
Identifying landscape management 
strategies that promote multifunctionality 

and social equity 

 

Supplementary information 

 
Neyret M., Peter S., Le Provost G., Boch S., Boesing A. L., Bullock J., Hoelzel N., Klaus V. K., 

Kleinebecker T., Krauss J., Müller J., Müller S., Ammer C., Ehbrecht M., Fischer M., Goldmann K., 
Jung K., Mehring M., Müller T., Renner S. C., Schall P., Scherer-Lorenzen M., Wubet T., Manning 

P. 

  



Supplementary methods 

Data analyses 

The packages used during the simulation and analysis of the results were data.table, vegan, ggplot2, Hmisc, mgcv, 
boot, R.utils, Rmisc, cowplot, DescTools, tidyr, and mice.1–11 

Ecosystem services demand and priority 

Three expert-workshops in the three regions conducted, in autumn 2018 with representatives of some pre-selected 
stakeholder groups (including agriculture, tourism, nature conservation associations, local heritage associations, 
policy and public administration, scientific research, forestry), led to the identification of 14 stakeholder groups which 
should be considered in the ecosystem service demand assessment. In addition, this participatory approach enabled 
a pre-selection of ecosystem services that are in demand regionally12. We restricted the list to final benefits, e.g. 
excluding regulating services such as pollination which underpin the supply of other services (e.g. food production) 
but do not directly benefit people. We also excluded water-based services and the production of energy from 
technology which we weren’t able to cover using the data and methodological focus on terrestrial ecosystems. The 
final list consisted of 11 final benefits, synchronised with the ES categorisations of CICES and IPBES13 (see also Table 
S 8). 

We then conducted a survey across all stakeholder groups in autumn/winter 2019. A particular focus in the 
distribution of the survey was to obtain feedback from stakeholder groups which, according to the social network 
analysis, have a particular perceived influence on land use and the associated social network. Various channels were 
used to promote the survey: existing contacts through the “Biodiversity Exploratories” project, official contact details 
of organizations and authorities, social media and the regional press14. The ethical standards have been respected 
according to 15. We received a total of 332 responses. After data cleaning and deletion of incomplete responses, 321 
responses were included in the analysis (online survey = 287; by post = 34). At the beginning of the survey, the 
respondents were asked which stakeholder group they felt they belonged. The survey was to be answered from this 
perspective. All stakeholder groups were represented, but differed in their representation: Forestry (N = 65), Local 
residents (N = 55), Agriculture (N = 40), Policy and public administration (N = 34), Local economy (N = 21), Hunting (N 
= 19), Regional development programs (N = 19), Tourism (N = 18), Nature conservation associations (N = 17), Scientific 
research (N = 17), Local heritage associations (N = 9), Local press (N = 4), Landowners (N = 2), Quarrying (N = 1). 
Overall, the responses showed a diverse set of cultural worldviews, perceptions of nature and socio-cultural factors12. 
Each respondent was requested to attribute a maximum of 20 points across the services, depending on its personal 
priorities in relation to their affiliation to a specific stakeholder group. The response scores were then scaled by the 
total number of points given by each respondent, and averaged for each interest group. 

Ecosystem service supply  

Details on the quantification of each ecosystem service can be found in Table S1. 

Croplands were simulated as follows: for each region, we created 100 artificial “plots” of a given crop type, based on 
the proportion of each arable crop type based on regional statistics (Table S 2). For instance, in the North region 
(Schorfheide) the cropland plots were composed of 54 wheat plots, 28 barley plots, 11 oilseed rape plots, and 7 
potato plots. Each plot was then attributed the yield and market value of the considered crop type (Table S 2) to 
calculate its contribution to the supply of the food, energy, and livestock production services.  

For the biodiversity conservation service, we used published frequency data for crop weeds and arable crop birds. 
For each plot, we randomly sampled communities, each species having a chance to appear in each plot equal to its 



reported frequency; crop types were not differentiated. Species lists and frequencies were based on 16,17. For bird 
species, very frequent species were attributed a 15% frequency, frequent species 5%, rare species a 1%. This also 
allowed to calculate the abundance of edible plants and culturally important plant and birds for these plots. 

Other services such as carbon storage or aesthetic value were given fixed values (see main text). 

Table S 1. Detail on the plot-level estimation of ecosystem service indicators and environmental covariates 

Service Indicator  Detailed methodology Data owners References 

Biodiversity 
conservation 

Bird diversity Birds were surveyed by standardized audio-visual 
point-counts and all birds exhibiting territorial displays 
(singing and calling) were recorded. We used fixed-
radius point counts and recorded all males of each bird 
species during a five-minute interval per plot. Each 
plot was visited five times between 15 March and 15 
June between 2008 and 2012. 

Jung, Renner, 
Böhm, Tschapka 

18 

Plant 
diversity 

Sampling of all vascular plant species and estimation of 
the % cover of each species in a 4 m × 4 m subplot 
(grasslands) or 20m × 20m plot (forests), done in 
2009–2015. The nomenclature of vascular plant 
species follows 19. 

Boch, Heinze, 
Hölzel, Klaus, 
Kleinebecker, 
Müller, Prati, 
Socher, Fischer 

20 

Aesthetic 
value: 
Naturalness 

Bryophyte 
cover 

In 2007 and 2008, we recorded the cover all moss and 
liverwort species and estimated for each species their 
abundance on a 20m x 20m area in each plot. We 
distinguished between 4 substrate layers: terricolous 
(on soil); lignicolous (on dead wood); corticolous (on 
bark) and saxicolous (on rock). Low abundant species 
with scarce cover got cover values of 0.5%.  

