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A B S T R A C T   

The transition to a sustainable biobased economy promises to free the economy from its dependence on finite 
fossil resources by replacing them with biomass derived primarily from agricultural production. However, this 
often threatens the ecosystem services on which its very existence depends, such as climate regulation, erosion 
mitigation, and biodiversity conservation. A major challenge is that biomass provision is usually the only 
ecosystem service directly priced in markets. While there are several studies estimating the monetary value of a 
wider range of ecosystem services for common food and biomass crops, there is limited information for novel 
bioenergy cropping systems such as perennial wild plant mixtures (WPM). Therefore, this study assesses the 
monetary value of key ecosystem services of WPM, i.e. nursery services, recreational value, moderation of 
extreme events, climate regulation, nutrient cycling, erosion prevention, and the provision of biomass. In 
addition, three contrasting land use scenarios; parking lot, silage maize (Zea mays L.) cultivation for biogas 
production; and pristine forest; were used for comparison. While parking lot (0.15 €/ha*yr.) and pristine forest 
(1691.57 €/ha*yr.) yielded the minimum and maximum values, WPM cultivation (624.82 €/ha*yr.) performed 
surprisingly well compared to silage maize (653.61 €/ha*yr.). Thus, monetization of ecosystem services other 
than biomass provision made silage maize and WPM cultivation economically comparable by almost fully 
compensating for the lower biomass provision of WPM. Consequently, using such information to better reward 
farmers for more social-ecologically sound bioenergy cropping systems could help policymakers improve agri
cultural sustainability in the long run.   

1. Introduction 

According to the IPCC special report on global warming of 1.5 ◦C 
(IPCC, 2018), both electricity (e.g. solar-based) and biofuels (e.g. 
agricultural-based) are important drivers of transportation decarbon
ization. Overall, agricultural production must increase to satisfy the 
increasing demands of food, feed, fiber, and fuel for the growing global 
population, changing diets and the transformation towards a sustainable 
bioeconomy (Calicioglu et al., 2019; Fritsche et al., 2020; Galanakis 
et al., 2022; Tripathi et al., 2019). At the same time the expansion of 
agricultural areas should be avoided as land-use is one major driver of 
climate change and ecosystem vulnerability (Pörtner et al., 2022). This 
food-energy-environment trilemma is projected to worsen as more 
biomass is required for biofuels, which can comprise solid, liquid, or 

gaseous biomass fuels (Araújo et al., 2017; Tilman et al., 2009). 
Therefore, if dedicated biomass crops are used as biofuel feedstock, they 
must have a high yield potential as well as extra environmental ad
vantages (Carlsson et al., 2017; Gelfand et al., 2013; Mishra et al., 2019; 
Valentine et al., 2012). Consequently, a variety of economic, environ
mental, and social factors must be addressed and met for increasing the 
social-ecological sustainably of biomass-based value webs (Panoutsou 
et al., 2022; Vargas-Carpintero et al., 2022; Von Cossel et al., 2020; 
Wagner et al., 2022, 2019). 

Intercropping or mixed cropping systems are widely considered as a 
viable means of addressing the these challenges (Altieri et al., 2017; 
Robinson and Sutherland, 2002; Tilman et al., 2014; Weißhuhn et al., 
2017). This is because species mixtures can create more diversified and 
robust agricultural production systems by utilizing a larger genetic basis 
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(Altieri et al., 2017; Sanderson et al., 2007; Weigelt et al., 2009). For 
example, this is true for wildflower strips in silage maize cultivation, 
whereby both the technical feasibility (von Redwitz et al., 2019) and the 
true environmental costs (Wagner et al., 2022) must be carefully 
considered depending on the farm. In addition, it also matters whether 
the cropping systems are annual or perennial. According to Weißhuhn 
et al. (2017), perennial mixed cropping systems (or “polycultures”) are 
the ones that significantly help to improve the sustainability of agri
cultural systems, in particular by providing more supporting ecosystem 
services (ES) than annual cropping systems while also providing biomass 
(Weißhuhn et al., 2017). This results in beneficial land use changes 
(bLUC) through the optimization of the multifunctionality of the agri
cultural production system (Englund et al., 2020). Novel perennial 
mixed cropping systems that meet this profile are, for example, peren
nial wild plant mixtures (WPM) for biogas production (Krimmer et al., 
2021; Paltrinieri and Schmidt, 2020; Schmidt et al., 2018; Vollrath et al., 
2012; Von Cossel, 2020; von Cossel and Lewandowski, 2016). The WPM 
comprise more than 25 annual, biennial, and perennial mostly wild 
plant species for the generation of bioenergy and several environmental 
and social benefits such as biodiversity support and landscape beauty 
(Vollrath et al., 2016, 2012). However, the economic performance is 
also relevant, and WPM cultivation for bioenergy purposes is notably 
less profitable than silage maize when only biomass yield level, biomass 
yield stability and biomass quality are considered (Baum, 2019; Frie
drichs, 2013; Von Cossel, 2020). Consequently, not only the provision
ing services but also the regulating, habitat and cultural services of 
bioenergy cropping systems such as WPM should be considered to 
achieve a more holistic sustainable agriculture, otherwise potential 
bLUC effects may be overlooked. 

