-global investigations

require embedding in global scenarios. There is an urgent need

for improved methods to identify trade-offs at all scales as

scenario analysis frequently results in a discrete set of options.

We argue that the use of optimization algorithms including

Pareto-frontiers combined with scenario analysis can provide

efficient options for sustainable land use from global to sub-

global scales.
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Introduction
Land is a limited resource that has to fulfil multiple

functions. Sustainable management of landscapes

requires reconciling demands for settlements and infra-

structure (globally approx. 0.5% of the terrestrial earth

surface [1]), production for food and fibre (40%), and

maintaining ecosystem functions and protection of

species (global protection sites: 11% [2]) and water [3].

Land use strategies require therefore the integration of

the oftentimes conflicting demands of society on

resources. The objective to be achieved is to fulfil the

demands and ensure human well-being without impairing
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biodiversity and ecosystem functions [4,5��]. The related

land use decisions, such as the selection of crop rotations,

deforestation or reforestation measures, design of protec-

tions sites, among others, take place on multiple scales

from hectares to several thousand square kilometres [6].

Various processes have to be considered to develop and

implement land use strategies. Early, the multi-function-

ality of landscapes was identified as a key concept for

solving resource use conflicts [7]. Maximization of a single

function, for instance productivity, can be expected to

feedback negatively on several other ecosystem functions

and services with consequences on human well-being.

Sustainable land use thus requires an analysis of trade-offs

to reconcile requirements and demands, which are

measured by environmental, economic and social

indicators. Further, ecosystem functions should be main-

tained on the long-term. The focal point of research

occurring at the local, regional or continental scale is

the development of land use management solutions,

which fit the needs of the involved actors and commu-

nities (e.g. stakeholders). Although the situation is in

principle similar at the global scale, the lack of institutions

for management at a world scale implies a different

management situation. The global scale has been the

focus of synthesis studies on food provisioning [2] or

biodiversity conservation [8], for example. The strong

links across the scales need to be considered in the

analysis of land use management [9,10].

Figure 1 provides a conceptual framework and suggests

two complementary lines of thought: (i) the identification

of major limiting factors for an improved embedding of

sub-global assessments in global scale analysis and vice

versa (Figure 1, Labels 2–4), and (ii) the analysis of trade-

offs between land use and ecosystem services, as well as

among ecosystem services, using a methodology that goes

beyond scenario analysis (Figure 1, Labels 4–6).

Synthesising results across scales
Two research topics are key for an analysis across scales:

(i) the quantification of off-site effects of regional land

management, and (ii) the comparative analysis of regional

scale case studies with the quantification of landscape

scale processes and trade-offs.

Sub-global studies often do not quantify off-site

effects of regional land management, a key element
www.sciencedirect.com
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Figure 1
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Conceptual illustration of the review. Identification of land-system as socio-environmental system in the frame of the Millennium Ecosystem

Assessment. The organization in space, from local to global analysis, and the application of optimization and scenario analysis are also depicted.
of sustainability [11�,12,13]. These off-site effects

become crucial at larger scales as they can lead to sub-

optimal solutions at that scale, and can feedback nega-

tively at the local scale (where the initial decisions were

taken). For example, land management programmes to

protect forests and biodiversity in China have led to an

increasing  import of timber from countries such as Laos

and Cambodia, thereby ‘exporting damage’ to the eco-

systems of these countries [12,13]. Bioenergy decisions

made in the EU are likely to have impacts on land

systems in Brazil and in Indonesia potentially leading

to changes in the climate system which might, in turn,

lead to unanticipated consequences for human well-

being in Europe [14]. Although it is impossible to

involve every potential off-site effect (or trade-off) in

a sub-global study at least some bookkeeping should be

mandatory: if local/regional land use decisions lead to an

increasing  or decreasing import of goods and services

then this should be monitored and reported. Alterna-

tively, global scale scenarios, which provide information

on global exchange of commodities, can be used as

constraints or boundary conditions in sub-global analysis

[6].

At the global scale, result downscaling to identify priority

regions is still lacking for several important indicators.

Typically, this leads to general recommendations such as
www.sciencedirect.com 
stopping further land conversion, closing the yield gap

and the diet gap and improving the distribution of food

[2]. However, these studies frequently lack the identifi-

cation of specific priority or ‘hot-spot’ regions. Spatially

explicit recommendations for conservation actions

derived from gap analysis [15], hot-spot regions for crop

pollination [16], and the identification of sensitive regions

for water provisioning [17] represent exceptions. At a

more aggregated level, the characterization of ‘anthro-

mes’ can form the basis of a map of global human impact

[18�].

Comparative analysis of regional case studies allows the

derivation of common trends, patterns and relationships.

