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A B S T R A C T   

Soil quality is an important determinant of agricultural productivity, farm resilience and environmental quality. 
Despite its importance, the incorporation of sustainable soil management in economic models is lacking. This 
study approaches farmers as decision makers on soil management. Sustainable soil management may be an 
investment that goes at the expense of short-term returns but increases future soil quality. Hence, the key 
problem is economic: establishing long-term sustainable soil management at a minimized loss of income. In this 
study, we define the Economic Value of Land (EVL) as the cumulative returns of a piece of land over a period in 
time. Maximum long-term EVL is obtained if a soil’s potential is maximally utilized in a sustainable way. From 
this follows that the Economic Value of Sustainable soil Management (EVSM) is defined as the difference between 
a sustainable and unsustainable EVL. To acquire a fundamental understanding of EVSM, agronomic and technical 
factors must be integrated with economics. Production management, the complete set of physical and non- 
physical inputs is the primary determinant of future soil quality and hence EVL. Maximizing EVL first requires 
a fundamental understanding of soil quality management: What are the properties of soil quality and how are 
these influenced by crop production? Subsequently, production management has to be organized in such a way 
EVL is maximized. This study provides an overview of soil quality management and crop production management 
linked to economics. The framework provides a qualitative blueprint for bio-economic modelling and a basis for 
policies to enhance sustainable soil management.   

1. Introduction 

Soil quality is a primary determinant of crop productivity, farm 
resilience and the environmental quality of arable farming systems 
(Stevens, 2018; Karlen et al., 1997). Soil quality can be defined as: “The 
capacity of a specific kind of soil to function, within natural or managed 
ecosystem boundaries, to sustain plant and animal productivity, main
tain or enhance water and air quality, and support human health and 
habitation” (Karlen et al., 1997). The latter is increasingly under pres
sure, as a rising global population results in both an increasing demand 
for agricultural products and decreasing availability of land because of 
competition for space (Alexandratos and Bruinsma, 2012). Managing 
these requirements in an unsustainable way could lead to soil degra
dation, e.g. erosion, loss of soil organic matter and soil compaction 
(Koch et al., 2013). Currently, one-third of the worldwide available 
agricultural soils faces degradation (FAO and ITPS, 2015). 

Soil quality will become more and more important in the near future. 
Currently, soil degradation can be partly camouflaged with the use of 
inputs like fertilizers and pesticides, although at the trade-off of e.g. 
nutrient leaching and pesticide emission (Squire et al., 2015). As the 
maximum application levels of these inputs is increasingly restricted, 
soil degradation will become apparent. Due to climate change, the fre
quency and impact of extreme weather conditions is likely to increase. 
Therefore the capacity of soils to adapt to weather variation will become 
more urgent (Wall and Smit, 2005). A well-functioning soil might 
improve the resilience of farming systems (Ge et al., 2016; Cong et al., 
2014). 

Soil quality is not only of key importance to farmers who operate and 
often own the land, but also beyond the farm level (Kik et al., 2021). It is 
a crucial parameter when it comes to sustainable food production within 
agricultural value chains, or for water regulation or emission mitigation 
within regional ecosystems (Greiner et al., 2017; McBratney et al., 2014; 
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Koch et al., 2013). 
There is a strong call for the implementation of sustainable soil 

management (SSM): meeting the present needs of crop productivity and 
ecosystem services without compromising soil needs for future genera
tions (adapted from Smith and Powlson, 2007). A large number of 
studies establish links between soil quality, agricultural production and 
the provisioning of ecosystem services by soils, e.g. Bünemann et al. 
(2018), Greiner et al. (2017), Schwilch et al. (2016) and Dominati et al. 
(2010). However, the relation between farm management and soil 
quality has received surprisingly little attention. Within farm manage
ment, achieving a sufficient yearly income and long-term continuity of 
the farm are the prime goals for farmers (Kay et al., 2012). Considering 
these goals, the implementation of sustainable soil management can be 
regarded as an investment. These investments may reduce short-term 
income of the farmer but are expected to have a positive effect on the 
long-term farm income, farm resilience and provision of ecosystem 
services. Currently, insight in the long-term effect of SSM is lacking, 
which hampers implementation (Brady et al., 2015). Moreover, current 
profit margins are on average small, leading to limited possibilities to 
invest in long-term prospects. Hence, we can state that implementing 
sustainable soil management is a socio-economic problem. 