Müller, Boch, 
Fischer 

21 

Openness Canopy openness is quantified as percentage of sky 
pixels of a simulated hemispherical image for an 
opening angle of 60°.  

Canopy openness values are based on nine 
systematically distributed single terrestrial laser scans 
per plot that were made centre between June to 
September 2014. We used a Faro Focus 3D 120 (Faro 
Technologies Inc., Lake Mary, USA) laser scanner that 
operates based on the phase-shift technology, which 
we set to scan a field of view of 305° vertically and 
360° horizontally with a step width of 0.14065°. 
Maximum scan distance was defined by the 
instrument’s limit by 120m. The simulated 
hemispherical image was computed based on the 

Ehbrecht, Schall, 
Ammer 

22,23 



three-dimensional point cloud data obtained through 
the laser scans, following the procedure proposed by 
22. Canopy openness values were aggregated to plot 
means for further analyses. 

Flower cover Flowering units were counted between May and 
September 2009 for all flowering plant species 
(excluding grasses and sedges) on transects along the 
four edges of each plot, in a total area of 600m2. For 
abundant species, the number of flowering units was 
extrapolated to the whole plot from a smaller area of 
112m2. The total flower cover was calculated at the 
plot scale as the sum of the individual flower cover of 
all plant species.  

Binkenstein, 
Schäfer 

24 

Lepidoptera 
abundance 

Butterfly and day-active moths (hereafter termed as 
Lepidoptera) abundance was measured in 2008 and 
averaged among sites within each landscape. We 
conducted surveys of Lepidoptera from early May to 
mid-August. We sampled Lepidoptera during 3 
surveys, each along one fixed 300m transect of 30min 
in each site. Each transect was divided in 50m sections 
of 5min intervals and we recorded all Lepidoptera 
within a 5m corridor.  

Börschig, Krauss 25 

NDSI From March to July 2016 an autonomous recording 
unit (Soundscape Explorer T recorder, by 
Lunilettronics), was placed at 2m height on each plot. 
The autonomous recorders were equipped with 
omnidirectional microphone capsule (EMY-63M/P, 
sensitivity (0 dB=1 V/Pa. 1 kHz): dB -38 +/- 3, signal to 
noise ratio: > 60 dB, input voltage of the ADC: 0.75 
Vrms (personal communication with Lunilettronik 
Coop.). The microphone gain was manually set to +25 
dB. The signals were sampled at 48 kHz with a 16 bits 
digitization, recording for one-minute every tenth 
minute during 24 hours a day. 

We calculated the normalized difference soundscape 
index (NDSI) using the “multiple sounds” function in 
the soundecology package in R. 

NDSI was calculated as the ratio ([biophony − 
anthrophony]/[biophony + anthrophony]) of the 
normalised power spectral density values (W/kHz) for 
the frequency intervals corresponding to anthrophony 
(1–2 kHz) and Biophony (2–24 kHz). 

Mueller, Scherer-
Lorenzen 

26,27 

Aesthetic 
value: diversity 

Acoustic 
diversity 

See ‘NDSI’ above for details on sound recordings. We 
calculated the acoustic diversity index for each sound-
file using the “multiple sounds” function in the 

Mueller, Scherer-
Lorenzen 

26,27 



soundecology package in R. The acoustic diversity 
(ADI) was calculated across the frequency range of 0–
24 kHz using 1 kHz steps and a decibel threshold of -50 

LU diversity Calculated for each landscape as the Shannon diversity 
index of land-use proportions. 

  

Regional 
identity 

Richness of 
culturally 
important 
bird species 

The list of culturally important bird species was 
obtained from an online survey among 57 German 
respondents who were asked to say whether each 
species was unimportant (0 points), slightly important 
(1 point) or very important (5 points) species, based on 
whether the species “were part of German cultural 
identity or that of the study regions, e.g. by regularly 
appearing in German folklore, iconography, or popular 
entertainment”. We then retained the 25% species 
with highest average scores (listed in Table S4), and 
used the survey data described above to calculate 
species richness. 

Peter 28 

Abundance 
of culturally 
important 
vascular 
plant species 

The list of culturally important vascular plant species 
also followed the same definition (“part of German 
cultural identity or that of the study regions, e.g. by 
regularly appearing in German folklore, iconography, 
or popular entertainment”) but was created by experts 
with botanical knowledge of the species in the three 
Exploratories. We then used the survey data described 
above to calculate total cover of culturally important 
vascular plant species. Culturally important species are 
listed in Table S5. The nomenclature of vascular plant 
species follows 19. 

Boch, Klaus 28 

Leisure Suitability of 
the 
landscape 
for 
recreation 

The suitability of each landscape or outdoors activities 
was calculated as the sum of the proportion of low- 
and medium-intensity grasslands (saturating at 50%) 
and forests (also saturating at 50%). 