However, the synthesis of regional studies is limited by

the fact that the case studies differ significantly in their

design, e.g. have different levels of complexity. The

synthesis has to be performed either through (i) a qual-

itative comparison of results of sub-global studies (‘story-

telling’) by systematically describing the most important

drivers and results [5��,9], or (ii) a descriptive statistical

analyses for identifying common pattern and gaps of

information [11�], or finally by (iii) a meta-analysis and

hypothesis testing [20�]. Requirements with respect to

consistency in common assumptions and common

indicators increase from (i) to (iii). Notably, to perform

a meta-analysis of sub-global studies consistent global
Current Opinion in Environmental Sustainability 2013, 5:458–463
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assumptions regarding the structure of the problem and

solution are required. This can notably be achieved by

referring to the same scenarios [6]. Thus the choice

among simple alternatives of land sharing or land sparing

(cf. [2]) cannot be optimized in general at the global scale,

and is expected to vary for various places and contexts

[21]. A second option to identify comparable pattern on a

global scale could consist of the identification of syn-

dromes of land management [19�], which would help to

identify vulnerable hot-spot areas and support priority

setting for further analysis [15].

How to find the best possible options in land
management
Scenario analysis is the most frequently used tool for

assessing options and characterize possible futures, see

Figure 1, Labels 2 and 4. For global land systems, this

approach was a core element of several assessments

studies such as the Millennium Ecosystem Assessment

[21,22], the global environmental outlook GEO4 [23], and

various sub-global investigations. As scenarios require

providing projections of socio-economic as well as

environmental indicators, ‘next generation’ scenarios

acknowledge this by developing scenario data sets on

the global scale independently [24].

Sub-global investigations, on the other hand, are driven to

a certain degree by assumptions of global scenarios and

make use of a ‘down-scaling’ approach [25–27], for

instance for biodiversity on a European scale [28,29]

and for biofuel demand in Brazil [30]. Generally, quanti-

fied storylines with the respected simulations results at

the global scale are mapped to sub-global scale regions.

This downscaling is done based on appropriate models,

that incorporate the required finer scale specifications.

With this approach, sub-global scale scenarios and their

storylines can simultaneously consider larger scale and

regional constraints in addition to requirements incorp-

orated through stakeholder consultations.

Scenario based impact analysis provides information on

the dependency of selected environmental indicators

and a specific mix of measures or — for sake of simpli-

city — invested money for a certain land management,

usually by applying an appropriate model or model

system [31�], cf. Figure 2, left. However, because of

the multifunctionality of landscapes maximizing one

ecosystem function or service might reduce others (i.e.

trade-offs). This was acknowledged by applying the

ecosystem service indicator framework [21,22], which

provides an exhaustive characterization of ecosystem

properties. Such a common indicator framework

[32,33] represents the basis of a comprehensive analysis

which identifies unexpected trade-offs. Although case

studies on ecosystem services show weaknesses [11�],
they provide knowledge about the effect of land use

intensity to biodiversity [34,35], and about the role that
Current Opinion in Environmental Sustainability 2013, 5:458–463 
biodiversity plays for ecosystem services provisioning

[36–38]. However, at the global scale the positive

relationship between ecosystem services and human

well-being is debated [39].

Several case studies used ecosystem service indicators for

quantifying trade-offs and synergies in a spatially explicit

manner at the landscape scale [40]. These approaches

need to fully capture ecosystem functioning and need to

go beyond the scenario assumptions. Thus a functional

understanding of feedbacks between land use and man-

agement is required, Figure 1, Label 6. This can be

achieved by linking models with optimization algorithms,

which combine the assessment of ecosystem functions

and search through the space of possible, spatially expli-

cit, management options. A possible solution of sustain-

able land management might be located ‘between’ two

distinct scenarios, cf. Figure 2, left.

Optimizing land use patterns with respect to multifunc-

tional use [41–49] provides useful information and

solutions to problems beyond the region of study. The

analysis offers functional relations, such as possible trade-

offs given as the simulated Pareto-frontier. These results

also provide the gradient or — as economists denote —

the marginal costs/benefits. This is obtained by the

(derivative of the) Pareto-frontier as a result of the optim-

ization-based analysis of land management measure,

Figure 2, right. In the given application, a Pareto-frontier

provides a set of multiple optimum land use management

solutions, which all cannot be improved and thus span the

possible solution space under all given constraints. This

comprises more information than just a limited number of

scenarios.

In a simple scenario analysis, the solution found might be

sub-optimal with respect to other land management

options that have not been studied in the limited set of

scenario options. On the other hand, an optimized land-

scape might not be reachable given the current land system

and the existing policy instruments. Thus, whether a point

on the Pareto-frontier is accessible and whether current

existing political instruments are sufficient to ‘navigate’

towards accessible points remains an open question. This is

where scenarios come into play again.

