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One way to solve multi-objective spatial land use allocation problems is to calculate a set
of Pareto-optimal solutions and include stakeholder preferences after the optimization
process. There are various land use allocation studies that identify the Pareto frontier
(i.e., trade-off curve); to our knowledge, however, for the majority of them, the debate
on which solutions are preferred by stakeholders or are preferred by stakeholders
remains open. One reason could be that Pareto-optimal solutions, due to their
multi-dimensionality, are difficult to communicate. To fill this gap, we give an example
using the results of a multi-objective agricultural land use allocation problem that
maximizes four biophysical objectives: agricultural production, water quality, water
quantity, and biodiversity in the Lossa River Basin in Central Germany. We conducted
expert interviews with 11 local stakeholders from different backgrounds, e.g., water
experts, nature conservationists, farmers, etc. In addition to providing information about
the case study area, we visualized the trade-offs between the different objectives using
parallel coordinates plots that allowed the stakeholders to browse through the optimal
solutions. Based on this information, the stakeholders set weights for each of the
objectives by applying the Analytic Hierarchy Process (AHP). With these weights, we
selected the preferred solutions from the Pareto-optimal set. The results show that,
overall, stakeholders clearly ranked water quality first, followed by biodiversity, water
quantity, and agricultural production. The corresponding land use maps show a huge
difference in land management (e.g., less application of fertilizer, more linear elements,
and conservation tillage) for the preferred solutions compared to the current status. The
method presented in this study can help decision makers finding land use and land
management strategies based on both biophysical modeling results and stakeholder
expertise, and it shows how multi-objective optimization results can be communicated
and used for an information-based decision-making process.

Keywords: land use allocation, multi-objective optimization, trade-off visualization, stakeholder communication,
preferences, analytic hierarchy process
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1. INTRODUCTION

Multi-objective optimization is frequently used to solve land use
allocation problems. Pareto-optimization in particular is used
to analyze trade-offs and synergies between different objectives
(Kaim et al., 2018). The benefit of this method is that it provides
a whole set of “optimal” solutions that span the entire range of
the objective function values and thus offers a wide choice of
options for the decision maker. In contrast to scenario building
or optimization methods that include stakeholder preferences a
priori (i.e., before the optimization), Pareto-optimization allows
the stakeholders to form their preferences by informing them
about synergies and trade-offs between the different objectives.
However, this approach can also become challenging when it
comes to communicating the optimization results to stakeholders
since these problems can involve many objectives that easily
lead to a couple of thousand Pareto-optimal solutions. In fact,
almost all land use allocation studies that identify and analyze the
Pareto-frontier end at this stage of the process.

An important aspect of communicating the optimization
results to stakeholders is the visualization of Pareto-optimal
solutions. There are a variety of methods available from multi-
dimensional plots (e.g., Kollat and Reed, 2007; Lautenbach
et al., 2013) and parallel coordinates plots (Inselberg and
Dimsdale, 1990) over spider charts (Miettinen, 2014) to hyper-
radial visualization (Chiu et al., 2009) to name only a few
of them. For an overview of different visualization methods
we refer to Lotov and Miettinen (2008). But despite all these
options, not all visualization methods are equally suitable for land
use allocation problems. For instance, multi-dimensional plots
quickly become very difficult to read for stakeholders once they
illustrate solutions for more than 2-3 objectives. The same holds
for most other visualization methods: the more objectives an
optimization problem has the more difficult is the visualization.

Generally, there are two methods of selecting solutions from
the Pareto-frontier: pruning and ranking. Pruning involves
techniques that reduce the set of optimal solutions, such as self-
organizing maps (e.g., Li et al., 2009), subtractive clustering (Zio
and Bazzo, 2011), or box indices (Miettinen et al., 2009). In
the end, these solutions can either be ranked, or stakeholders
can select directly from the reduced set. Ranking the set of
Pareto-optimal solutions can be done by applying methods like
the weighted stress function (Ferreira et al.,, 2008) or methods
from multi-criteria decision making, such as outranking methods
(Bouyssou, 2001) or pairwise comparisons. A prominent method
for the latter is Saaty’s Analytic Hierarchy Process (AHP) (Saaty,
1988) of which we will provide a detailed explanation later.
A comparison of different pruning and ranking methods with
examples from the field of traffic and transportation research that
are also applicable to land use allocation problems can be found
in Wismans et al. (2014).

An example of a study from agricultural land use allocation
that uses pruning and ranking can be found in Chikumbo
et al. (2014). The authors identified the Pareto-optimal set of a
14-objective land use management problem. They used hyper-
radial visualization to select four solutions out of this set and
then applied the AHP identifying the preferred solution by

the stakeholders. There are only few other studies that aim at
selecting a preferred solution after identifying the Pareto-optimal
set (i.e., a posteriori preference articulation). Examples can be
found in forest management (e.g., Borges et al., 2017; Marto
et al., 2018) or in other research fields, such as transportation
optimization (Ojha et al., 2010), supply-chain management
(Ayadi et al., 2017), or electric distribution network planning
(Celli et al., 2018). To our knowledge, the study by Chikumbo
et al. (2014) is the only one in agricultural land use allocation
that might partly be caused by a lack of communication between
different research areas (Memmah et al., 2015).

To fill this gap, we present a framework for the selection of
one or multiple preferred solution(s) from the Pareto-frontier
of an agricultural land use allocation problem using stakeholder
preferences. In the framework, we apply parallel coordinates plots
for the visualization of the Pareto-optimal solutions and the AHP
to weight the objectives and identify the preferred solution(s).