  

C storage Soil C stocks In 2011 and 2014, we sampled composite samples for 
each plot, prepared by mixing 14 mineral surface soil 
samples per plot. Soil samples were taken along two 
18 m transects in each plot using a split tube auger, 40 
cm long and 5 cm wide (Eijkelkamp, Giesbeek, The 
Netherlands). Composite samples were weighed, 
homogenized, air-dried and sieved (<2 mm). We then 
measured total carbon (TC) contents by dry 
combustion in a CN analyser “Vario Max” (Elementar 
Analysensysteme GmbH, Hanau, Germany) on ground 
subsamples. We determined inorganic carbon (IC) 
contents after combustion of organic carbon in a 

Schöning, Gan, 
Klötzing, 
Heublein, Ferber, 
Trumbore, 
Schrumpf 

 



muffle furnace (450°C for 16 h). We then calculated 
the soil organic carbon (SOC) content as the difference 
between TC and IC, and the SOC concentration based 
on the weight of the dry fine-earth (105°C) and its 
volume. SOC concentration was then multiplied by soil 
bulk density to obtain plot-level soil carbon stock 
values. Values for 2011 and 2014 were then averaged 
for each plot. 

 Tree C stock To assess the amount of carbon stored in trees in each 
of the 150 plots, we estimated the living tree volume 
of each plot. Biomass was estimated by multiplying the 
volume by species-specific wood densities (de Vries et 
al. 2003). The carbon stored in above ground trees is 
approximately 50% of its dry biomass. 

Ammer, Schall 29,30 

Food 
production 

Crop yield 
and market 
value 

We quantified food production in croplands by 
multiplying the average yield by the average market 
value of the main food crops found in the 
surroundings of the three Exploratories (wheat, barley, 
sugar beet, flax, potato). Yield and market values were 
region-specific and obtained from 31 (Table S2). Food 
production was zero in grasslands and forests. 

 31 

Fodder 
production 

Hay 
production 

We quantified hay production as total biomass 
production in the grasslands. Between mid-May and 
mid-June each year, aboveground biomass was 
harvested by clipping the vegetation 2–3 cm above 
ground in four randomly placed quadrats of 0.5m × 
0.5m in each subplot. The plant biomass was dried at 
80°C for 48 hours, weighed and summed over the four 
quadrats. Biomass was then averaged between 2008 
and 2012. In order to convert this one-time biomass 
measurements into estimates of annual field 
productivity, we used the information on the number 
of cuts and the number of livestock units at a site to 
estimate the total annual biomass production 
harvested by farming activities, i.e. converted into 
fodder or consumed directly by livestock. Details of 
this estimation process can be found in 32.  

Schäfer, Klaus, 
Busch, Fischer, 
Simons, Prati, 
Müller, Boch, 
Hölzel, 
Kleinebecker, 
Heinze 

32,33 

 

Hay market 
value 

123€/ton: average hay value in all Germany from 
January 2015 to January 2020 

 34 

Fodder crop 
yield 

We quantified fodder production in croplands by 
multiplying the average yield of fodder crops (alfalfa 
and 60% of the maize, the rest being used for biogas) 
by the average market value of the main food crops 
found in the surroundings of the three Exploratories 
(wheat, barley, sugar beet, flax, potato). Yield and 

 31 



market values were region-specific and obtained 
through a literature survey (Table S2). Fodder 
production was zero in grasslands and forests.  

Timber 
production 

Timber 
volume 

Species, diameter at breast height and geographical 
location of all trees (calliper limit dbh >7cm) growing 
in the forest plots (EPs) were surveyed between 2014 
and 2018. Tree height was measured for a subsample 
of trees across the observed diameter range (per 
species and EP). Using stand height curves the height 
of all trees was estimated. Wood volume was 
estimated using diameter and height. Wood volume 
was then multiplied for each species by the proportion 
of wood used for timber ad industry wood based on 
national statistics 35, and multiplied by estimated 
market values (see below).Timber volume in 
grasslands and croplands was assumed to be zero. 

Schall, Ammer 36 

Wood 
increment  

We quantified timber increment as mean annual 
increment for even-aged forests and as periodic 
annual increment for uneven-aged and unmanaged 
forests. Mean annual increment was estimated based 
on site class or site maps of forest administrations. 
Values refer to the culmination of the mean annual 
increment, i.e. 70 years to 100 years for Picea abies, 70 
years to 90 years for Pinus sylvestris, 120 years to 140 
for Quercus spec., and 140 years to 160 years for 
Fagus sylvatica. Periodic annual increment was 
measured as the increment between the two forest 
inventories set, respectively, in 2008 – 2011 and 2015 - 
2016. 

  

Timber 
market value 

Timber market value depends on a range of 
parameters including wood quality, diameter, and 
current market status. Notably, important price 
fluctuations have been observed recently due to pine 
beetle infestations.  

We considered average market values before the price 
crash due to the 2018 drought and subsequent bark 
beetle invasions. These estimates were modified to 
reflect the increasing market value with tree diameter 
(adapted from 37). Final estimates can be found in 
Table S3. The nomenclature of tree species follows19. 

 

 

37 

Energy 
production 

Firewood 
production 

Firewood volume was estimated as the wood 
increment (see above) multiplied by the proportion of 
the wood from the considered species that is typically 
used for firewood, based on national statistics 35 and 

Schall, Ammer  



multiplied by a typical firewood market values 
(Table S3). 

Energy crop 
yield 

Crop yield and market value were obtained from the 
literature (Table S2). We retained for this indicator 
oilseed rape, and 40% of the maize production (the 
rest being used as livestock feed). 

  

Harvesting Cover of 
edible plants 

Based on the general plant survey (see above). We 
summed the cover of all edible plants, and double-
weighted the cover of the most commonly harvested 
species. The list of edible plant species was compiled 
by experts and is shown in Table S6. The nomenclature 
of vascular plant species follows 19. 