Various studies already addressed the economic aspects of soil 
quality. Dominati et al. (2014) and Robinson et al. (2013) proposed a 
framework for economic valuation of ecosystem services. However, the 
authors do not address how farm management influences the delivery of 
these ecosystem services. Stevens (2018) presented a conceptual 
approach towards the economics of soil health. The Stevens’ optimal 
control model is an extension of the work of Burt (1981) and McConnell 
(1983) that focussed on the economically optimal level of soil quality for 
individual farmers. Although Stevens (2018) made a valuable contri
bution, the study does not provide insight in the economic consequences 
in case unsustainable management of soil quality is applied. Insight in 
the economic consequences of soil degradation is crucial to show the 
benefits of sustainable management. Second, Stevens (2018) assumes 
well-behaved, unambiguous, and quantifiable relationships between 
soil quality, farm management practices and crop yield. By ignoring the 
technical, spatial, and temporal aspects of agricultural production as for 
example highlighted in Dury et al. (2012), agricultural production sys
tems are oversimplified. Stevens (2018) himself advocates future 
emphasis on these issues. Third, the social benefits of soil health 
including the relationship of such benefits with agricultural production 
and its economic consequences, require more attention. Studying such 
relationships is of pivotal importance because societal benefits and 
agricultural production often have conflicting expectations on soil 
quality. 

The current study explicitly builds on Stevens (2018). We use the 
Economic Value of Sustainable Soil Management (EVSM) as a quanti
tative basis for the farmers’ returns on investment in soil quality. Using 
the concept of EVSM, we explain the long-term economic consequences 
of soil quality degradation. Insight in EVSM is crucial for farmers as it 
allows them to make financially rational decisions. For other actors 
around the farmer, insight in EVSM can be used to create the proper 
financial incentives for implementation of sustainable soil management. 
As the management of the farmer is crucial, EVSM cannot be seen in 
isolation of technical and agronomic knowledge on soil quality and 
arable production. Building further on Stevens (2018), we address the 
fact that agricultural systems are much more complex in practice. 
Building further on our concept of EVSM, we further elaborate the 
technical, spatial and temporal aspects of crop production highlighted in 
Dury et al. (2012). Additionally, we explain the relationships between 
societal benefits and agricultural production in SSM. 

The aim of this paper is to (1) define the Economic Value of Sus
tainable Soil Management (EVSM), (2) establish a framework for sus
tainable soil management in an arable system context and (3) integrate 
disciplinary knowledge of soil quality management and crop 
management. 

The remainder of this paper is structured as follows. Section 2 pro
vides the economic conceptualization of SSM. Section 3 includes a 
framework for SSM in the context of arable farming. Section 3.1 and 
Section 3.2 provide technical and agronomic knowledge on soil quality 
and crop production respectively to implement SSM in arable farming. 
Both sections address knowledge gaps for implementation of SSM. The 
paper ends with a Discussion, including an illustration of the framework 
and implications for further use. 

2. Economic conceptualization of sustainable soil management 

This section presents an economic conceptualization of sustainable 
soil management. Within this economic conceptualization, production 
management (PM) refers to the set of decisions that can be made by the 
farmer in an arable production system. PM includes all physical inputs 
(e.g. fertilizer and plant protection products) and non-physical inputs (e. 
g. management choices, labour and capital). For an extensive overview 
of these inputs we refer to Ustaoglu et al. (2016). 

PM can be categorized in one of the following three strategies:  

(1) Unsustainable PM: PM consists of unsustainable practices causing 
a decline in soil quality, particularly in the mid-long run.  

(2) Sub-optimal PM: the soil’s potential is not fully utilized. PM can 
be intensified without affecting soil quality. 

(3) Sustainable PM: the soil’s potential is fully utilized in a sustain
able way. Soil quality and subsequently farm income does not 
decline over time. 

For a farmer as financially rational decision maker aiming at maxi
mization of long-term income and farm continuity the key question is 
how to choose PM in such a way that long-term farm income is maxi
mized in a sustainable way. This section defines the economic range for 
sustainable PM. The upper bound of this range is when PM becomes too 
intensive and subsequently soil quality starts to decline. The lower 
bound is the PM resulting in the minimum required farm income. In 
order to further define and illustrate the range for sustainable soil 
management we make the following assumptions:  

• Farmers are the decision makers on PM. However, they operate in a 
context with other actors that can influence their decisions (Kik et al., 
2021).  