In this regard, the concept of ES has gained scientific traction in 
recent years (Costanza et al., 2017; Potschin and Haines-Young, 2016). 
A special emphasis has been placed on provisioning ES, primarily in 
managed ecosystems but also, to a lesser extent, in unmanaged ecosys
tems (Potschin et al., 2016) because these ES are at the core of direct 
human interest and activity, namely ensuring nutrition and material 
supply (Bethwell et al., 2021). Further, the notion of ES has been 
regarded as useful for assisting policy- and decision-making that pro
motes sustainability, from boosting stakeholder knowledge to changing 
decisions (Geneletti et al., 2018) while also contributing to sustain
ability, i.e. increasing human well-being while also conserving biodi
versity and nature (Fang et al., 2018; Robert et al., 2005). 

Analyzing tradeoffs and synergies between ES is critical due to time-, 
scale-, and land use-depending interactions (Le Provost et al., 2022; Li 
et al., 2017). However, it has a promising field of application in agri
culture as a method for ensuring the delivery of various benefits from 
ecosystems and landscapes to society (Crossman and Bryan, 2009; 
Geneletti et al., 2018; Mastrangelo et al., 2014; Von Cossel et al., 2020). 
Nonetheless, farms are primarily compensated through the sale of 
agricultural goods (provisioning service: providing biomass yield, sta
bility, and quality). Other ES, such as regulating services or environ
mental costs, either remain unpaid (Von Cossel et al., 2020; Wagner 
et al., 2022) or require specific contracts obligating farmers to perform 
the respective services (Ezzine-de-Blas et al., 2016). Sherrington et al. 
(2008) recommended subsidies as an effective approach to assist 
perennial crop market growth in order to motivate farmers to cultivate 
diverse cropping mixtures and enhance economic performance (Sher
rington et al., 2008). In contrast, many other studies see little funda
mental point in such voluntary agri-environment-climate measures 
because they have limited impact despite being widely used (Brede
meier et al., 2022). Instead eco-labeling was proposed to increase con
sumers’ understanding and thus lead to a sustainable change in buying 
behavior (Morone et al., 2021). In some states in Germany, WPM 
cultivation is subsidized at a flat rate of 250–500 €/ha*yr. 

To develop such labels and support programs, it is important to ex
press the value of ES in monetary units to raise awareness and convey to 
policymakers the importance of ecosystems and biodiversity (de Groot 

et al., 2012). Information on monetary values allows for more effective 
use of limited money by determining where protection and restoration 
make most sense from an economic perspective and where they can be 
achieved at the lowest cost (Crossman and Bryan, 2009). It can also help 
determine how much compensation should be given for the loss of ES in 
liability regimes (Morone et al., 2021; Payne and Sand, 2011). However, 
most valuation approaches focus on ES of biomes at global scale (Cos
tanza et al., 1997; de Groot et al., 2022; de Groot et al., 2012) or ES of 
common crops and land use types at field scale (Geneletti et al., 2018; 
Von Cossel et al., 2020). Therefore, this study assesses the monetary 
value of ES of WPM at field scale based on a schematic case study located 
in southwest Germany. This is aimed at exploring the importance and 
benefits of monetizing all ES of a novel bioenergy cropping system such 
as WPM instead of only accounting for the provision of biomass for 
bioenergy purposes. The first part of this study sets the criteria required 
for approaches to more holistically describe and account for the wide 
variety of ES that are provided by WPM. In the second part, a schematic 
case study is used in a first attempt to examine how the monetary value 
of the main ES provided by WPM compares to other contrasting land use 
scenarios: silage maize (Zea mays L.) cultivation for bioenergy genera
tion; a parking lot; and a pristine forest. 

2. Material and methods 

2.1. Design of a schematic case study 

A schematic case study was conducted to evaluate the monetary 
value of WPM ES and compare it with three scenarios (all within 
southwest Germany) within one vegetation period: a pristine temperate 
forest; a field with maize cultivation; and a parking lot with a sealed 
asphalt surface (Fig. 1). The scenario of a pristine temperate forest was 
chosen to have a reference ecosystem with a close to ideal provision of 
ES (except for the low provision of food or materials) on the normalized 
scales of 1 to 10 for every assessed ES. In contrast the parking lot with a 
sealed asphalt surface represents a human-made land use form with no 
apparent provision of ES. 

2.2. Literature review 

To summarize existing methods for quantifying ES in bioenergy 
cropping systems such as WPM and assessing their benefits and limita
tions, a literature review was carried out with Scopus using the Boolean 
operator “AND” between the search terms (Table 1) in July 2021. The 
searches were conducted within article title, abstract and keywords. The 
emphasis of the research was on agroecosystems and how to oper
ationalize ES. The search term “monetization” was deliberately chosen 
to exclude those documents that used a different, non-monetary indi
cator to evaluate the ES. The references included in the reference lists of 
the documents found were also taken into account. The identified 
methods were divided into economic, socio-cultural and biophysical 
methods. 

2.3. Visualization of monetization results 

The monetization methods for indicator-based valuations (e.g. the 
biophysical, economic and socio-cultural valuation methods) of the 
different land use scenarios are described in the respective method 
description in the supplemental material (S1-S4). Subsequently to the 
assessment and monetization of the ES, the results of different land use 
scenarios were normalized on a scale from 1 to 10 to be easily compa
rable (in each category the highest value is set equal to 10, and all other 
values are given in relation to it). With these normalized scales flower 
diagrams for each cropping system were generated to illustrate the 
provided ES in a compact and clear form that makes the results easy to 
compare. 
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3. Results and discussion 

3.1. Principles for monetizing ecosystem services of the land use scenarios 
in the schematic case study 

The assessment and subsequent monetization of ES of different 
cropping systems at field scale is a challenge due to the variety and 
complexity of ES. A suitable concept should assess the ES as precisely as 
possible, as comparably as possible and in a site-contextualized way, all 
while being easy to apply. During this research it became evident that 
first and foremost farmers need to be encouraged to take part in a 
monetary remuneration system for providing ES and possibly implement 
novel bioenergy cropping systems such as WPM that provide a variety of 
ES. In this sense, the evaluation method used here should contribute to a 
more holistic reward system for environmentally and biodiversity 
friendly agricultural practices. In Germany, current rewarding systems 
(subsidies) are associated with an overload of bureaucracy, ecologically 
and economically ineffective measures, unnecessary hurdles and de
ficiencies when applied in agricultural practice (Bundesministerium für 
Umwelt, Naturschutz, nukleare Sicherheit und Verbraucherschutz 
(BMU), 2021). Therefore, the valuation method used here was based on 
the following principles: accessibility, comparability, adaptability, 
scalability, and time-efficiency (full descriptions are provided in sup
plemental material, S5). 