  

Richness of 
edible fungi 

From each plot, in May 2011, a pooled soil sample was 
collected and stored by -80°C. DNA was extracted 
twice from a 0.5g subsample of each soil sample. 

We then used a PCR approach to amplify fungal rDNA 
(Primers: ITS1F and ITS4), purified and cleaned the 
products and sequenced by using 454 pyrosequencing. 
The sequences were additionally clustered at 97% 
sequence identity using cd-hit-2d. The shared OTUs 
were compared and sequence abundances combined. 
Finally, a taxonomic assignment of the resulting 
representative sequences of each OTU was performed 
using the classify.seq command of MOTHUR applied to 
the UNITE fungal ITS reference database version 7. 

Finally, for landscape we calculated the gamma 
diversity of edible fungi species, based on 38 and 
completed for grassland species (listed in Table S7). As 
for plants, the most commonly harvested species were 
double-weighted. 

Goldmann, 
Buscot, Wubet 

38 

Hunting Shrub cover Wild game favours habitats with abundant ground 
cover, which provide shelter and (especially for deer) 
food. We measured shrub cover as the overall cover of 
trees and shrubs lower than 5m in each plot. The 
lowest, middle and highest quantiles were then given 
1, 2 and 3 points respectively. 

Schall, Ammer 39 

Forest type Classified as deciduous or coniferous if >80% of the 
basal area is deciduous (resp. coniferous trees), mixed 
otherwise. 1 point was given to deciduous forests, 2 to 
mixed forests, and 3 to coniferous forests. 

 39 

 Covariate  Detailed methodology Data owners Reference 



Environmental 
covariates 

pH and soil 
texture 

Composite samples were taken in 2011 and 2014 in all 
plots, by mixing 14 mineral topsoil samples (0–10 cm, 
using a manual soil corer with 5.3 cm diameter). Soil 
samples were air dried and sieved (<2mm) and we 
then measured the soil pH in the supernatant of a 
1:2.5 mixture of soil and 0.01 M CaCl2 

Schöning, 
Trumbore, 
Schrumpf   

 

TWI The topographic Wetness Index (TWI) combines 
measures of upslope contributing area (determining 
the amount of water received from upslope areas) and 
slope (determining the loss of water from the site to 
downslope areas), and has been shown in previous 
analyses to be a better predictor than local humidity 
measures. It is defined as ln(a/tanB), where a is the 
specific catchment area (cumulative upslope area 
which drains through a Digital Elevation Model (DEM, 
http://www.bkg.bund.de) cell, divided by per unit 
contour length) and tanB is the slope gradient in 
radians calculated over a local region surrounding the 
cell of interest. TWI was calculated from raster DEM 
data with a cell size of 25m for all plots, using GIS tools 
(flow direction and flow accumulation tools of the 
hydrology toolset and raster calculator). The TWI 
measure used was the average value for a 4 × 4 
window centred on the plot, i.e. 16 DEM cells 
corresponding to an area of 100m × 100m. 

Manning, Le 
Provost 

40 

Soil depth Soil depth was measured as the combined thickness of 
all topsoil and subsoil horizons, determined by 
sampling a soil core in the centre of the study plots. 
We used a motor driven soil column cylinder with a 
diameter of 8.3 cm for the soil sampling (Eijkelkamp, 
Giesbeek, The Netherlands). 

  

Mean annual 
temperature 

Temperature measured 2m above ground level in each 
plot, then aggregated at the year level and averaged 
between 2008 and 2015. 

Biodiversity 
Exploratories 
Instrumentation 
Project 

 

Mean annual 
precipitation 

Precipitation measures based on the RADOLAN 
product, aggregated at the year level then averaged 
between 2008 and 2015 

 

Biodiversity 
Exploratories 
Instrumentation 
Project 

 

% Grasslands 
in a 1000-m 
radius 

Based on Corine landcover data Westphal 40 



 

Table S 2. Yield and market values for all crop types for Germany based on Bundesministerium für Ernährung und Landwirtschaft 
(2019) 

Region Crop type Proportion within arable lands Market value (€/T) Yield (t/ha) 

Alb (South-
West- 

 

Wheat 45.0 193.7 7.6 

Barley 34.4 241.5 7.1 

Maize 17.9 182.8 8.9 

Sugarbeet 0.44 28.0 60.9 

Flax 0.72 500.0 2.0 

Oilseed rape 1.54 384.3 4.0 

Hainich-Dün 
(Central) 

 

Wheat 59.5 193.7 6.8 

Barley 13.9 241.5 7.5 

Oilseed rape 19.1 384.3 3.6 

Alfalfa 7.0 130.0 7.6 

Maize 0.4 182.8 6.8 

Schorfheide 
(North) 

 

Wheat 53.5 193.7 6.4 

Barley 27.7 241.5 6.6 

Oilseed rape 11.4 384.3 3.1 

Potato 7.5 209.0 26.5 



 

Table S 3. Timber and firewood market values by tree species and diameter in €/m3. NAs indicate species for which lower 
diameters are usually used neither as timber or industrial wood and were excluded from the timber production measure. Other 
marketable hardwoods: Acer sp., Betula sp., Carpinus betulus, Fraxinus excelsior, Populus sp., Prunus sp., Tilia sp., Ulmus sp.  