Our approach differs from the one presented by Chikumbo
et al. (2014). First, our optimization process provides solutions
over the entire range of objective function values, while
Chikumbo et al. (2014) searched for Pareto-optimal solutions
close to reference points in order to cope with the extremely large
solution space that comes with a many-objective optimization
problem. Second, in Chikumbo et al. (2014), the AHP was
applied to select the preferred solution out of four scenario
solutions that were previously identified by pruning. In our case,
the AHP weights were used to select the preferred solutions(s)
from the entire Pareto-optimal set (i.e., we followed a pure
ranking approach).

We apply the framework to the results of a multi-objective
spatial land use allocation problem that is based at the conflict
between agricultural production, biodiversity conservation, and
enhancing water quality and quantity. Although there has
been considerable success in recent decades, water pollution
by nutrients originating from agricultural practices remains a
key problem in Europe (European Environment Agency, 2018).
Furthermore, agricultural production is considered as one of the
main drivers of biodiversity loss, which is reflected in an ongoing
decline in farmland birds (a typical measure for farmland
biodiversity) (Busch et al., 2020). The optimization problem
considered in this study therefore aims to maximize biodiversity,
water quality and quantity, and agricultural production in
a river basin in Central Germany. The optimization results
originate from research conducted within the project “Towards
Multifunctional Agricultural Landscapes in Europe—TALE”
(TALE, 2020) and merely serve as input data for our framework.
For their detailed discussion we refer to Strauch et al. (2018).

2. MATERIALS AND METHODS

The framework for the selection of preferred solution(s) from
the Pareto-optimal set is summarized in Figure 1. It starts with
the information of stakeholders about the case study area and
optimization results, followed by the identification of preferences
that are later used for the selection process. Each step of the
framework requires certain methods or input data. We will
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1. Informing
stakeholders

Introduction to case study area
¢ Definition of important terms
Visualization of optimization results (parallel coordinates plot)

2. Weighting
process (AHP)

preferred
solution(s)

of solution(s)

added in future work.

¢ Pairwise comparisons
« Opportunity to give reasons for/comments about selection

« |dentify stakeholder groups & consolidate weights accordingly
SRR o Select solution(s) from Pareto-optimal set by applying weights

» Show preferred solution(s) to stakeholders/decision makers
« If they do not approve =» go back to (3.) and adjust preferences

VA e If solution cannot be realized in practice = select another
solution from its environment in the Pareto-optimal set

FIGURE 1 | Framework for the identification of preferred solutions from the set of Pareto-optimal solutions. Steps 1-3 were implemented in this research, 4* could be

therefore first give an overview of the case study area and the
optimization results that served as input data for our study. We
will then briefly explain the visualization (parallel coordinates
plots) and the weighting (Analytic Hierarchy Process) methods
that are fundamental to the stakeholder interviews that will
be presented after these. Finally, we will explain how the
preference information has been used for the selection of a
preferred solution.

2.1. Case Study Area and Land

Management Scenarios

The 14,076 ha large Lossa River Basin is located in Central
Germany and is characterized by a large proportion of
agricultural land (see Figure 2). It is a subbasin of the Middle
Mulde River Basin, for which the TALE project (TALE, 2020)
developed four different land management scenarios within a
stakeholder workshop: status quo (SQ)—describing the current
situation, business as usual (BAU)—assuming a continuation
of current trends until the year 2030, land sharing (LSH)—
basically describing an extensification, and land sparing (LSP)—
describing an intensification in agricultural production (note
that LSP also involved restoring or creating some non-farmland
habitat (e.g., “set aside” areas and forests) on arable land; however,
this was predominantly on spots outside the Lossa River Basin).

The general stakeholder process is explained in Karner et al.
(2019) and Hagemann et al. (2020), and in the TALE Learning
Environment (TALE, 2020).

For the total area of the Middle Mulde River Basin, farmers,
conservationists, and employees of state agencies who relate to
the area were invited to discuss how land management would
change within the different scenarios. The results, specifically
analyzed for the Lossa Basin, are summarized in Table 1.
Major differences between the scenarios relate to the share of
single crops (e.g., less/more rapeseed in LSH/LSP) and types of
grassland (e.g., more extensive in LSH), the amount of applied
fertilizer (less/more nitrate and phosphorus in LSH/LSP), and
the type of tillage practices (e.g., only conservation tillage in
LSH). Furthermore, differences in the share of linear elements,
for example, hedgerows, lines of trees or field margins (e.g.,
larger/smaller in LSH/LSP), and urban area (e.g., largest increase
in BAU and no increase in LSP) were considered. In the Lossa
Basin, organic farming increases only slightly in scenarios BAU
and LSH, although the increase of organic farming in LSH was
substantial (up to 20%) for the whole Middle Mulde Basin.
Similar to the “set aside” areas dedicated for afforestation in LSP,
cropland with an increasing proportion of organic farming in
LSH was predominantly located outside the Lossa Basin. LSP
assumes no organic farming at all.

Frontiers in Water | www.frontiersin.org

December 2020 | Volume 2 | Article 579087


https://www.frontiersin.org/journals/water
https://www.frontiersin.org
https://www.frontiersin.org/journals/water#articles

Kaim et al.

Stakeholder Preferences in Land Use Optimization

Middle Mulde Basin
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FIGURE 2 | Location, land use map, and land use distribution of the Lossa River Basin.