• Farmers are the owners of the land, they want to continue their farm 
business in the long term, either via inheritance or takeover of the 
complete farm.  

• PM can consist of many options that will be elaborated in Section 3. 
For illustration purposes we assume that the whole set of production 
management options can be integrated into a vector PM intensity, 
ranging from an extensive PM to very intensive PM.1 Defining PM as 
a vector allows us to illustrate the range of sustainable management. 
When PM is sub-optimal, more intensive PM results in a higher yield. 
Beyond the point where PM is sustainable, a higher PM intensity 
causes a decline in soil quality. 

• In this illustration we consider a hypothetical farm on a given loca
tion for a long period of time. Over time, the PM of the farmer is 
constant, i.e. in a steady state.  

• Soil quality can be divided in inherent soil quality and manageable 
soil quality (Dominati et al., 2010). Inherent soil quality can hardly 
be influenced by management, e.g. soil texture (Schwilch et al., 
2016), while manageable soil quality (e.g. soil structure and soil 

1 Due to the many different options of production management one might ask 
whether it is justifiable to aggregate them into one vector. However, the un
derlying elements such as level of fertilization or cropping plan intensity are 
scalable. We therefore argue that for illustration purposes this approach is 
justifiable. 
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organic matter content) responds dynamically to the applied man
agement. Therefore, SQ refers to the manageable part of soil quality. 

Under these assumptions, PM is the primary determinant of soil 
quality. Hence, soil quality SQ can be defined as a function of the 
following elements: 

SQ = f (PM, W) (1)  

Where:  

• PM: Production management  
• W: Weather conditions: average weather conditions during growing 

seasons 

The two key outputs of an arable farming system are the physical 
crop yield Y and ecosystem services E. Ecosystem services are defined as 
“the benefits people obtain from ecosystems” (MEA, 2005). Contradic
tory to production, these ecosystem services often have the character
istics of a public good (Pascual et al., 2015). Their benefits manifest 
outside the farm level for the public at large. Y and E represent the total 
crop yield and delivery of soil-based ecosystem services from the whole 
arable farming system in a long-term steady state. Y and E can be defined 
as a function of the following elements: 

Y = g(SQ, E, PM,W) (2)  

E = h(SQ, Y, PM,W) (3) 

For an overview of soil-based ecosystem services we refer to Domi
nati et al. (2014) and Adhikari and Hartemink (2016). For better un
derstanding, we simplify by abstracting away from uncertainty to gain 
more tractability in our approach. We consider W as exogenous factor 
beyond control of the farmer. Assuming that in a steady state situation W 
is constant over time, we exclude W from Eqs. (1) to (3). Subsequently 
replacing SQ by Eq. (1) in Eqs. (2) and (3) shows that in the long-term 
the output level of Y and E is dependent on PM.

Y = g(f (PM), E, PM ) (4)  

E = h(f (PM), Y,PM ) (5) 

Eqs. (4) and (5) show that the choice for PM has a direct impact on Y 
and E via g(PM) and h(PM) as well as an indirect effect via SQ = f(PM). 
These equations show that in a long-term steady state situation PM via 
SQ is the primary determinant of the output level of Y and E.

Depicting the above graphically, Fig. 1A shows a hypothetical 
response curve of the output level of Y for a chosen PM intensity by the 
farmer. The yield curve increases for higher PM intensity until point α. 
Beyond α, a higher PM intensity does not result in a higher yield. Such a 
situation may imply a decline in SQ, which is not yet expressed in crop 
yield. The decline in SQ may be camouflaged by using more inputs. 
Beyond point β, PM is too intensive and unsustainable: the soil’s po
tential to generate yield is over-exploited. Subsequently, soil quality 
declines and yield starts to decrease. From a technical point of view, two 
areas can be distinguished in Fig. 1A: Area 1 represents unsustainable 
soil management, Area 2 represents sub-optimal management. 