Species Firewood 
value 

<25cm (used only 
for industrial 
purposes) 

>25cm >30cm >35cm >40cm >50cm >60cm 

Fagus sylvatica 54 40 77 79 104 104 104 110 

Other marketable 
hardwoods 

50.5 40 77 79 104 104 104  

Picea abies 40 40 82 95 95 95 100 100 

Abies alba 40 40 85 95 95 95 100 100 

Quercus sp. 54 40 165 165 260 260 260 260 

Pinus_sylvestris 40 40 70 70 70 70 70 70 

Larix_decidua 40 40 90 90 90 100 100 100 

 

Table S 4. List of culturally important birds 

Alauda arvensis Falco tinnunculus Parus major 

Buteo buteo Fringilla coelebs Pica pica 

Ciconia ciconia Garrulus glandarius Sturnus vulgaris 

Corvus corax Grus grus Troglodytes troglodytes 

Cuculus canorus Hirundo rustica Turdus merula 



Cyanistes caeruleus  Milvus milvus  

  

Table S 5. List of culturally important vascular plant species. 

Acer sp. Colchicum autumnale Prunus avium Trifolium pratense 

Bellis perennis Equisetum arvense Pseudolysimachion spicatum Trifolium repens 

Betula pendula Fraxinus excelsior Pulsatilla vulgaris Urtica dioica 

Briza media Gentiana verna Quercus robur Veronica arvensis 

Campanula glomerata Gentianella germanica Rosa canina aggr. Veronica chamaedrys 

Campanula patula Geum urbanum Taraxacum sp Veronica filiformis 

Campanula persicifolia Juniperus communis Thymus pulegioides Veronica hederifolia 

Campanula rapunculoides Leucanthemum vulgare aggr. Tilia sp. Veronica officinalis 

Campanula rotundifolia Myosotis arvensis Trifolium alpestre Veronica persica 

Campanula sp. Myosotis discolor Trifolium arvense Veronica serpyllifolia 

Carlina acaulis Myosotis ramosissima Trifolium campestre Veronica teucrium 

Carpinus betulus Origanum vulgare Trifolium dubium Viola arvensis 

Centaurium erythraea Phragmites australis Trifolium medium Viola hirta 

Cichorium intybus Primula elatior veris agg Trifolium montanum Viola sp. 

  



Table S 6. List of edible plant species. Commonly harvested species, which were double-weighted in the service indicator, 
are marked with a *. 

Aegopodium podagraria Chenopodium album Pastinaca sativa Rumex acetosa 

Allium cf oleraceum Cichorium intybus Phyteuma orbiculare Rumex acetosella 

Angelica sylvestris Cirsium oleraceum Phyteuma spicatum Rumex thyrsiflorus 

Anthriscus sylvestris Crataegus sp Prunus avium* Sanguisorba minor 

Arctium lappa Daucus carota Prunus sp* Silene vulgaris 

Arctium minus Elymus repens Prunus spinosa* Sinapis alba 

Arctium sp Filipendula ulmaria Ribes alpinum* Sinapis arvensis 

Arctium tomentosum Fragaria vesca* Ribes uva-crispa* Sisymbrium officinale 

Bistorta officinalis Fragaria viridis* Rosa canina agg.* Taraxacum sp 

Brassica rapa Glechoma hederacea Rubus caesius * Tragopogon pratensis 

Bunium bulbocastanum Juniperus communis Rubus fruticosus 
corylifolius *  

Aegopodium podagraria Lepidium campestre Rubus idaeus* Vaccinium myrtillus* 

Carum carvi* Origanum vulgare* Rubus sp*  

 

Table S 7. List of edible fungi. The most commonly harvested species which were double-weighted in the calculation of the 
foraging service are marked with a * 

Amanita fulva Hygrocybe chlorophana Macrolepiota procera* Russula paludosa 

Amanita rubescens Hygrophorus discoideus Phallus impudicus Russula vesca 

Amanita vaginata Hygrophorus poetarum Pluteus cervinus Russula virescens 



Auricularia auricula judae Laccaria amethystina Psathyrella piluliformis Tricholoma columbetta 

Boletus edulis* Laccaria laccata Russula cyanoxantha Tricholoma orirubens 

Boletus luridus Lactarius camphoratus Russula decolorans Xerocomus pruinatus 

Chlorophyllum olivieri Lepista saeva Russula heterophylla Russula paludosa 

Cortinarius stillatitius Lycoperdon perlatum Russula integra Russula vesca 

Hydnum rufescens Lycoperdon pyriforme Russula ochroleuca  

 

Table S 8. Comparison of the indicator description of CICES, IPBES and the name used in the project. German language definitions 
were those presented to stakeholders in initial workshops.  

 

CICES IPBES (categorization based on Diaz et al. 