2.2. Optimization Results (Input Data)

The scenarios were used to formulate a multi-objective land use
allocation problem that aimed to maximize water quality (i.e.,
minimal nitrate load leaving the Lossa River Basin in [kgN/a]),
water quantity during low-flow periods at the basin outlet
(mean annual minimum flow in [I/s]), agricultural production
(contribution margins in [€/a]), and biodiversity (bird habitat
index) in the study area. For this purpose, the Lossa River
Basin was divided into 243 hydrologic response units (HRUs).
HRUs are patches of similar characteristics like land uses, soil
types, and slope. They form the smallest unit of the Soil and
Water Assessment Tool (SWAT) (Arnold and Fohrer, 2005)
that was used to model water quality/quantity and agricultural
production. At the same time, the HRUs also served as decision
units. This means that for each patch, the algorithm decided
whether its land cover/use should follow the BAU, LSH, and LSP
scenarios or stay as it is (SQ scenario, see Figure 3).

Biodiversity was modeled with a species distribution model
that has been developed within the TALE project. A detailed
description can be found on the TALE Learning Environment
(TALE, 2020) and an example of its application to the Middle

Mulde River Basin in Jungandreas et al. (2018). Furthermore,
the code and example input data for the Lossa River Basin
are provided in a GitHub repository (Jungandreas et al., 2020).
This bird habitat model accounts for the impact of the different
land management scenarios on 15 Red List bird species (see
Supplementary Table 1) by identifying percental changes in
suitable habitat compared to the current situation (i.e., SQ). For
the status quo, the index value is 1 since it serves as a reference for
the evaluation of other landscape settings. If the model returns
an index value <1, then suitable habitat decreased, if it is >1,
suitable habitat increased.

The optimization problem was solved with the tool CoMOLA
(Constrained Multi-objective Optimization of Land Allocation)
(Strauch et al., 2019) which applies the non-dominated sorting
genetic algorithm II (NSGA-II) (Deb et al., 2002). The result
of such a multi-objective optimization is a so-called Pareto-
frontier-a set of non-dominated solutions. This means that there
is no other feasible solution to the optimization problem that
improves one of the objectives without compromising on at least
one other objective. The optimization process is summarized in
Figure 3. In our case, the algorithm detected 2419 Pareto-optimal
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TABLE 1 | Land management of the Lossa River Basin under different scenarios.

Type of management SQ BAU LSH LSP Unit
Winter wheat 326 37.7 411 396
Winter rapeseed 233 205 36 292
Winter barley 16.3 1561 223 104
Silage corn 1561 1561 199 188
Winter rye 7.0 6.5 9.4 0.0
Alfalfa 23 00 00 00
% of cropland
Sugar beet 1.2 2.1 0.0 2.0
Winter triticale 1.1 00 12 00
Spring barley 1.1 1.0 0.0 0.0
Ley grass 0.0 2.1 2.4 0.0
Organic farming 46 52 49 00
Conservation tilage 60 70 100 60
Linear elements 0.81 0.77 1.03 0.20 % of crop- and grassland
Nitrate 164 152 113 173 kg/ha,yr (averaged
Phosphorus 58 50 45 55 over crop- and
grassland)
Cropland 63.0 60.7 622 639
Intensive grassland 8.5 8.5 1.2 7.7
Extensive grassland 0.4 0.4 7.7 0.2
% of total area
Deciduous forest 2.7 2.8 28 29
Urban 6.1 83 68 6.1
Others* 193 193 193 193

SQ, status quo, BAU, business as usual; LSH, land sharing; LSF, land sparing.
*Coniferous and mixed forests, orchards, plantations, barren soil, water, areas for
transportation.

solutions that served as input data for our study (Strauch et al.,
2018).

2.3. Parallel Coordinates Plots

Each of the above-mentioned solutions consist of a map with
a unique spatial distribution of the four land management
scenarios that imply different objective function values (also
called fitness values). For example, Figure 4 shows the maps of
the four extreme solutions, i.e., those scenario distributions that
lead to the highest fitness value for each objective, respectively.
The solution “water quality;” for instance, has a fitness value of
1.24 for biodiversity, 89.1 I/s for water quantity, 8,149 kg N/a for
water quality (the best over all solutions), and 1.95 M €/a for
agricultural production, respectively.

For the stakeholders, we illustrated the optimal solutions
with interactive parallel coordinates plots (Figure4). Each
axis stands for one of the four objectives. The solutions are
drawn as lines that connect the solution’s fitness values (here,
normalized values) with each other across these axes. The higher
a line is placed within the graph, the better the respective
objective values are. For the “water quality” extreme solution
this would be the purple line running through the top-most
point of the “water quality” axis. As a reference for the
stakeholders, we also plotted the status quo line (red). Once
we explained the principle of the parallel coordinates plots as
mentioned above, we added four extra axes that represented

the four scenarios (Supplementary Figure 1). Each solution was
illustrated not only by its fitness values but also by its percental
distribution of the scenarios (see https://figshare.com/articles/
figure/Interactive_parallel_coordinates_plot/13373018 for the
interactive version of this plot).

The interactive parallel coordinates plots allowed us to
visualize the trade-offs between the different objectives by
letting the stakeholders browse through the set of Pareto-
optimal solutions. Furthermore, they got an impression of
what implications high fitness values for certain objectives may
have for the spatial distribution of the scenarios, and thus,
land management.