Fig. 1B introduces the hypothetical response curves for ecosystem 
services. As follows from Eqs. 4 and 5, Y and E both depend on each 
other and PM. E can have two types of relations with Y:  

- Competing: E has a response curve that is opposite to the response 
curve of. Providing Ec at an optimal level requires a different level of 
PM than the optimum level of PM for yield. Whereas Y in Fig. 1B is 
maximal at point α, Ec is maximal at (or before) point γ.  

- Mutual: E and Y have a similar response curve (Em) The output of Y 
and Em do not go at the expense of each other. 

Similarly to Fig. 1A we can define an area of unsustainable man
agement in Fig. 1B. However, the area for sub-optimal management 
cannot be clearly defined as also delivery of E plays a role. The area of 
sub-optimal management is defined by the minimum required level of Ec 
and the minimum yield required for a sufficient income. Whereas from a 
technical point of view we cannot yet derive an optimum level of PM, we 
can derive an economic optimum if we introduce prices of outputs Yand 
E and costs of PM. Subsequently, the total net return generated in the 
arable production system can be defined as the Economic Value of Land 
(EVL) :

EVL = PY Y + PeE − PPMPM (6) 

In which:  

• EVL: The total net return of a certain piece of land to the user of the 
land over a defined period of time.  

• PY : Output price of Y.  
• PE: Financial reward for delivery of ecosystems services e.g. a cross- 

compliance subsidy or payment by another actor (Powlson et al., 
2011; Prager et al., 2011).  

• PPM: Costs of production management. 

Inserting Eqs. 4 and 5 into Eq. 6 shows that one can derive a steady 
state optimal PM and thus SQ by maximizing EVL through the choice of 
PM. 

EVL = PY g(f (PM),E,PM ) + PE h(f (PM), Y,PM ) − PPMPM (7) 

Fig. 2A builds upon Fig. 1A by showing the EVL response for PM. In 
this Figure, EVL is based on the revenue from Y and costs of PM and no 
financial reward for E. 

Until point α, the EVL curve in Fig. 2A has a similar pattern as the Y 

Fig. 1. (A) Yield (Y) response to an increasing production management (PM)

intensity in an arable production system. Area 1 represents the area with un
sustainable PM. Area 2 represents the area with sub-optimal PM. (B) Response 
of Y and ecosystem services E to an increasing PM intensity. E can be 
competing with Y (Ec) or_mutual (Em). 
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curve in Fig. 1A. Maximum yield and therefore maximum EVL is ach
ieved at point α.2 In area 2, there is an economic loss from sub-optimal 
PM. Between α and β, EVL decreases gradually. Although there is no 
decrease in Y yet (Fig. 1A), the higher intensity of PM is expected to 
result in higher costs and therefore a decreased EVL. Area 3 can there
fore also be considered as an economic loss of sub-optimal PM. Beyond 
point β, EVL declines due to a decrease in yield caused by unsustainable 
management. Hence, area 1 represents the economic loss of unsustain
able management. In a situation where crop yield is the only income of 
the farmer, sustainable soil management is achieved at point α, resulting 
in EVL : sustainable. At any other point, we can define the Economic 
Value of Sustainable Soil Management (EVSM) as the difference between 
EVL : sustainable and any other value of EVL. Fig. 2A illustrates this with 
ΔEVL2 in the sub-optimal area 2 and with ΔEVL1 in the unsustainable 
area 1. 

In addition to the returns for Y, we introduce a return for Ec in 
Fig. 2B. The total EVL is the sum of both returns. Because of the sub
stantial return on Ec, the maximum EVL is achieved at point α’. Before α’, 
PM is sub-optimal as more returns on Y can be achieved without 
compromising the return on Ec. ΔEVL2 represents the loss of EVSM due 
to sub-optimal PM. Between point α’ and β, PM is also sub-optimal. 
Although soil quality does not decrease yet, EVL could have been 
higher by choosing PM intensity α′ . 

Fig. 2B shows that farmers can be stimulated by financial incentives 
to adopt a PM intensity which is beneficial for the delivery of ecosystem 
services. Fig. 2B shows a rather extreme situation where as a result of a 
high return on Ec, the maximum EVL can be substantially increased. 
Given that currently yield is by far the largest source of income, a 
financially rational return for Ec would be at least a compensation for the 

EVL lost due to a reduction of Y. Note that in Fig. 2A the magnitude as 
well as the shape of the curves play a pivotal role. The lower the returns 
on Ec the more the farmer will choose his PM to maximize Y. 