(2018)) 

Current study (Engl./German) 

Cultural Service Maintenance of options (NCP 18) 

  

Biodiversity conservation / Erhalt der 
biologischen Vielfalt aus ethischen Gründen & für 
zukünftige Generationen 

Cultural Service  Non-material contributions (NCP 16) Landscape aesthetic/ Landschaftsbild 

Cultural Service Non-material contributions (NCP 17) Regional identity/ Regionale Identität 

Cultural Service Non-material contributions 

(NCP 16) 

Leisure/ (Touristische) Freizeitaktivitäten in der 
Natur & Naturerfahrung 

Provisioning Service Material contributions 

(NCP 12) 

Food production (from crops)/ Nahrungs- und 
Futtermittel pflanzlicher Herkunft 

Provisioning Service Material contributions 

(NCP 12) 

Livestock production / Zucht und Haltung von 
Nutztieren 



Provisioning Service Material contributions 

(NCP 13) 

Production of timber (timber)/ Holz als Rohstoff 

Provisioning Service Material contributions 

(NCP 11)  

Energy from raw materials/ Energie aus 
nachwachsenden Rohstoffen 

Provisioning Service Material contributions 

  

Energy from technology (e.g. solar panels) / 
Energie aus erneuerbaren Energien (Technologie) 

Provisioning Service Material contributions 

(NCP 12) 

Collection of wild plants (foraging)/ Speisepilze 
und Wildpflanzen 

Provisioning Service Material contributions 

(NCP 12) 

Hunting / Jagd 

Regulating Service Regulating contributions 

(NCP 4) 

Climate regulation/ Klimaregulierung 
(Kohlenstoffspeicherung) 

 

Table S 9. Description of the scenarios investigated in the study 

Scenario name Description 

Pre-defined scenarios 

1. All grasslands are high intensity Conversion of all grasslands to high-intensity grasslands. Proportion of 
crops and each forest type remain the same as in the baseline 
landscape. 



2. All grasslands are low intensity Conversion of all grasslands to low-intensity grasslands. Proportion of 
crops and each forest type remain the same as in the baseline 
landscape. 

3. 50% more high int grasslands The proportion of high-intensity grasslands increases by 50%, by 
conversion of an equal proportion of medium and low intensity 
grasslands. Total proportion of grasslands, proportion of crops and 
each forest type remain the same as in the baseline landscape. 

4. 50% more low int grasslands The proportion of low-intensity grasslands increases by 50%, by 
conversion of an equal proportion of medium and high intensity 
grasslands. Total proportion of grasslands, proportion of crops and 
each forest type remain the same as in the baseline landscape. 

5. Only mixed forests and low-intensity grasslands All forests are converted to mixed forests and all grasslands are 
converted to low-intensity grasslands. The total proportion of forest, 
crops and grasslands remain unchanged compared to the baseline 
landscape. 

6. Low and medium-intensity grasslands become mixed 
forests 

All low- and medium-intensity grasslands are converted to mixed 
forests. The proportion of crops remains unchanged compared to the 
baseline landscape. 

7. Low and medium-intensity grasslands become 
coniferous forests 

All low- and medium-intensity grasslands are converted to coniferous 
forests. The proportion of crops remains unchanged compared to the 
baseline landscape. 

8. All forests are coniferous All forests are converted to coniferous forests. The total proportion of 
forest, crops and the proportion of grasslands at different intensities 
remain unchanged compared to the baseline landscape. 

9. All forests are deciduous All forests are converted to deciduous forests. The total proportion of 
forest, crops and the proportion of grasslands at different intensities 
remain unchanged compared to the baseline landscape. 

10. All forests are mixed All forests are converted to mixed forests. The total proportion of 
forest, crops and the proportion of grasslands at different intensities 
remain unchanged compared to the baseline landscape. 

11. Deforestation The overall proportion of forests decreases by 50% due to conversion 
to grasslands. The relative proportions of forest types within total 
forest cover, and grassland intensities within total grassland cover, 
remain the same. 



12. Reforestation The overall proportion of forests increases by 50% due to conversion 
from grasslands. The relative proportions of forest types within total 
forest cover, and grassland intensities within total grassland cover, 
remain the same. 

13. Equal proportions of mixed, coniferous, and 
deciduous forests 

 

The forests are composed of equal parts (⅓) coniferous, mixed and 
deciduous forests. The proportion of grasslands and crops and overall 
forest cover remain unchanged compared to the baseline. 

14. Only coniferous forests and high LUI grasslands All forests are converted to coniferous forests and all grasslands are 
converted to high-intensity grasslands. The total proportion of forest, 
crops and grasslands remain unchanged compared to the baseline 
landscape. 

Optimisation scenarios 

Maximum biodiversity Selection of the landscape compositions with highest biodiversity. 

Maximum climate regulation Selection of the landscape compositions with highest carbon storage. 

Optimal scenario (Maximum multifunctionality and 
equity) 

Selection of the landscape compositions with highest community 
multifunctionality (average multifunctionality across stakeholder 
groups) and equity (homogeneity of multifunctionality across 
stakeholder groups). 

Do-no-harm scenario (no group losing 
multifunctionality and no loss of vulnerable services) 

Within the landscape compositions that do not cause any loss of 
multifunctionality for any stakeholder, and that do not cause loss of any 
vulnerable services, selection of the compositions with highest 
multifunctionality. 

 



Supplementary data 

Figure S 1 Variability of all ecosystem service indicators with land-use type and management. 

 

 



Figure S 2. Stakeholder groups’ relative priority for ecosystem services 
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Figure S 3 Correlation matrix of landscape-scale ecosystem service supply across all 6000 
landscape compositions. Note that crop cover is kept constant, hence the mostly flat 
response of food production (See Figure S 4 for varying crop cover) 
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Figure S 4 Correlation matrix of landscape-scale ecosystem service supply across all 6000 
landscape compositions when crop cover is allowed to vary. 
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Figure S 5. Variation of ecosystem services supply at the landscape level with increasing proportion of forests. The analysis was 
completed only on landscape with a crop cover equal to the baseline landscape composition, hence a maximum forest 
proportion of 60%. 