2.4. Analytic Hierarchy Process

To determine the stakeholder’s preferences for the four
optimization objectives, we used the Analytic Hierarchy Process
(AHP) (Saaty, 1988). The method of the AHP is based on
pairwise comparisons of all objectives that finally lead to a
ranking of the same. According to our four objectives, we
had six pairwise comparisons (i.e., objective A vs. objective B).
During each comparison, the stakeholder was asked to express
his preference on a scale from 1 to 9 (Saaty, 2008), where 1
means that both objectives are equally important and 9 that
the respective objective is extremely more important than the
other one (see Table 2). For example, the stakeholder was asked:
“What is your first preference-water quality or agricultural
production-and to what degree?” For the interviews, we used
the AHP Excel Template by Goepel (2013). This template also
allows for multiple inputs (since we conducted more than one
AHP ranking). The individual judgements were consolidated by
calculating the weighted geometric mean.

2.5. Stakeholder Interviews

The qualitative interviews were conducted in February/March
2019. For these, we selected experts that have a stake in the case
study area and represent one or multiple aspects of the above-
explained optimization. In total, we interviewed 11 stakeholders
with backgrounds in water-related occupations (2), forestry (1),
agriculture (3), landscape planning (1), and nature conservation
(4) (see Supplementary Table 2 for details).

Each interview started with a presentation that covered a
general introduction to land use conflicts, the TALE project
and the case study area. Also, important terms, such as “trade-
offs,” “synergies,” “land sharing,” and “land sparing” were defined.
Then, the interview partner was informed of the different
scenarios as described in Table1 and (very generally) about
the optimization process. Great emphasis was put on the
explanation and interpretation of the optimization results since
they formed the basis of the following evaluation (Step 1 in
Figure 1). For this, we used parallel coordinates plots in order
to inform the stakeholders about the trade-offs and synergies
between the four objectives and their implications on the spatial
scenario distribution.

After this introductory block, we started the actual evaluation
process using the AHP. During the pairwise comparisons, the
stakeholders were provided with information sheets to support
their decision-making. For each pairwise comparison, these
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Model simulations for a population of 100 land use
maps in generation i, i € {1,...,250}

NSGA-2

Non-dominated sorting
Archiving ,best” solutions

Input maps* Models Fitness Tournament selection
SWAT Lowflow Cross over
e A% . Nitrate —p [ Mutation
R Yield Offspring: 100 new land
1 . BirdHab Habitat spring: 155 new fan
use maps for
Lowflow next generation
Nitrate if i <250
Mield End of process if i = 250
Habitat
: : . Land cover/use
SWAT Lowflow according to
(%- "«j/;‘cr Nitrate [ | SQ
) '%{5“'! Yield BAU
100 ;}ﬁv BirdHab Habitat LSH
M LSP
A i=i+1

* Randomly generated for initial population

FIGURE 3 | Simplified workflow of the optimization process. CoMOLA starts an evolutionary process by first creating a set of different randomly generated land use
maps (n = 100). As the algorithm is inspired by biological evolution, its terminology and principles are likewise: each land use map is called an individual and is
represented by a genome, i.e., a string of integers encoding the land use of each Hydrological Response Unit (HRU). Land cover and land use in an HRU can either be
represented by scenario SQ (status quo), BAU (business as usual), LSH (land sharing), or LSP (land sparing). All maps of one generation form a population which
changes over generations due to selection and variation (i.e., crossover and mutation). Using the Soil and Water Assessment Tool (SWAT) and a Random Forest bird
species distribution model (BirdHab), each individual is assigned fitness values representing the achieved values for the four objectives. The genetic algorithm then
applies a Pareto ranking for each individual based on its fitness. It archives best individuals and selects individuals for mating to generate a new (offspring) population.
In mating, each offspring individual is generated by a random combination (crossover) of two genomes. The likelihood of mating increases for individuals with a higher
Pareto rank. Additional random mutations increase the diversity of genomes to consider a wide range of different spatial configurations. The entire procedure, from

fitness value calculation to offspring generation, is repeated for 250 generations.

sheets gave a summary of the trade-offs/synergies between the
two objectives in question in terms of a two-dimensional plot
of the respective parts of the Pareto frontier. Furthermore,
they contained information about scenario distributions (for an
example, see Supplementary Figure 2). The stakeholders could
also go back to the interactive plots and the scenario definitions.
Furthermore, they were asked to give reasons for their decisions
while setting their preferences (Figure 1, Step 2).

Following the pairwise comparisons, the stakeholders were
shown their individual weights and given the chance to adjust
their choices if they were not satisfied with the final weighting.

2.6. Grouping of Stakeholders and
Selection of a Preferred Solution

The interviews delivered the individual and overall weighting
of the four objectives. However, the different backgrounds were
not evenly distributed across the stakeholders. We therefore

» «

grouped them into “nature,” “water,” “forest,” “agriculture;,” and
“landscape planning” (Supplementary Table 2) and calculated
the arithmetic mean of all group members’ individual weights.
These were used to select the best solution of each group but
also to identify a best solution over all groups (by again using the
arithmetic mean of all group weights).

For the selection of a preferred solution from the Pareto-
optimal set, we normalized the fitness values to values between
0 and 1 as follows:

f(x) = (x — min)/(max — min), (1)

with x being the fitness value that should be normed, min the
minimum simulated fitness value of the respective objective, and
max the maximum simulated value. The preferred solution was
then selected by finding the maximum of the weighted sum of
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FIGURE 4 | Parallel coordinates plot of the Pareto-optimal solutions. The solutions with the best performance for each objective (extreme solutions) are marked in
yellow (contribution margin), green (biodiversity), blue (water quantity), and purple (water quality), the red line corresponds to the status quo. The respective spatial
distribution and the percental share of the land management scenarios are shown in the boxes below the plot.