Furthermore, the following ES were considered due to their rele
vance for farming systems (Von Cossel et al., 2020): biodiversity, 

recreational value, nutrient cycling, erosion prevention, climate regu
lation, moderation of disturbance and the provisioning of biomass. 

These ES were selected based on the applicability of the respective 
valuation method in WPM cultivation and data availability, while 
considering the principles stated above. Consequently, the concept used 
here comprises seven valuation methods or individual ES with their 
respective indicators: floristic richness (nursery (habitat) services), 
choice modelling (recreational value), flood prevention (moderation of 
extreme events), social cost of carbon (climate regulation), nitrogen 
balance (nutrient cycling), soil coverage (erosion prevention), and both 
yield and quality of biomass (provision of biomass). 

In order to compare the different approaches taken by other research 
on the monetization of ES, their methods were classified using the cat
egories defined by Brander et al. (2018). Since the major goal of this 
literature review is to evaluate the monetary value of WPM-related ES 
on a field scale, the method of Bethwell et al. (2021) was included. The 
present study proposes an integrated set of indicators at the level of 
agro-ecosystems. In the realm of agro-ecosystems, Bethwell et al. (2021) 
expands the term “ES” with the concept that they are not “pure” ES in 
and of themselves, but that the flow/ production of provisioning ES in 
human-modified agricultural land use systems is clearly reliant on nat
ural and specifically anthropogenic system inputs (Jones et al., 2016; 
Power, 2016). 

The quality of information for land use and agro-ecosystem man
agement policy and planning (site-specific management of complex 
agricultural landscapes and related governance systems) may be 
improved by a holistic collection of integrative indicators (Bethwell 
et al., 2021). The relevant indicators for these characteristics are in 
accordance with the standards outlined in the preceding section. Some 
of the components were used in the case study application. 

What these two studies (Bethwell et al., 2021, Brander et al., 2018) 
lack to some degree is the operationalization and the assessment of 
tradeoffs and synergies between ES and how that affects agricultural 
practices, e.g. farmers are primarily compensated through the sale of 
agricultural goods, while other ES, such as regulatory services, remain 
unpaid. This gap is taken up by Geneletti et al. (2018) who assessed 
tradeoffs within the multifunctionality across agricultural landscapes. 
This holds great potential to support policy and decision-making and 
further promote multifunctionality in agriculture as a strategy for 
ensuring the delivery of various benefits from ecosystems and land
scapes to the society. 

Fig. 1. Schematic overview of the valuation procedure developed for the exemplary schematic case study in southwest Germany. In the top row, the four scenarios 
are represented schematically in the following sequence from left to right: a) parking lot, b) silage maize (Zea mays L.), c) wild plant mixture, and d) pristine 
temperate forest. These four scenarios are then evaluated and assigned a normalized value on a scale reaching from 1 to 10, symbolized by the colored scale in the 
middle row. In the last step, the value reached on the scale is transformed into a monetary value. 

Table 1 
Search engines and keywords used for the literature review and the respective 
result numbers per keyword and search engine.  

Key words Scopus Google Scholar 

Ecosystem monetization 145 23,900 
Ecosystem services categorization 84 52,400 
Biodiversity monetization 29 10,300 
Ecosystem service monetization methods 22 23,500 
Ecosystem service monetization concepts 19 21,800 
Economic ecosystem services monetization methods 13 23,200 
Ecosystem service monetization methods scale 6 22,300 
Socio-cultural ecosystem service monetization methods 1 5,090 
Ecosystem service monetization methods field 1 22,300 
Ecosystem service monetization methods field scale 1 20,300 
Biophysical ecosystem service monetization methods 0 5,030 
Ecosystem service monetization methods agriculture 0 19,400  
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3.2. Valuation methods 

This section provides an overview of the results of the seven valua
tion methods (Fig. 2) used for monetizing the ES of the four land use 
scenarios. 

3.2.1. Nursery (habitat) services via floristic richness 
For the four scenarios, a summary of monetary values for each ser

vice per biome (values in Int.$/(ha*yr), 2007 pricing levels) from de 
Groot et al. (2012) was used as a reference. 

De Groot et al. (2012) calculated the monetary values for genetic 
diversity in temperate forests to be 862 $ and 1214 $ for grasslands. 
According to Faber-Langendoen and Josse (2010), temperate grassland, 
meadow, and shrubland show an average species richness of 67 species. 
The monetary worth per species was computed using the monetary 
values calculated by de Groot et al. (2012). Based on that a value of 
18.12 $ was discovered for one species on grassland. The value was 
translated straight to the maize field, which is dominated by a single 
species: maize (Faber-Langendoen and Josse, 2010). For the wild-plant 
field, a yearly average of eight species was estimated per hectare. 
Multiplied by the monetary worth of 1 species, the WPM field reaches 
$144.96. The currency was converted from Int.$ to € based on the ex
change rate 1:0.84 (1 Sep 2021, 14:53 UTC). 