Indeed, scenarios capture information on underlying

storylines and assumptions, and these are mapped to

quantitative simulations. Then an analysis, of which

assumptions need to be modified to navigate closer to

any points of the solution of the optimized land man-

agement given by the Pareto-frontier, is performed,

Figure 1, Label 5. Modern developments of optimization

tools and smart coding of land use models allows a broader

application of these approaches. However, their spatial

scale is currently focused on at the regional level,

Figure 1, Label 6.
www.sciencedirect.com
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Based on a scenario analysis there is only information on distinct relations linking investments or costs with an environmental indicator (left). No

functional dependency is available. There might be an optimum or even an area, which is desirable, but not reachable with the given constraints. This

can only be identified by the pareto-frontier (right). It shows that even for the most cost-efficient scenarios (A, C) there are even better situations for

which none of the considered variables (costs, investments, socio-environmental indicator) can be improved while not decreasing the other. Given the

Pareto-frontier the arrows denote possible strategies of improving the socio-environmental indicator without changing investments or costs, or the

reduction of costs while maintaining the recent state of the socio-environmental system.

a cf. http://www.millenniumassessment.org/en/Multiscale.html and

http://www.ecosystemassessments.net.
b cf. http://www.naturalcapitalproject.org.
c cf. http://www.stockholmresilience.org/21/research/research-pro-

grammes/pecs.html.
d cf. http://modul-a.nachhaltiges-landmanagement.de/en/scientific-

coordination-glues/.
In summary, an application of optimization methods in

model-based environmental impact assessment studies

can perform two major tasks

(1) It provides the basis for systematic exploratory

simulations, e.g. implementation of a systematic

search through the space of possible scenarios which

define the alternative land management. This can be

a static but spatially explicit task of studying trade-

offs given by different land use configurations (such

as land use structure, intensity, among others) but also

within dynamic models that offer possible control

strategies and change over time, which reveals

tipping-points or threshold in the state-space of the

dynamic human-environmental system.

(2) Given specific constraints, optimization can also be

used to identify optimum combinations and offer the

basis for optimum policy mixes. This, however,

requires a sufficient understanding of the decision

making process and the feedbacks in the socio-

environmental system.

Discussion
We showed that an analysis across scales is key for an in-

depth analysis of land use and management assess-

ments. Sub-global assessments can and should be per-

formed under consideration of land use archetypes or

syndromes identified at the global scale [50,51�]. Such
www.sciencedirect.com 
an analysis benefits from a consistent definition of a

scenario framework since this eases comparisons [6],

Figure 1, Label 3. This has been implemented in a range

of sub-global projects such as sub-global assessments

(SGAa), the Natural Capital Projectb, the Programme on

Ecosystem Change and Society (PECSc) of the Sustain-

able Land Management Programme (GLUESd). It pro-

vides ground for any meta-analysis and synthesis based

on available results of sub-global land management

projects, see for instance the effectiveness of ecosystem

service based land management [20�]. This could be a

key element that helps to define optimization tasks,

which seeks for an optimum combination of different

policy instruments that aim at sustainable of land man-

agement [52].

Recent publications show that systematic variation of

input variables, that usually quantify scenarios, provides

important and detailed knowledge on trade-offs of certain

ecosystem functions and services. If used within an

optimization framework, this systematic variation also

helps identifying Pareto-frontiers [41,42,44–49]. This
Current Opinion in Environmental Sustainability 2013, 5:458–463
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approach shows the limits but also further potential of

several ecosystem services of a region. Thus the use of

Pareto-frontiers results in more information than pro-

vided by scenario analysis. Although, these tasks are

computationally far more intensive, the burden can be

reduced by the identification of more efficient modelling

techniques or computational algorithms. For none of the

case studies referenced here, computational effort was a

real limitation.

Thus the exploration of trade-offs and optimization at the

global scale might be developed in the near future. There

are promising developments of global scale ecological

models capturing the essentials dynamics of multi-trophic

systems. These models might be the foundation of the

global-scale optimization [53,54]. It is possible to conduct

studies occurring ‘in the upper right corner’ of Figure 1,

which can result in a clearer picture of possible global

non-linear patterns, tipping points or limits of recent

development. The more information one can obtain from

sub-global studies and from global hot-spots, the more

specific such a ‘global explorative optimization’ can be.

Finally, the synthesis of place-based studies and global

analysis using simultaneous optimization of several

criteria within environmental models can theoretically

result in the identification of optimum combination of

measures and ‘policy mixes’ for sustainable land man-

agement. In achieving this goal, such a synthesis also

quantifies the trade-offs between possible objectives and

specifies quantitative relationships between possible con-

trasting objectives. This requires a sufficient understand-

ing of the feedbacks between humans and the

environmental systems, and the different decisions taken

given certain policy measures. With such a system

encoded, one obtains realistic Pareto-frontiers which in-

clude real-world constraints. Optimization is still under-

stood as a tool for exploratory modelling rather for

normative priority setting. Results can provide however

aggregated information, which is not obtained by scenario

analysis, and — if presented accordingly — these results

will be valuable for stakeholders: for instance such as hot-

spot or risk maps of certain ecosystem services (for static

spatial explicit optimization) [43], as well as identification

of thresholds or tipping-points (for dynamic optimiz-

ation). This kind of exercise, performed at the global

scale, can be the object of future studies.
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