TABLE 2 | Scale of the analytic hierarchy process (AHP) (Saaty, 2008).

Intensity of importance Definition

Equal importance
Moderate importance
Strong importance
Very strong importance

O N o w =

Extreme importance

2, 4, 6, and 8 express intermediate values.

fitness values:

4
max Z wi * fi, 2)

i=1

with w; > 0 being the AHP weight of objective i, Z?zl wi =1,
and f; the respective normalized fitness value.

We therefore finally got best solutions for (i) the initial overall
AHP weights, (ii) the stakeholder groups, and (iii) the overall
group weights (Figure 1, Step 3).

3. RESULTS

The results of the AHP over all stakeholders, the stakeholder
groups and overall stakeholder groups are provided in
Table 3 (individual weights and pairwise comparisons can
be found in Supplementary Table2 and in the Excel file
Supplementary Data Sheet 2.xIsx). The stakeholder with a
background in landscape planning valued all objectives equally.
The result also served as a balanced solution in the further
analysis. Apart from that, the majority of the stakeholders
considered water quality as being the most important, followed
by biodiversity, water quantity, and agricultural production. Two
exceptions were the groups “forest” and “agriculture” who valued
biodiversity and agricultural production as most important,
respectively, and water quality second.

By applying the weights to the selection of preferred solutions,
some of the groups turned out to have the same best solution.
In total, we identified three different solutions that were the best:
the preferences of the groups “all stakeholders,” “water;” “nature,”
and “forest” lead to solution (A) in Figure 5, those of “landscape
planning” (balanced) and “agriculture” to solution (B), and the
best solution for all stakeholder group weightings is (C).
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The spatial distribution of the land management scenarios
varies across those solutions (Figure 5). While solution (A) is
dominated by the LSH scenario (73%) and some parts of BAU

(15%), solution (B) consists of an almost equal distribution of
the scenarios LSH (28%), BAU (26%), and SQ (33%) with a
little share of LSP (13%). Solution (C), on the other hand, is

TABLE 3 | The different stakeholder groups, their relative AHP weights for the objective functions and the resulting best solutions with respective objective function fithess

values (values in brackets show the percental change from status quo).

Fitness values (A% from status quo)

Weights

Group Solution ID Biodiversity Lowflow (I/s) Nitrate (kg Contribution  Biodiversity Water quantity Water quality Contribution
(bird index) N/a) margin (€/a) margin

All stakeholders 0.268 0.162 0.434 0.136

Nature 1.29 91.9 8,583 2,125,131 0.316 0.133 0.486 0.09

Water (+29%) (+1.8%) (—24.2%) (—39%) 0.275 0.135 0.453 0.137

Forest 0.414 0.139 0.38 0.067

Agriculture 1.25 92.7 10,165 3,021,276 0.163 0.171 0.326 0.339

Landscape (+25%) (+2.7%) (—=10.2%) (—13.3%) 0.25 0.25 0.25 0.25

planning

(balanced)

All groups 1.29 92.1 9,220 2,511,897 0.284 0.166 0.379 0177

(+29%) (+2%) (—18.5%) (—27.9%)
Status quo 1.0 90.3 11,318 3,483,857 - - - -

As a reference, the last line provides the fitness values of the status quo.
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FIGURE 5 | Parallel coordinates plot of the Pareto-optimal solutions with the three AHP best solutions (A)—green line, (B)—yellow line, and (C)—blue line. The red
line marks the status quo. The respective spatial distribution and the percental share of the land management scenarios are shown in the boxes below the plot.
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somewhat intermediate between (A) and (B) though with a more
moderate share of LSH (55%) than (A) and less LSP (7%) and
SQ (13%) than (B). All three solutions have in common that
there is a large area of BAU in the South-West and of LSH in
the North-West. Additionally, scenarios BAU, SQ, and LSP are
mainly scattered along the Lossa River. This is particularly visible
in solutions (A) and (C) since these have a large share of LSH
that dominates the rest of the case study area. However, this does
not imply higher rates of fertilization (in fact, fertilizer reduction
was highest in these areas because the status quo land use is
mainly intensive grassland with highest fertilization rates, see
Supplementary Figure 3). In solution (B), all scenarios are rather
scattered across the entire river basin though LSH concentrates
more in the South-East and LSP and SQ in the central part of the
area. Generally, scenario BAU (with the highest increase in urban
area, Table 1), was mostly located in close vicinity of existing
urban areas and along the road network. Additionally, urban
areas had a positive effect on several of the considered bird species
since they provide space for nesting, for instance.

These differences also have an effect on the objective
performances (in the following, compared to SQ): all objectives
improve for all best solutions apart from agricultural production;
here, the contribution margin decreases significantly for all
of the three solutions. This is partly due to the calculation

as a combination of SWAT-simulated crop yields and crop-
specific market prices and production costs (Strauch et al., 2018).
The contribution margin does not include any subsidies for
environmentally friendly farming. Otherwise, the losses might
have been less or even fully compensated.

However, some solutions perform better than others for
certain objectives: solution (A) has comparatively high fitness
values for biodiversity and water quality. Due to the synergy
between both objectives, suitable bird habitat increases by up to
29%, and nitrate load can be reduced by 24.2%. Nevertheless,
with a loss of 39% in contribution margin, this solution also
illustrates the trade-off between biodiversity/water quality and
agricultural production. Solution (B), on the other hand, is best
for water quantity (though the gain of 2.7% is low compared to
the fitness value ranges of the other objectives) and of the three
solutions, it has the lowest loss in contribution margin (13.3%).
As could be expected, solution (C) is also with respect to the
fitness values an intermediate between (A) and (B). All these
results are summarized in Table 3.