3.2.2. Recreational value via choice modelling 
A public survey was conducted using the methodology of Brander 

et al. (2018) to ask beneficiaries about their preferences for hypothetical 
changes in ES supply connected to landscape aesthetics. Individuals 
were specifically asked to negotiate ES with other commodities for 
which they are willing to pay. The participants (friends and relatives of 
the authors, n = 11) were asked if they would be willing to spend a 
certain amount of money per year to live next to a pristine forest, a wild- 
flower field, a maize field, or a parking lot with sealed soil. There were 
options to pay 1000, 750, 500, 250, 100, 10, 1, or 0 Euros. Based on the 
individual answers an average was calculated leading to an ES value of 

636.36 € for the pristine forest, 668.18 € for the wild-flower field, 24.73 
€ for the maize-field and finally 0.91 € for the sealed-soil area. 

3.2.3. Moderation of extreme events via avoidance costs 
The severe flooding event in Germany in July 2021 (Welle, 2021) is a 

recent example for not only the threat which lies in uncontested climate 
change, but also the negative effects that human encroachment on rivers 
and soils by straightening rivers, canalizing brooks, disturbing natural 
retention areas and sealing of soils can have (HochwasserKompe
tenzCentrum e.V., 2017). Flood damage can be avoided or at least 
mitigated by increasing the water infiltration capacity of the soil 
(Umweltbundesamt, 2011). The approach for the valuation method of 
avoidance costs is based on the concept presented in the TEEB report 
(The Economics of Ecosystems and Biodiversity TEEB, 2013). 

As a socio-economic, direct indicator (which means that the value 
reflects the sustainable level of use) the estimated avoidance costs (the 
loss in absence of the regulating service) is used for the valuation (The 
Economics of Ecosystems and Biodiversity TEEB, 2013). As an indicator 
for the capability of different land use system (respective cropping sys
tem), the infiltration capacity, measured in infiltrated liter in the soil 
from a total of 100 L poured on one square meter (l/(100 l*m2)), for each 
of the four different scenarios from the case study was set as a base. The 
infiltration capacity for the entirely sealed parking lot is 0 l/(100 l*m2), 
for the maize field about 40 l/(100 l*m2), for the WPM about 50 l/(100 
l*m2) and for the pristine temperate forest about 60 l/(100 l*m2). 

The numbers where derived from comparable sites, on which 
flooding experiments where conducted in a study by the German Federal 
Environmental Agency (Umweltbundesamt, 2011). For the monetary 
calculation the average yearly, estimated cost caused by flooding in 
Germany expressed in monetary value was taken. Hattermann et al. 
(2016) found the average flood damage in Germany to be at about 
500,000,000 € per year. This amount then was divided by the agricul
tural land surface of Germany which is around 16,700,000 ha (Statista, 
2021). The reason for taking only the agricultural land and not the 
whole surface area of Germany was that the intention of this work is to 

Fig. 2. Schematic visualization of the valuation methods applied in the case study: (1) choice modelling, (2) nitrogen balance, (3) floristic and faunistic richness, (4) 
social cost of carbon, (5) avoidance costs, (6) soil cover/protection, and (7) biomass provision. 
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calculate a possible remuneration at field scale, e. g. per hectare, 
explicitly for the agricultural sector. In addition, the goal was to analyze 
what every farmer can contribute to avoid this damage, which does not 
only occur on the agricultural land, but also in the remaining land sur
face of Germany. This includes for example the settlement area, which is 
not a part of the agricultural area, but from where the water can flow to 
the settlement from the field. Following the monetary calculation 
explained above and setting the infiltration rate as a base to normalize 
the values to be applied as a factor on a scale from 1 to 10, the results are 
for the parking lot 0 €/ha, for the maize field 17.96 €/ha, for the WPM 
20.96 €/ha and for the pristine temperate forest 29.94 €/ha. 

3.2.4. Climate regulation via social cost of carbon 
Impacts of climate change due to carbon emissions, which e. g. lead 

to an increase in atmospheric CO2-concentrations, can be translated to 
social costs due to the negative effects of global warming. The method 
applied to account for these costs was adapted from von Cossel et al. 
(2020). Soils have the feature to either sequester carbon from the at
mosphere or release carbon into the atmosphere, in dependence of the 
management of the soil (Paustian et al., 1997). 

As an indicator for the social cost of carbon (Ricke et al., 2018) the 
sequestered CO2/ha (t CO2/ha) for each land use type of the scenarios 
was applied. For the parking lot this number was 0.0 t CO2 ha− 1, as the 
sealed surface hinders the interaction of soil and atmosphere. For the 
maize field the number was − 2.2 t CO2/ha, which means that the soil 
cultivated with maize releases CO2 into the atmosphere (Umweltbun
desamt, 2008). For the WPM the number was 3.52 t CO2/ha fixed in the 
soil. This number was transferred from the carbon sequestration of 
miscanthus. For WPM, 60% of the carbon sequestration of miscanthus 
was used as an approximation (Von Cossel et al., 2020). For the pristine 
temperate forest a number of 12.0 t CO2 ha− 1 was applied (Bundesan
stalt für Ernährung und Landwirtschaft (BLE), 2021). 