EVL response curves for mutual ecosystems services in Fig. 2B are 
omitted because they do not have an impact on the optimum level of PM. 
For both a situation with and without a return on delivery of ecosystem 
services we show the lower and upper bounds for sustainable soil 
management from an economic perspective. From this economic 
conceptualization we can draw the following insights:  

• Both from a technical and economic point of view it is not in the long- 
term interest of the farmer or other actors to go beyond a sustainable 
level of PM and thereby degrade soil quality.  

• The lower bound of the range for sustainable soil management is 
defined by the reward for ecosystem services. 

The economic conceptualization above highlights the crucial role of 
PM with regard to sustainable soil management and defines this in an 
economic context. For a farmer aiming at maximizing long-term EVL, 
the following key economic questions must be addressed to gain insight 
in EVSM:  

(1) If EVL is at maximum sustainable level, how to maintain soil 
quality via the choice of PM so EVL stays maximal?  

(2) If EVL is not maximal, how to choose PM so that EVL is 
maximized?  

(3) If soil quality declines, how to change PM so EVL will return to its 
maximal level? 

To acquire a fundamental understanding of EVSM, the agronomic 
factors that determine the answers to these questions should be linked 
with economics. The following section provides a framework for sus
tainable soil management on farm-level for an arable farming system. 
The framework connects the EVL with management of soil quality and 
crop production in an arable system. 

3. Framework for sustainable soil management in arable 
farming 

Although a farmer is the prime decision maker regarding soil man
agement, he or she does not make decisions independently. The 
framework in Fig. 3 illustrates that farmers manage EVL within a context 
with other actors. 

The key elements of the framework are (i) the context of actors 
around the farmer, (ii) the Arable Production System (APS) and (iii) the 
Economic Value of Land (EVL). Fig. 3 shows that the EVL is determined 
by the following aggregated factors: (1) the production management 
(PM) and (2) soil quality. PM can be subdivided in soil management 
(SM), crop management (CM) and land use activities (LU). Disaggre
gation of LU shows that these in turn consist of the cultivation of a crop, 
cover crop or fallow period on a certain field at a moment in time t in a 
given sequence of activities (adapted from Dogliotti et al., 2004 and Van 
Ittersum and Rabbinge, 1997). Within LU, two key concepts are the crop 
rotation and cropping plan. Crop rotation is defined as the sequence of 
land use activities on a field (adapted from Castellazzi et al., 2008). The 
cropping plan is the acreage of crops and their spatial distribution within 
a particular year (Dury et al., 2012). It determines the total yield of 
product on the farm in a particular year within the context of soil 
characteristics and quality, weather conditions, varietal characteristics, 
input levels and occurrence of weeds, diseases and plagues. 

Crop management (CM) is the set of agronomic inputs related to one 
particular land use activity, e.g., a fertilizer or pesticide application in a 
crop within a particular growing season. Soil management 
(SM)represents a set with soil management inputs such as drainage, 
terracing or field levelling. Soil management aims at altering the soil 
properties for the benefits of the whole set of LU over multiple growing 

Fig. 2. (A) Total returns from agricultural land (EVL) in relation to Production 
Management (PM) intensity. ΔEVL1 in the area of unsustainable management 1 
represents the economic loss of soil quality degradation due to too intensive 
production. ΔEVL2 in the area of sub-optimal management represents the 
economic loss of sub-optimal PM. (B) Total return expressed as EVL for yield Y 
and ecosystem services Ec. Due to the return on ecosystem services EVL : Ec,

the optimum level of PM moves from α to α′ . 

2 Compared to Fig. 1A, the position of alpha (α) can shift to the left if costs of 
production management increase and subsequently marginal returns decrease. 
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seasons. 
The framework addresses which elements of sustainable soil man

agement can be controlled by the farmers. Following this framework, in- 
depth insight in two areas is needed: (1) Soil quality management: What 
are the properties of soil quality and how are these properties influenced 
by PM and (2) Arable farming management: How to organize PM in such 
a way that EVL is maximized? 