For all three best solution maps there is almost no change in
the actual land use distribution compared to the visible status
quo (Supplementary Figure 4). However, there are big changes
in land management (Table 4). Solution (A) is the most extensive
with the highest increase in conservation tillage, linear elements,

TABLE 4 | Average land management in the Lossa River Basin for best solutions (A), (B), (C), and absolute changes (green: positive and red: negative) compared to

status quo (SQ).

(A) (B)

(©)

Type of management

Unit

Winter wheat
Winter rapeseed
Winter barley
Silage corn
Winter rye
Alfalfa

Sugar beet
Winter Triticale
Spring barley

% of cropland

Linear elements

% of crop- and grassland

Nitrate

Phosphorus

kg/ha,yr (averaged
over crop- and
grassland)

Cropland

Intensive grassland
Extensive grassland
Deciduous forest
Urban

Others*

Ley grass
Organic farming
Conservation tillage

% of total area

*Coniferous and mixed forests, orchards, plantations, barren soil, water, areas for transportation.
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and extensive grassland. While solution (B) remains quite
intensive with lower reduction in fertilization and a considerably
lower increase in extensive grassland and conservation tillage.
Solution (C) is, again, an intermediate between (A) and (B).

The cultivation of winter wheat, winter barley, and corn
increases in all three solutions (A, B, and C), as these crops
were assumed to be important for all scenarios (BAU, LSH, and
LSP), while the more intensive production of winter rapeseed
was reduced substantially (highest reduction in A and lowest in
B). Overall, there are only small changes in organic farming (as
organic farming was assumed to be less relevant for the Lossa
Basin, see Table 1); however, conservation tillage is increased
and fertilization is reduced for all solutions. In term of land use,
extensive grassland (though to very different degrees), forest, and
urban areas increase for all three solutions, while cropland and
intensive grassland decrease.

4. DISCUSSION

Before we discuss the method presented above, we will first
examine the results of the AHP and the emerging best solutions.
In this context, the reasons stakeholders gave for their individual
preferences will be summarized. We would like to point out that
it lies beyond the scope of this paper to discuss details of the
optimization process and the scenario development since their
results were handled as given and do not have any influence
on the framework itself. We will instead focus on the benefits
and limitations of the combination of qualitative one-to-one
interviews, parallel coordinates plots, and AHP for the selection
of preferred solution(s) from a Pareto frontier. Furthermore, we
would like to share our experiences with applying this framework
in stakeholder interviews.

4.1. Stakeholder Comments
From the four objectives, water quality was the most important
for the majority of the stakeholders. The reasons they gave for
preferring it over the other objectives during the AHP were
mainly that clean water is one of the most basic human needs,
and water quality thus directly affects people’s lives. Two of the
stakeholders also mentioned that in the case study region, there
are many areas with deficits in water quality and improving
it is thus of high priority. Furthermore, water quality was
also rated higher than other objectives because of its strong
synergy with biodiversity, which was the second most important
objective. When comparing water quality with water quantity,
all stakeholders valued water quality as more or at least equally
important since, in their opinion, lower levels of water in good
quality might be more tolerable than higher levels in poor
quality. Nevertheless, water quantity was considered important
for the Lossa River Basin, particularly, because it already is
a comparatively dry region and a continuous water flow is
necessary for maintaining ecological integrity (e.g., supporting
the survival of many species) especially in view of drought events
that are likely to appear more often with climate change.

When comparing biodiversity with agricultural production,
all stakeholders agreed that enhancing and conserving
biodiversity is of major importance; some stakeholders even

mentioned the positive role of biodiversity for a more sustainable
and robust agriculture (e.g., by providing pest control and
pollination services—aspects, that were not considered in the
optimization). In this context, particularly stakeholders from
the “nature” group mentioned that in Germany, agricultural
production should rather be reduced and/or extended instead
of increased and/or intensified. The farmers agreed that they
would accept lower yields if they were compensated for their
economic losses. Their main argument in favor of agricultural
production was that it is important for their existence. However,
the farmers also acknowledged that most of their colleagues
have deep roots in their home regions and thus also a vital
interest in conserving the surrounding nature and landscape.
Additionally, stakeholders mentioned that agriculture is an
important factor that shapes the traditional German cultural
landscape. Overall, there was a strong consensus among
the stakeholders that there should be more support for
farmers in order to achieve a more environmentally friendly
agricultural production.

4.2. Discussion of Results

The resulting AHP weights that were based on these opinions led
to three preferred solutions. The reasons why some stakeholder
groups had the same best solution are that either their
distribution of weights was similar or because of the synergies
between objectives. For example, those stakeholders who valued
water quality high (e.g., “nature”) eventually turned out to
have the same best solution as those who valued biodiversity
high (e.g., “forest”). The impact of the weights on the final
preferred solution could be further analyzed by conducting a
sensitivity analysis that compares the preferred solutions for
stepwise changes in objective function weights. Here, it is most
likely the granularity of the Pareto-optimal solutions that plays
an important role: if the Pareto-frontier is approximated by only
few non-dominated solutions, changes in weights must be greater
in order to result in different preferred solutions. The higher the
number of non-dominated solutions, therefore, the more likely it
is that the preferred solution changes with only little adjustments
in weights.