These numbers were then normalized on a scale of 1 to 10 and then 
multiplied with the price per ton of CO2 (CO2-emission certificate) 
currently traded on the stock market, which lies as high as approxi
mately 62 € at status quo (European Energy Exchange (EEX), 2021). The 
calculation yields 0 €/ha for the parking lot, also 0 €/ha for the maize 
field (actually − 136 €/ha), because CO2 is released during the cultiva
tion instead of sequestering it. However, negative values were not 
assigned because CO2 was absorbed by plants from the atmosphere 
during the vegetation phase. For the WPM 217 €/ha are rewarded and 
for the pristine forest 738 €/ha. 

3.2.5. Erosion prevention via soil cover 
Soil cover is an effective measure against water erosion. Thus, 

cropping systems with a higher soil coverage provide more effective 
prevention against erosion. Grasslands which have a soil cover of close 
to 100% prevent water erosion completely (Jankauskas and Jankaus
kiene, 2003). The value of grassland erosion prevention is valued at 
37.49 €/ha (converted to € from 44 $/ha) (Jankauskas and Jankaus
kiene, 2003). With soil cover estimates of specific cropping systems, it is 
possible to calculate the respective value of the given erosion by 
multiplying the soil cover percentage by the value of grassland erosion 
prevention (37.49 €/ha) that completely prevents erosion (100%). The 
maize soil cover is 30% (Lehmphul, 2015). Thus, maize has a soil erosion 
prevention value of 11.25 €/ha. For the WPM cultivations, a soil cover 
percentage of 80% was estimated, which results in an erosion prevention 
value of 29.99 €/ha. At first glance the forest does not seem to have a soil 
cover of 100% but the large root systems of the trees in combination 
with the mycorrhizal community have a tight grip on the soil from below 
(Becerra et al., 2019). Therefore, a pristine temperate natural forest with 
trees and shrubs of different ages and a diverse mycorrhizal community 
is estimated to have a soil cover of 100% and a resulting erosion pre
vention value of 37.49 €/ha. The parking lot does not have any soil that 
can erode and thus cannot exhibit erosion prevention (0%). 

3.2.6. Nutrient cycling via nitrogen balance 
The nitrogen balance was chosen to assess the nutrient cycling and 

respective nutrient leaching of different cropping systems (McLellan 
et al., 2018). During the cultivation the nitrogen input in the form of 
fertilizers (organic/inorganic) is measured in kg/ha. After the harvest 
the nitrogen leaving the field with the harvest is estimated in kg/ha with 
crop specific nitrogen content data. For perennial cropping systems the 
relocation of nitrogen into the roots during the winter months is 
considered as well. All other possible inputs and outputs are disregarded 
for now but should be considered in future further developments of the 
concept. Monetary values are derived from the calculated nitrogen 
balances with the damage costs per kg nitrogen that leaches into the 
environment. The costs per kg nitrogen varies significantly in different 
studies. Matzdorf et al. (2010) calculated 0.30 to 1.30 €/kg nitrogen and 
an average of 0.80 €/kg. The European Nitrogen Assessment calculated 
costs of 5–20 €/kg (Brink et al., 2011). Calculations were performed 
with 0.80 €/kg nitrogen. Germany wants to reduce nitrogen surpluses to 
70 kg/ha in 2030 (Lehmphul, 2015). This value was taken as a 
threshold: every avoided kilogram below the threshold gets rewarded 
with 0.80 €. The calculation resulted in a reward of 56 €/ha (70 kg/ 
ha*0.80 €/ha) for the pristine temperate natural forest with a nitrogen 
balance of 0 kg/ha. The schematic WPM cultivation has a nitrogen 
surplus of 6.4 kg/ha and a corresponding reward of 50,88 €/ha ((70 kg/ 
ha-6.4 kg/ha)*0.80 €/ha). The schematic maize cultivation has a larger 
nitrogen surplus with 26.8 kg/ha, resulting in a smaller reward of 34.56 
€/ha. The sealed parking lot does not have a nitrogen cycle and thus is 
excluded from the reward. 

3.2.7. Provision of biomass via yield and quality of biomass 
The provision of biomass was monetized only for the cultivation of 

maize and WPM, since no biomass is produced in the parking lot, and no 
biomass is used in the pristine temperate forest. Basically, the price of 
ensiled biomass to be used for biogas production is subject to many 
factors that can vary greatly by location and time, such as wheat price, 
fertilizer price, biomass quality, and biomass yield level. In order not to 
overestimate the profit potential of WPM, a rather low average annual 
dry matter yield level of 10 t/ha was assumed according to Friedrichs 
(2013), although 14 t/ha and more are also possible. The reason for this 
is that WPM are still a relatively new cultivation system that farmers 
tend to test on less favorable sites, and yield losses are also likely due to a 
lack of experience. For maize, on the other hand, an above-average dry 
matter yield level of 21.6 t/ha was assumed in order to be able to 
represent how WPM compare to maize at high biomass yield difference 
in the monetary evaluation of the total ES of the cropping systems. The 
biomass quality of WPM was ranked lower than maize according to an 
independent report by Friedrichs (2013), in that silage from WPM was 
priced at only 79% of the price of silage from maize. Biomass yield 
differences between before and after ensiling were not considered here. 

3.3. Visualization of the results 

For visualization, the normalized values of the seven ES indicators 
for each of the four land use scenarios are depicted in flower diagrams 
(Fig. 3a-d). Each flower diagram provides a visualization of tradeoffs 
and synergies between ES and biodiversity within the researched area 
and allow for comparison of the study areas’ performance. The ES 
provided by the research locations are represented using €/ha values. 

To begin with the maize monoculture (Fig. 3a), it can be observed 
that the biomass supply covers most of its ES, whilst most of the other 
categories only exhibit minimal to no ES. The tradeoff between provi
sioning services in the form of biomass vs habitat and cultural services is 
particularly visible here. 