 

 



Figure S 6. Variation of multifunctionality and equity at the landscape level with increasing proportion of forests. Each dot is 
one simulated landscape. The green line shows the fitted loess model. The dashed vertical line shows the current proportion of 
forests, while the solid line shows the optimal forest cover for the corresponding score (top tow: multifunctionality; bottom 
row: equity). The analysis was completed only on landscape with a crop cover equal to the baseline landscape composition, 
hence a maximum forest proportion of 60%. 
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Figure S 7. Variation of multifunctionality and equity at the landscape level with increasing proportion of forests. Each dot is 
one simulated landscape. The green line shows the fitted loess model. The dashed vertical line shows the current proportion of 
forests, while the solid line shows the optimal forest cover for the corresponding score (top tow: multifunctionality; bottom 
row: equity). The analysis was completed on the landscape suite with varying crop cover. 

 

 

Figure S 8. Species accumulation curve used to correct plant richness based on the total area covered by the landscape. The 
curve was obtained by simulating landscapes composed of 1 to 50 plots (with 300 simulation each), randomly picked from 
grassland (16m2), crop (16m2) or forest (100m2) plots. The area was then summed to obtained overall landscape area.  Each 
black dot is a simulated landscape, the blue line denotes the GAM fit. 
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Figure S 9. Change in multifunctionality and (a) change in equity, (b) number of stakeholder groups losing multifunctionality and 
(c) vulnerable service scores in multiple scenarios compared to the baseline landscape composition. This figure shows the full 
range of landscape compositions, of which a subset (multifunctionality: -0.075 to 0.025, 0 to 14 loser groups, 0 to 3 vulnerable 
services) is shown in the main figures Figure 2 and Figure 4. Large coloured dots show a few predefined scenarios while small 
black dots represent all the other scenarios that were simulated; they show the mean of all the 200 replicates for each given 
scenario. 

 

 



Figure S 10. Changes in landscape composition (a), service supply (b) and multifunctionality (c) when maintaining the supply of 
threatened services and preventing loss of multifunctionality by any stakeholder group. 

 

 

Figure S 11. Changes in landscape composition (a), service supply (b) and multifunctionality (c) when maximising carbon storage. 

 

 

  



Sensitivity analyses 
As the approach described in this study is sensitive to a range of factors, we also present additional 
analyses and their effect on the overall results. In order to keep these sensitivities as concise as possible, 
we present only analyses with only one parameter differing from the default (i.e. presented in the main 
text). 

To represent the fact that stakeholder groups have inequal influence on landscape decisions, we weighted 
the community-level multifunctionality and equity measures by the relative influence, or perceived power, 
of each stakeholder group. This data was acquired from the workshop described above, by mapping the 
social network in the regions using the "Net-map" method 41,41, which allowed us to quantify the perceived 
power of each stakeholder group in the network. The results of this analysis are presented in Figure S 12 
and Figure S 13. 

 The results were not sensitive to the correction of indicators for environmental covariates (Figure S 14, 
Figure S 15). Classification of forests into even- or uneven-aged forests, instead of by tree type, meant that 
an increased forest cover and grassland extensification was also the optimal scenario (Figure S 16, Figure 
S 17). 

In addition, while in the main results presented in this manuscript, we assumed that ecosystem service 
supply was linearly related to benefits to humans, this is not always the case. For instance, the benefits 
from very low-intensity grasslands might be too small to be profitable, which might lead to grassland 
abandonment. Thus, we also investigated the effect of different supply-benefit relationships on the overall 
results. We hypothesised these supply-benefit relationships as follows. For carbon storage, the benefits 
increase linearly with the amount of carbon stored, so we kept a linear relationship. For all the other 
services, we assumed that the benefits would increase faster and faster as the supply grows, so we 
transformed the landscape-level supply (y) to 2 x y3. The factor 2 was included so that the overall benefits 
(integral of the function) when the supply varies from 0 to 1 would be 0.5, i.e. the same as for the linear 
transformation. The introduction of service-specific ‘supply-benefit’ relationships  slightly affected the 
outcome of the models but did not affect the overall conclusions (Figure S 18, Figure S 19). 

We also explored the effect of changing the thresholds of the proportion of arable crop and grassland 
cover in the hunting service. When the values or minimal crop/grassland cover were decreased compared 
to the default (20% for roe deer, 10 % for boar to 10 % for deer, 5% for boar) there was no change because 
in the default analyses crop cover was fixed to 40% so was always above these values (Figure S 20, Figure 
S 21). Because the optimum landscape had over 50% crops and grasslands, even increasing the thresholds 
up to 45% and 50%, respectively, did not change the ratio of forests and grasslands in the optimal scenario  
(Figure S 22, Figure S 23). 

Finally, we also tested region-specific optimisation (Figure S 24 to Figure S 29) or changes in cropland cover 
(Figure S 30, Figure S 31) which also had limited effect on the main conclusions. 



Figure S 12. Changes in landscape composition, service supply and multifunctionality in different scenarios compared to the 
current scenario; multifunctionality and equity scores were weighted by stakeholder relative power. 

 



 

Figure S 13. Change in multifunctionality and (a) change in equity, (b) number of stakeholder groups losing multifunctionality 
and (c) vulnerable service scores in multiple scenarios compared to the baseline landscape composition. Multifunctionality 

and equity scores were weighted by stakeholder relative power. Large coloured dots show a few predefined scenarios while 
small black dots represent all the other scenarios that were simulated; they show the mean of all the 200 replicates for each 
given scenario. 