In terms of the spatial land use distributions for the best
solutions (A), (B), and (C), most of the cropland patches were not
allowed to be converted into another land use, and none of the
remaining cropland patches were allowed to be converted into
grassland during the optimization (Supplementary Table 3).
This explains why there are only little changes in land uses for
the three preferred solutions. Scenario LSH dominates on those
cropland patches which were forced to remain as such during
the optimization which could be understood as a general trend
toward an extensification of crop production.

Generally, when interpreting these results, it should be
taken into account that the predicted impacts of the different
spatial distributions of land use/management on each objective
function (biodiversity, agricultural production, water quality,
and water quantity) are highly uncertain. We did not provide
any uncertainty estimations as the sources of uncertainty
are too manifold and difficult to quantify, e.g., input data
uncertainty, parameter uncertainty, and especially structural
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model uncertainty. Nevertheless, most stakeholders were aware
of model limitations and did not overestimate single numbers,
though they were interested in generic patterns and trends.

4.3. Discussion of the Stakeholder

Interviews

Of course, the results of our interviews depend on the selection of
stakeholders. Our interview partners had different backgrounds
that represented the diverse aspects of the optimization problem.
Since the selection was not completely homogeneous across
fields, we grouped them and used mean group weights to identify
the preferred solutions.

Furthermore, we conducted only 11 interviews. This is due
to the fact that we decided for informed expert interviews
that took about 1.5-2 h each. Surely, more interviews could
have covered a wider range of opinions but would also have
exceeded the resources available. Alternatively, the amount of
information given before the AHP could be shortened, but
we considered it just as important that all stakeholders were
fully aware of what effect their preferences would have on
land management and objective function performances in our
case study area. Additionally, we were interested in the reasons
the stakeholders have for their preference selection to enhance
the explanation of the results by arguments that cannot be
expressed in modeling language. In a one-on-one interview, the
stakeholders might be more motivated in giving detailed answers
compared to questionnaires where they would have to write them
down. Furthermore, the personal dialog gives both sides the
opportunity to clarify any questions that may arise, which is very
helpful in contexts with complex interrelations, such as land use
allocation problems.

The AHP was easy to understand for the stakeholders and
the Excel template by Goepel (2013) provided a straightforward
way of its implementation. A benefit of applying the AHP in
our context is that there is no negotiation necessary between
the different stakeholders and each stakeholder’s preferences have
an equal influence on the final selection of a preferred solution.
This might not be the case in workshop discussions since some
stakeholders could be more dominant than others. Furthermore,
the AHP allows for clustering of the stakeholders, which can
be useful for the analysis of common interests/needs and
disagreements, particularly in light of future group negotiations.

A difficulty we experienced during the AHP was to make
sure that the weightings were consistent. The consistency is
expressed in terms of an indicator that is also part of the Excel
template by (Goepel, 2013) (see AHPcalc_anonymized.xlsx in
the Supplementary Material for the consistency ratios of our
interviews). The template also shows those pairwise comparisons
that should be adjusted to increase consistency. However, there
are usually multiple options to adjust preferences, and the higher
the number of pairwise comparisons is the more difficult it gets to
identify those that the stakeholder is willing to change and would
increase consistency.

A limitation of using the AHP to weigh the objectives is that
the resulting land use maps are not necessarily acceptable to
the stakeholders. Additionally, it might happen that a selected

solution cannot be put into practice. In our interviews, the final
weights were presented to each stakeholder who then had the
opportunity to adjust the pairwise comparisons if the result did
not reflect his/her opinion. However, if they made any at all, the
stakeholders did only minor changes. We did not provide them
with the final best solution according to their preferences since
we informed the stakeholders before the AHP about the trade-
offs and synergies. We therefore assumed that they were able
to estimate the impact of their weightings on the final solution.
Furthermore, individual best solutions were not relevant for our
approach as we consolidated the weights to select the preferred
solutions over different stakeholder groups.

We are aware that, without testing the acceptability of the
individual preferred solutions, there is a risk that individual
weights that lead to unfavorable solutions negatively influence
the overall group weighting. For further studies, we therefore
suggest providing not only the final weights but also the
respective preferred solution and objective function values to
the interview partner for validation. This can be done on-the-fly
since running Equation (2) takes only seconds and maps for each
Pareto-optimal solution can be generated before the interviews.

The next step after detecting the overall final preferred
solution(s) would be their validation during a stakeholder
workshop as indicated in Step 4* in Figure 1. In case the decision
makers do not agree with a solution, the weights could be
adjusted and a new solution selected. In this context, it is possible
to conduct a sensitivity analysis of the AHP weights. This would
give information about how and when results change if the
stakeholder changes his/her opinion (for an example, see Ayadi
etal., 2017). Alternatively, and if only few changes are necessary,
the AHP weights could be used as input for a pruning approach.
This would mean that the weights serve as an indicator for the
area of the Pareto-frontier from which an alternative solution can
be selected (i.e., a solution from the neighborhood of the initial
preferred solution).

Overall, our framework is based on the assumption that the
information (particularly about trade-offs and synergies) given
before the AHP has an influence on the stakeholder’s preferences.
It could be argued that using the AHP weights immediately
within the optimization (e.g., a weighted-sum approach) or
pruning rules that steer the optimization toward a certain area
of the Pareto frontier would be more straightforward since it is
not sure to which extent previously given information really has
an impact on the stakeholder’s decision-making. This is surely an
aspect for future research and the influence most likely depends
on the type of stakeholder, his/her expertise, and how much
background knowledge about the specific research question
he/she already had before the interview. It might also be a general
question how much and what kind of information is necessary
and how it should be presented to ensure its consideration in
informed decision-making.