In contrast, the flower diagram (Fig. 3b) of WPM field shows a well- 
balanced appearance. Except for biomass provisioning, the values of all 
categories are higher compared with maize. The larger surface covering 
results in an increased nitrogen balance. Additionally, since WPM 
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mainly consist of perennial crops, erosion management is enhanced. 
Flood protection is enhanced since the infiltration rate is greater. 
Additionally, the WPM store carbon, whilst maize production releases 
more carbon in form of CO2 than it sequesters. Also, peoples’ stated 
preferences indicated a significant preference for living next to a WPM 
field rather than a maize field. The highest values in all categories 
(except biomass provisioning) can be found for the temperate forest 
(Fig. 3c). This emphasizes the importance of natural habitats, since even 
a more diverse cropping method, such as the perennial WPM, has 
reduced ES when compared to a natural ecosystem, as shown here 
(Fig. 3a, c). However, this clearly visualizes the tradeoff between pro
visioning and cultural as well as habitat services. Visible in the sealed 
soil flower diagram (Fig. 3d), there are no ES at all, apart from one 

individual who stated the preference to living near a parking lot in the 
choice modelling category. 

The aggregate monetized values of all ESs must be added together for 
each scenario, along with the gain from biomass provisioning and the 
monetized values for the other ESs. This closes the profit gap that existed 
before considering the ES other than provisioning, with an overall profit 
of 653.60 €/ha for the maize field and 642.80 €/ha for the WPM 
(Table 2). The high total sum of 1691.57 €/ha for the pristine temperate 
forest particularly demonstrates the value of untouched ecosystems and 
the importance of considering indirect land use change when expanding 
bioenergy cropping in agroecosystems (Tamburini et al., 2020). 

Fig. 3. Flower diagrams depicting the normalized values of the seven ecosystem service indicators in €/ha chosen for (a) silage maize, (b) wild plant mixtures, (c) 
temperate forest, and (d) parking lot. 

Table 2 
Results of the case study with the ES involved, the methods applied and the corresponding calculated annual average monetary remuneration (in €/ha).  

Ecosystem services (ES) Valuation methods Scenario 1: 
Parking lot 

Scenario 2: 
Maize 

Scenario 3: 
Wild plant mixture 

Scenario 4: 
Pristine temperate forest 

- Gene pool protection 
- Genetic resources 
- Biological control 
- Pollination 
- Nursery service 

- Floristic richness 
- Value transfer 

0.00 15.22 121.76 724.08 

- Aesthetic information 
- Recreation 

- Choice modelling 0.15 4.12 111.36 106.06 

- Prevention of disturbance 
- Erosion prevention-  
Water flow regulation 

- Avoidance costs 
- Value transfer 

0.00 17.96 20.96 29.94 

- Climate regulation 
- Air quality regulation 

- Social cost of carbon 
- Value transfer 

0.00 0.00 217.00 738.00 

- Erosion prevention - Soil cover 
- Value transfer 

0.00 11.25 29.99 37.49 

- Soil fertility maintenance 
- Nutrient cycling 

- Nitrogen balance 
- Value transfer 

0.00 34.56 50.84 56.00 

Sum of ecosystem service rewards 0.15 83.11 551.91 1691.57 
Profit from biomass sales – 570.50 208.94 – 
Total sum (rewards + w/o profit) 0.15 653.61 624.82 1691.57  
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4. Limitations of this study 

The monetization of ES is essential in evaluating their importance to 
mankind, but especially in agriculture the valuation of ES in monetary 
terms serves as a pre-condition for enabling more diverse cropping 
systems like WPM and making them financially more viable for farmers 
(Brander et al., 2018). However, the transferability of ES values from 
common land use scenarios to WPM cultivation is difficult. For instance, 
several studies present ES values for very specific production systems 
(Geneletti et al., 2018; Bethwell et al., 2021; Von Cossel et al., 2020). For 
transfer to WPM cultivation, such ES values and / or the values used in 
the calculation might require adaptation and adjustment to meet the 
new context (Ezzine-de-Blas et al., 2016). A ‘benefit transfer’ has thus 
always to be handled with caution (The Economics of Ecosystems and 
Biodiversity TEEB, 2013), and only be applied when multiple parame
ters defining the context are similar (e.g. climate zone, income and price 
levels, slope, soil etc.). It has therefore to be noted that the values and 
figures used in this study (e.g. Fig. 3 a-d, Table 2) have a rather high 
level of uncertainty, because numbers were taken from studies with 
substantial differences in the local conditions or the particular types of 
land use. Therefore, the calculated monetary values for the remunera
tion of the examined ES in the schematic case study (Table e2) must be 
considered as conceptual. Site-specific contextualization seems to be a 
widely accepted approach in ES evaluation (Ezzine-de-Blas et al., 2016; 
Harrison et al., 2018). However, there are many different terms and 
different approaches for similar methods and indicators (Harrison et al., 
2018; Spangenberg and Settele, 2010). These inconsistencies and the 
missing standardization may be barriers to the implementation and 
broader application of monetization ES of WPM on field scale in research 
and in practice. Therefore, the limitations of the methods used in the 
calculations will be discussed as follows. 