 



Figure S 14. Changes in landscape composition, service supply and multifunctionality in different scenarios compared to the 
current scenario; the correction for environmental factors was not applied. 

 



 

Figure S 15. Change in multifunctionality and (a) change in equity, (b) number of stakeholder groups losing multifunctionality 
and (c) vulnerable service scores in multiple scenarios compared to the baseline landscape composition. The correction for 

environmental factors was not applied. Large coloured dots show a few predefined scenarios while small black dots represent 
all the other scenarios that were simulated; they show the mean of all the 200 replicates for each given scenario. 

 



Figure S 16. Changes in landscape composition, service supply and multifunctionality in different scenarios compared to the 
current scenario; forests are classified based on age classes. 

 

 



Figure S 17. Change in multifunctionality and (a) change in equity, (b) number of stakeholder groups losing multifunctionality 
and (c) vulnerable service scores in multiple scenarios compared to the baseline landscape composition. Forests are classified 

based on age classes. Large coloured dots show a few predefined scenarios while small black dots represent all the other 
scenarios that were simulated; they show the mean of all the 200 replicates for each given scenario. 

 



Figure S 18. Changes in landscape composition, service supply and multifunctionality in different scenarios compared to the 
current scenario; different supply-benefits were applied for the services (see text). 

 

 



Figure S 19. Change in multifunctionality and (a) change in equity, (b) number of stakeholder groups losing multifunctionality 
and (c) vulnerable service scores in multiple scenarios compared to the baseline landscape composition. Different supply-benefit 

relationships were applied to the services (see text). Large coloured dots show a few predefined scenarios while small black 
dots represent all the other scenarios that were simulated; they show the mean of all the 200 replicates for each given scenario. 

 

 

  



 

Figure S 20. Changes in landscape composition, service supply and multifunctionality in different scenarios compared to the 
current scenario; hunting habitat suitability was based on thresholds of 5% and 10% crops and grasslands for boar and deer, 

respectively. 

 



 

Figure S 21. Change in multifunctionality and (a) change in equity, (b) number of stakeholder groups losing multifunctionality 
and (c) vulnerable service scores in multiple scenarios compared to the baseline landscape composition. Hunting habitat 

suitability was based on thresholds of 5% and 10% crops and grasslands for boar and deer, respectively. Large coloured dots 
show a few predefined scenarios while small black dots represent all the other scenarios that were simulated; they show the 
mean of all the 200 replicates for each given scenario. 

 

 

 



Figure S 22. Changes in landscape composition, service supply and multifunctionality in different scenarios compared to the 
current scenario; hunting habitat suitability was based on thresholds of 45% and 50% crops and grasslands for boar and deer, 

respectively. 

 



 

Figure S 23. Change in multifunctionality and (a) change in equity, (b) number of stakeholder groups losing multifunctionality 
and (c) vulnerable service scores in multiple scenarios compared to the baseline landscape composition. Hunting habitat 

suitability was based on thresholds of 45% and 50% crops and grasslands for boar and deer, respectively. Large coloured dots 
show a few predefined scenarios while small black dots represent all the other scenarios that were simulated; they show the 
mean of all the 200 replicates for each given scenario. 

 

 

 
 



Figure S 24. Changes in landscape composition, service supply and multifunctionality in different scenarios compared to the 
current scenario in the South-West region. 

 



 

Figure S 25. Change in multifunctionality and (a) change in equity, (b) number of stakeholder groups losing multifunctionality 
and (c) vulnerable service scores in multiple scenarios compared to the baseline landscape composition; in the South-West 
region. Large coloured dots show a few predefined scenarios while small black dots represent all the other scenarios that were 
simulated; they show the mean of all the 200 replicates for each given scenario. 

 

 

 



Figure S 26. Changes in landscape composition, service supply and multifunctionality in different scenarios compared to the 
current scenario in the Central region. 

 



 

Figure S 27. Change in multifunctionality and (a) change in equity, (b) number of stakeholder groups losing multifunctionality 
and (c) vulnerable service scores in multiple scenarios compared to the landscape composition; in the Central region. Large 
coloured dots show a few predefined scenarios while small black dots represent all the other scenarios that were simulated; 
they show the mean of all the 200 replicates for each given scenario. 

 

 



Figure S 28. Changes in landscape composition, service supply and multifunctionality in different scenarios compared to the 
current scenario in the North region. 

 



 

Figure S 29. Change in multifunctionality and (a) change in equity, (b) number of stakeholder groups losing multifunctionality 
and (c) vulnerable service scores in multiple scenarios compared to the baseline landscape composition, in the North region. 
Large coloured dots show a few predefined scenarios while small black dots represent all the other scenarios that were 
simulated; they show the mean of all the 200 replicates for each given scenario. 

 



Figure S 30. Changes in landscape composition, service supply and multifunctionality in different scenarios compared to the 
current scenario. Crop cover was allowed to vary compared to the baseline landscape composition. 

 

 



Figure S 31. Change in multifunctionality and (a) change in equity, (b) number of stakeholder groups losing multifunctionality 
and (c) vulnerable service scores in multiple scenarios compared to the baseline landscape composition. Crop cover was 
allowed to vary compared to the baseline landscape composition. Large coloured dots show a few predefined scenarios while 
small black dots represent all the other scenarios that were simulated; they show the mean of all the 200 replicates for each 
given scenario. 
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