Nevertheless, our approach considers the possibility that
previously given information does have an impact on the
decision-making, and the quality of the identified solutions does
not degrade if this is not the case since we suggest their validation
within a stakeholder workshop. Furthermore, it allows us to
analyze the entire potential of the landscape and trade-off and
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synergy relations between the different objectives which would
not be possible by applying the above-mentioned alternatives.

4.4. Discussion of Visualization Methods

As mentioned in the Introduction, there are various methods for
the visualization of Pareto-optimal solutions. However, only few
of them are suitable for a trade-off analysis that uses the entire
optimal set, especially when stakeholders are involved. Spider
charts, for instance, can become very crowded when displaying a
large number of solutions. Furthermore, analyzing the trade-offs
across various objectives might be easier if the axes are ordered
straight (like in parallel coordinates plots) and not circular.

Hyper-radial visualization (HRV) (Chiu et al., 2009) is a very
practical tool for the visualization of the solutions of a many-
objective optimization problem. All objectives are arranged into
two groups and then, after normalizing and calculating a hyper-
radius, the solutions are displayed in a two-dimensional plot.
The method can also take into account objective weightings and
uncertainties. If the stakeholder preferences are known, HRV can
be used for the selection of the best solution. Nevertheless, due
to the grouping of objectives, the interpretation of the plot for
the analysis of trade-offs between these objectives might be less
intuitive for stakeholders compared to other methods.

Decision maps, for instance, display the Pareto frontier in
a two-dimensional plot for three and up to seven objectives.
The concept of this visualization method is that, for example,
in a case of three objective functions, a bi-criterion trade-off
curve is constructed, and a constraint on the value of the third
objective is imposed on this plot. When different values of the
third objective are added to the plot, the result looks very similar
to a topographic map. Further objectives can be added with the
use of slider bars. In summary, each snapshot of a decision map
shows the full feasible range of two objectives while the values of
the other objectives are fixed (for a more detailed description of
this method we refer to Lotov et al., 2004).

However, decision maps require the calculation of the
Edgeworth-Pareto Hull for each objective, which can be realized
relatively fast for linear and non-linear convex optimization
problems. The calculation for non-linear non-convex problems,
which is the case for most land use allocation problems (Kaim
et al., 2018), is also possible but more time-consuming (Lotov
et al., 2004).

The visualization of trade-offs and synergies between the
four objectives with an interactive parallel coordinates plot
was considered as comprehensible and very helpful by all
stakeholders. They particularly appreciated that the whole range
of solutions could be easily analyzed. The visualization of results
with maps, on the other hand, was only considered as helpful
when giving examples of the spatial scenario distribution of
certain solutions (e.g., as we did with the extreme solutions
of the optimization results). The stakeholders mentioned that
they prefer graphs that illustrate general changes as maps are
sometimes difficult to interpret. This is also in line with our
experiences from other stakeholder workshops. Therefore, we
preferred parallel coordinates plots that furthermore provided
the opportunity to directly include the scenario distributions into

the trade-off analysis. Nevertheless, for other problem settings,
decision maps might be a good alternative.

During the pairwise comparisons of the AHP, the interview
partners had the chance to use the parallel coordinates plot
to support their decision-making. In doing so, many of them
focused mainly on the comparison of trade-offs between the
objectives and less on the actual land management changes
although they were part of the plot and the stakeholders were
provided with a sheet that showed the information given in
Table 1. A reason could be that it is difficult to keep an overview
over how four objectives and four scenarios interact. Parallel
coordinates plots are thus most likely more effective when they
consist of a very limited number of axes (Chiu et al., 2009). This
is also in line with Lotov et al. (2004) who state that a human
being cannot operate more than seven objects.

In summary, the selection of a suitable visualization method
for informing stakeholders about the trade-offs and synergies
between different objectives depends on the problem at hand
and the time that is available for training the stakeholders in
interpreting them (Miettinen, 2003). Furthermore, it could also
be considered that we offer the stakeholder different forms of
visualization from which he or she can select the most illustrative
and informative (Miettinen, 2003).

5. CONCLUSION

We presented a framework that helps selecting one or
multiple preferred solution(s) from a Pareto-optimal set of land
management allocations considering stakeholder preferences.
The framework describes how expert interviews can be
conducted, visualizing the solutions from the Pareto-frontier
with parallel coordinates plots and identifying objective function
weights with the Analytic Hierarchy Process (AHP).

Although the framework was developed for one-on-one
expert interviews, it could also be applied to other interview
formats like online surveys; for instance, the interactive parallel
coordinates plots could easily be integrated into a website and
the AHP can handle an unlimited number of participants. This
way, the number of interviews could be increased but likely at
cost of level of detail [optimal length of a web survey is max. 20
min (Revilla and Ochoa, 2017)] and understanding (the interview
partner cannot ask any questions).

For further applications of the framework, we also suggest
limiting the number of axes in the parallel coordinates plot. For
example, only the objectives could be represented on axes and
the scenario distributions (or land use changes in other problem
formulations) of each single solution could appear as diagrams
(e.g., bar plots) when browsing through the solutions.

This paper provides only one possible way of how the results
of a land use allocation problem can be processed for its practical
application. In general, future research in land use optimization
should always keep in mind how the oftentimes complex results
can be visualized comprehensively and appropriately for a non-
scientific audience and how they can be embedded into methods
that analyze stakeholder preferences as these become more and
more important in real-world decision making.
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