4.1. Avoidance costs 

The valuation method of avoidance costs by flooding applied in the 
case study has the advantage of being easy to calculate, yet it deserves a 
critical appraisal in the sense that not every part of Germany is equally 
prone to flooding, this means homogeneity is assumed as was also done 
in Von Cossel et al. (2020). The amount of yearly average damage costs 
is thus generalized by dividing it by the total agricultural land. But the 
inherent risk of flooding for a specific piece of land follows a hetero
geneous pattern, as the topography across Germany reveals a high 
variability. Considering the amount of money awarded for providing ES 
that lower flood risk, future developments like ongoing climate change 
(Pörtner et al., 2022) will cause the remuneration amount to increase, so 
the monetary value for damage costs must be adjusted continually. 

4.2. Floristic richness 

When calculating the floristic richness, not relying on averages but 
actual research about species richness for each scenario would make the 
results significantly more precise (Von Cossel et al., 2020). Therefore, 
the results of monetizing ES of this category only express a principal 
approximation. 

4.3. Choice modelling 

For the evaluation of the cultural services (e.g., landscape aes
thetics), the number of participants is crucial due to the wide range of 
potential opinions of the people (Aulia et al., 2020). Therefore, a public 
survey with a significantly higher number of participants than eleven 
would be more representative for the choice modelling section of the 
present study. This would have yielded a more realistic approximation 
of actual willingness to pay and thus the derivation of a more repre
sentative monetary value for nonuse assets, particularly for cultural 
services. However, if the monetization approach were to be 

implemented on a state level, this monetization approach could 
contribute highly to the determination of regional monetary values of 
novel bioenergy cropping systems such as WPM at field scale and 
therefore aid local and national policies concerning agricultural de
cisions and practices. 

4.4. Soil cover 

The monetization of erosion prevention with the soil cover indicator 
is simple but needs a reliable reference value. Soil cover is just one of 
many parameters influencing the erosion at a specific site. A major 
parameter is the slope of a field, which is not considered with the soil 
cover indicator. The disregard for time is another weak point for the 
monetization approach for erosion prevention carried out in this study. 
This is because soil cover changes and increases over the growing pe
riods as well as over the years with dynamic bioenergy cropping systems 
such as WPM (von Cossel and Lewandowski, 2016). With the consider
ation of soil cover variation over time, the soil cover measurements 
could become unmanageable. Thus, this method needs to be further 
developed and standardized average soil coverages of dynamic bio
energy cropping systems such as WPM need to be determined, also 
considering their reintegration into crop rotations after a certain time 
(von Cossel, 2022). 

4.5. Nitrogen balance 

The nitrogen balance approach used here is very simple and exem
plary. In the further development of monetizing nutrient cycling-based 
ES of WPM, other possible nitrogen inputs and outputs should be 
included such as the atmospheric deposition of nitrogen or biological 
fixation of atmospheric nitrogen via rhizobacteria (Liu and Ludewig, 
2019). In practice, this ES can be calculated using data available from 
government regulations. Like soil cover, the time scale was not taken 
into account here. Perennial bioenergy cropping systems like WPM are 
likely to have higher annual yields after the first cultivation year 
(Janusch et al., 2021; Von Cossel, 2020) and the share of legumes 
(usually in symbiosis with nitrogen-fixing rhizobacteria) may change 
over time (von Cossel and Lewandowski, 2016). In addition, the amount 
of fertilizer applied can also be decreased over time when cultivating 
WPM (Von Cossel, 2020). These two aspects suggest that the nitrogen 
balance and the subsequent ES rewards of the WPM cropping system are 
likely to improve if the time scale is properly integrated into the nitrogen 
balance valuation method. Following Lehmphul (2015), a nitrogen 
surplus of 70 kg/ha was chosen as the reference point. In the future this 
threshold could be used as a leverage point to promote efforts reducing 
the nitrogen surpluses by lowering the threshold. 

4.6. Visualization of the results via normalization 

In terms of the flower diagrams (Fig. 3a-d) and the methodology 
used, normalization allows for the visualization of synergies and 
tradeoffs, as well as the overall expression of various ES for each study 
site. Following Geneletti et al. (2018), normalization generally entails 
converting the ‘raw’ value of the ES indicators, expressed in their 
respective units (e.g., €/h). In this case, the normalization was simply 
performed with respect to the maximum indicator values across the four 
study areas. This aspect is critical to discuss with stakeholders and to test 
different normalization approaches, because there may be more 
appropriate normalization approaches for bioenergy cropping systems 
depending, for example, on what kind of marginal land is used for their 
cultivation and where it is located (Von Cossel et al., 2019a). Similarly, 
the choice of monetization methods is an important step in the ES 
assessment of WPM because it allows for the analysis of tradeoffs and 
synergies. Furthermore, future studies should include a sensitivity 
analysis to investigate the relationship between agricultural practices of 
WPM cultivation and their environmental impacts, as well as an 
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evaluation of the true costs and benefits of the cropping system (Wagner 
et al., 2022). Finally, due to the specific application, the limited number 
of study sites does not allow for the development of models to generalize 
and improve understanding of the direct and indirect causes of ES var
iations. Another important point to emphasize in the application of the 
proposed concept for monetizing the ES of novel bioenergy cropping 
systems such as WPM is that tradeoffs and synergies can be hidden or 
highlighted depending on the monetization methods, and ES category 
used (Geneletti et al., 2018). Moreover, even though revealed preference 
techniques are preferred because they represent actual behavior, their 
application to ES is limited. Stated preference techniques, on the other 
hand, are more adaptable in their application and rely on survey or trial 
responses (Brander et al., 2018). 