3.1. Soil quality management 

In Section 2, soil quality management was presented in an aggre
gated way related to EVL. However, in order to sustainably maximize 
EVL, a fundamental understanding of soil quality is required, providing 
basic insight in soil quality parameters, their interrelations and the way 
they are influenced by production management. 

Soil quality is a complex concept containing many interrelations that 
cannot be simplified to a set of independent indicators. Bouma (2014) 
states the following aspects have to be taken into account when 
assessing the impact of land use on soil quality.  

(1) Trade-offs between various characteristics of soil quality, i.e. 
optimizing the value of one soil characteristic may go at the 
expense of another. For example, addition of organic material 
with a high C/N ratio has a positive effect on the soil organic 
matter content but decreases mineral nitrogen content. 

(2) Optimizing the value of soil quality characteristics towards pro
duction may go at the expense of the soils’ capacity to deliver 
ecosystem services, as explained in Section 2. 

Fig. 4 illustrates soil quality management by explaining the relation 
between the production management and the main chemical, physical 
and biological components of soil quality. 

The soil properties in Fig. 4 can be assessed and measured (Dominati 
et al., 2010). The main chemical properties are the nutrient stocks, 
acidity, salinity and Cation Exchange Capacity (CEC). Losses occur if 
nutrient availability does not match with the crop demand (Janssen and 
de Willigen, 2006). Inputs of nutrients can either occur via application of 
fertilizer, manure or fixation by legumes (Schröder et al., 2004). Soil pH 
can decrease naturally due to precipitation or alternatively by 

Fig. 3. Framework integrating the Economic Value of Land (EVL) in an arable farming system.  

Fig. 4. Illustration of the various factors determining soil quality management. Underlined Soil Quality (SQ) properties are inherent and thus hardly influenced by 
production management. 
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application of acid fertilizers. Soil acidification can be prevented by 
using the right type of fertilizer or counteracted by applying lime 
(Haynes and Naidu, 1998). Soil salinization can occur via irrigation 
water that is too high in salt or through capillary rise from salty 
groundwater. The Cation Exchange Capacity is the ability of the soil to 
hold cations. As most nutrients are cations, the CEC is a primary 
determinant of the nutrient retention capacity. The CEC is influenced by 
the clay content, the organic matter content and the pH of the soil 
(Dominati et al., 2010). 

Soil texture is an inherent soil property representing the proportion 
of sand, clay and loam particles. Soil structure is the spatial arrangement 
and aggregate formation of these soil particles. A good soil structure 
enables water and oxygen infiltration and stimulates crop rooting and 
nutrient uptake. Intensive rooting crops have a positive effect on soil 
structure (Bronick and Lal, 2005), while heavy field traffic and lack of 
soil cover can negatively affect soil structure (Dogliotti et al., 2003; 
Hamza and Anderson, 2005). Soil Organic Matter (SOM) consists of the 
residues of plants, animal manure and soil organisms. SOM maintains a 
key function within the soil: SOM has a positive effect on soil structure, 
water retention and nutrient availability (Franzluebbers, 2002). 

Soil life can have either a beneficial or a pathogenic effect. One of the 
most important beneficial roles is the decomposition of plant residues 
and mineralisation of nutrients (Altieri and Nicholls, 2003). Another 
function is to act as natural enemies to combat diseases (Birkhofer et al., 
2008). Soil-borne diseases are caused by fungi, bacteria, viruses and 
nematodes that have a pathogenic effect on plants. The choice for a 
particular crop, the crop variety, the rotation and the production man
agement all affect soil life and pathogen development. 

Chemical, biological and physical soil quality are interrelated. One of 
the most important interactions between chemical and biological 
properties is mineralisation and immobilisation of nutrients by the soil 
life. The chemical composition of the soil, i.e. the pH, acidity and 
nutrient stock determine the composition and activity of the soil life. An 
important aspect in the interaction between chemical and physical soil 
properties is the effect of ion types on the structure of soils. Na+ resulting 
from soil salinization destroys soil structure, whereas adding Ca2+ by 
application of lime has a beneficial effect on soil structure. Soil physical 
properties determine the activity of soil life. Soil structure is a primary 
determinant for the exchange of oxygen, water and nutrients and hence 
for soil life as such. On the other hand, soil biota have an important role 
in the formation of soil structure, e.g. formation of channels by earth
worms (Boyle et al., 1997). 