In general, the concept of WPM ES monetization introduced in this 
study displayed various drawbacks throughout the application in the 
schematic case study. Often indicators are easy to measure but the 
monetization is not directly possible and requires additional reference 
values derived with other monetization methods (Geneletti et al., 2018). 
The valuation approach carried out here does not cover all ES provided 
by WPM because of the required balance between applicability and 
accuracy of the valuation approach. Thus, the valuation and weighing of 
the different ES provided by novel bioenergy cropping systems such as 
WPM must be further refined and developed to produce valid data that 
can be used in an ES reward scheme. Additional challenges are expected 
to arise when applying the concept in a real setting, even more so in a 
large-scale application with thousands of farmers participating. For 
example, some methods in the concept require measurements for each 
distinct cultivation site, which is not feasible in a broader application 
setting. A solution could be the introduction of standardized estimates, 
lowering the number of required separate measurements and thus the 
labor required for the concept application. However, standardized es
timates will also reduce the accuracy of the valuation. Comparability 
and validity are only given if the ES of many different cropping systems 
are quantified and if the time factor is considered and integrated. 
Another point for research is the integration of the regional context into 
the concept (e.g slope of cultivation site/field, crop rotation manage
ment, soil quality etc.). 

However, the focus of this study was on an initial attempt to evaluate 
the ES portfolio of the novel perennial bioenergy cropping system WPM. 
Despite all ambiguities mentioned above, the results verify the level of 
governmental subsidies for WPM cultivation (250–500 €/ha*yr.), in 
Germany. The approach used here can be further developed in follow-up 
projects and possibly include more ES of WPM to the concept in the 
future while maintaining the applicability. 

5. Outlook and remaining research questions 

The developing and expanding bioeconomy has the aspiration to 
provide sufficient food, feed, biobased products and bioenergy while at 
the same time complying with the planetary boundaries approach and 
following the concept of the triple-bottom-line comprised of social eq
uity, economic viability and ecological sustainability (Lewandowski, 
2018). The monetization of ES in agroecosystems holds a potential to 
contribute to this aspiration in the sense that it supports a transition 
towards holistic pricing of traded goods and services, account for ex
ternalities (i.e. public goods, environmental impact levels etc.) and 
presents a roadmap towards combining the income of farmers with the 
necessity to maintain and possibly regenerate ES functions (Von Cossel 
et al., 2020). Implemented in a reasonable manner, the monetization of 
ES provided by WPM could contribute to solve the trilemma of material 
production (biomass for bioenergy purposes) and other ES (e.g. nursery 
services, climate regulation, erosion prevention etc.) competing for the 
scarce resource of land (Tilman et al., 2009). In this context, it would be 
very important to further develop more holistic approaches to integrate 
the values of other ES than biomass provisioning into a market economy 
which as far as now, still exhibits deficiencies in accounting adequately 

for the real worth of ES (de Groot et al., 2022; Von Cossel et al., 2020). 
Concerning the concept used in the context of the exemplary sche

matic case study on WPM, this can be complemented with further 
cropping systems and regional settings, so the validity and magnitude is 
increased. The fine-tuning should be undertaken by inter- and trans
disciplinary expert teams (e.g. agronomists, ecologists, policy makers 
and bioeconomists), as the process of developing a system for the 
monetization of ES (or the multifunctionality) provided by contrasting 
land use scenarios involves a multitude of disciplines, as for instance 
natural, social, and economic sciences (Geneletti et al., 2018; Morizet- 
Davis et al., 2023). The outcome can then be used, for example, by 
policymakers to inform decisions on policy issues regarding tradeoffs 
between economics and ecology, such as between maize and WPM 
cultivation for biogas production. Decision makers could thus be pro
vided with an effective and comprehensible tool to adequately consider 
ES (Geneletti et al., 2018). 

Talking about political decisions concerning WPM and the role of 
participation and particular interests, it is suggested that stakeholders 
cooperate rather than compete. This should help achieve the common 
goal of maintaining an environment in which the functionality of ES in 
more socio-ecologically sustainable bioenergy cropping systems (Von 
Cossel et al., 2019b) such as WPM is assured, especially for future 
generations. This implies that if farmers were rewarded for all ES pro
vided, they would incur no losses while growing WPMs compared with 
common biogas crop (e.g. maize) cultivation. Both nature and the so
ciety would benefit as long as WPM are grown in accordance with best 
management practices (Vollrath et al., 2012; Von Cossel, 2020). Stra
tegies like these could be first steps in reducing farmers’ reluctance to 
cultivate WPM due to the potential risks (lower biomass yield and 
quality, uncertain establishment success, etc.) (Morone et al., 2021; Von 
Cossel, 2020) and additional duties with regard to subsidy-related reg
ulations (Janusch et al., 2021). Another option would be to compensate 
WPM growers for the environmental services the crop-mixture provides 
to society, as the crop’s perennial nature provides various ES such as 
erosion prevention (Cosentino et al., 2015) and greenhouse gas miti
gation (Vollrath et al., 2012). However, as mentioned above, it would 
remain questionable whether the desired positive effects of WPM 
cultivation actually occur, so that the true benefits outweigh the true 
costs (Wagner et al., 2022). For example, contracts could include obli
gations to monitor cultivation success, which in turn could discourage 
farmers from cultivating WPM at all. 

However, in addition to the recommendations described above, it 
should be further investigated whether the know-how gained in the 
process of monetizing ES of bioenergy cropping systems such as WPM 
and maize should be implemented in real-life remuneration schemes or 
should exclusively serve as an information base for decision-makers. 
Further, it must be clarified whether ecosystems, with their 
complexity, non-static properties, and dependence on many influences 
(Le Provost et al., 2022), can be adequately captured in metric scales and 
subsequently expressed in monetary terms - for the purpose of main
taining the functionality of the ES provided (Spangenberg and Settele, 
2010; Unmüßig, 2019). 
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