The soil water content is defined as the water content in the layer of 
the soil that is accessible for crop roots. The soil water content affects the 
physical, biological and chemical properties. Soil water content de
termines for example the solubility of nutrients, structure formation and 
activity of soil life. Soil physical properties are the direct determinant for 
soil water content. 

To find the maximum sustainable EVL the following knowledge gaps 
for soil quality can be defined, on which further research is needed for a 
sound quantification of EVSM: 

(1) Soil quality cannot yet be explained as a complete set of prop
erties that are quantitative and measurable. Attempts have been 
made via so-called soil quality indices that try to capture soil 
quality as a unidimensional index (Stevens, 2018).  

(2) The interrelations and magnitude of interrelations between 
different soil quality parameters are unknown. One of Stevens’ 
(2018) criticisms on soil quality indices is their tendency to 
oversimplify the complex interactions between the various pa
rameters of soil quality.  

(3) Measuring soil quality can be expensive. So although a certain 
soil quality parameter can be measured and quantified, it does 
not make sense from an economic point of view (Stevens, 2018). 

(4) Impact of PM on soil quality is not fully understood and quanti
fiable. For example the effect of field traffic on soil structure is 
hard to quantify (Hamza and Anderson, 2005).  

(5) The response curves for yield and ecosystem services to soil 
quality parameters are to a large extent unknown, due to (i) the 
large time coefficient of soils: soils only respond slowly to 
changes in management and environment (Van Ittersum and 
Rabbinge, 1997), (ii) changes in PM over time and (iii) high de
pendency on the context, e.g. climate and location. 

From the above, it becomes clear that even detailed aspects of soil 
quality (e.g. SOM content) have economic relevance. Via crop residue 
management, application of manure and cover crops, SOM content can 
be influenced, which in turn has a short-term and long-term impact on 
soil quality. This will impact future EVL, as explained in Section 2. This 
not only applies for SOM, but for all aspects of soil quality. 

3.2. Arable farming management 

Fig. 3 described the factors that determine the arable farming man
agement in an aggregated form related to EVL. However, the latter in
cludes several simplifications and assumptions that require further 
elaboration. Section 2 introduced crop rotation and cropping plans as 
the concepts that determine the spatial and temporal allocation of land 
use activities and production management. Temporal and spatial allo
cation of LU and CM are heterogenous. For example, because of 
changing crop demands and variation in growing seasons, sequences of 
land use activities vary over time. Different soil types on the farm and 
availability of resources such as irrigation water cause variation in 
space. Fig. 5 provides an illustration of the spatial and temporal allo
cation of LU and CM in an arable farming system. 

A first type of spatial constraints on land use are biophysical con
straints. They represent properties of the fields that are hard to change, 
e.g., the soil type of a field. Structural constraints concern the resource 
availability e.g., access to water for irrigation. These constraints can be 
adapted in a long-term planning horizon (Dury, 2011). Organizational 
constraints can be changed within one growing season. The complete set 
of constraints determines the land use activities and the related pro
duction management on a field. For example, some crops will only be 
cultivated on a certain soil type where irrigation is available. Although 
the same crops can be cultivated on fields with different spatial con
straints, crop management can be different. For example, potatoes on 
sandy soil need different nutrients or irrigation compared to potatoes on 
clay soils. 

In Fig. 5, the cropping plan integrates the spatial and the temporal 
dimension (Dury et al., 2012). The cropping plan is the combination of 
crops and their respective acreage on the fields b and d. The crop rota
tion determines the temporal dimension of crop production (Castellazzi 
et al., 2008). Fig. 5 illustrates a crop rotation over three years. The crop 
rotation on field b is a fixed crop rotation: the rotation has a predefined 
duration and crop sequence. The crop rotation on field d is a flexible 
crop rotation, the duration and crop sequence are variable. Fig. 5 shows 
that the crop management at a given moment in time is influenced by 
the previous crop management activities and also influences future crop 
management activities. Although the crop sequence on two plots with 
equal properties is the same, crop management does not have to be the 
same. For example, if on these two plots wheat is grown, selling the 
straw for one of the plots implies other consequences on future crop 
management than keeping the straw on the field and incorporating it 
into the soil. 

The spatial and temporal planning aspects of crop production sys
tems have been approached via cropping plan selection models (Dury 
et al., 2012). Although a vast body of models exists to support farmers in 
their short-term optimization of farm income, these models do not suf
ficiently address the long-term effects on soil quality. For a sound 
quantification of EVSM, the following knowledge gaps regarding 
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modelling of arable farming systems can be defined:  

(1) Take the time dimension of crop rotation into account. Many 
existing models optimize the cropping plan for only one year and 
ignore temporal effects between crops (Dogliotti et al., 2003; 
Klein Haneveld and Stegeman, 2005).  

(2) Address spatial variability to a sufficient scale. Many existing 
models tend to over-simplify spatial variation in planning of land 
use activities (Dury et al., 2012).  

(3) Approach cropping plan decisions as a dynamic concept. Many 
existing models assume static cropping plan decisions, made only 
once per year or rotation. Dury et al. (2012) argue that cropping 
plan decisions are a dynamic process that are subject to a 
considerable degree of uncertainty, resulting in a flexible crop 
rotation as depicted in Fig. 5. This implies that long-term maxi
mization of EVL calls for a dynamic model.  

(4) Include soil quality and arable production as a dynamic concept. 
Many existing models use a target-oriented approach, i.e., the 
required production management is derived from a target yield 
level that does not respond dynamically to the environment (Van 
Ittersum and Rabbinge, 1997). A production function as used in 
crop growth models simulates crop yields based on soil quality 
production management and weather conditions (Jones et al., 
2003; Stöckle et al., 2003). Implementing such an approach 
would require detailed information on soil quality and crop-soil 
relations. 

In summary, spatial and temporal allocation of land use activities 
and crop management have economic relevance. A certain production 
management implemented by a farmer on a piece of land determines the 
short-term EVL on that piece of land. In the long-term, the sequence of 
land use determines the development of SQ and subsequently EVL. 
Optimization of soil quality therefore cannot be seen in isolation of 
important concepts like cropping plans and crop rotation. 

4. Discussion 

This paper introduced the concept of the Economic Value of Land 
(EVL) and derived from this the Economic Value of Sustainable Soil 
Management (EVSM), and presented its interdisciplinary and 
conceptual-theoretical foundations. These included the relationships 

between economic concepts and fundamentals of soil quality and arable 
farming. 

4.1. Key findings 

In this study, we defined the EVSM as the difference in financial 
returns between sustainable and unsustainable soil management, where 
financial returns are calculated based on the Economic Value of Land 
(EVL): the total returns of a piece of land over a given time period. A 
positive difference indicates that it is in the long-term interest of the 
farmer to improve soil quality. Besides yield and the costs to generate 
that yield, this study also addresses the demands of society for ecosystem 
services as part of the EVL. However, the optimum soil quality for crop 
yield is not always the same as the optimum for these ecosystem ser
vices. To create an incentive for farmers, a financial compensation of at 
least the value of lost production has to be considered in order to 
maintain the EVL. 

The choice for land use activities (i.e. crops) and the related set of 
inputs in a particular year are made by the farmer and determine the EVL 
in that year. Over time, land use activities and inputs are the primary 
determinants of future soil quality. Therefore, the key economic ques
tion is how to reach or maintain a sustainable level of EVL by managing 
the land use activities and related inputs. This study shows that 
answering this question requires a fundamental understanding of soil 
quality parameters and the relation of these parameters with land use 
activities and their related inputs. The follow-up question is how to 
organize the land use activities and inputs in space and over time to 
reach maximum EVL in a sustainable way. 

4.2. Reflection on the framework 

In order to increase the credibility of the framework, we assess the 
potential gains as well as shortcomings and remaining challenges of the 
framework based on three criteria. The first criterion is the comprehen
siveness of the framework to reach the research objective (Van Ouden
hoven et al., 2012). The second criterion is the correctness i.e. the extent 
to which the framework is a valid and correct representation of reality 
(Manson, 2003). The last criterion entails the practical applicability, i.e. 
the extent to which the presented framework can be applied in a broad 
range of land use systems (Van Oudenhoven et al., 2012). 

For the comprehensiveness of this study, we used a broad definition 

Fig. 5. Illustration of factors determining arable farming management. In the spatial dimension, spatial constraints determine allocation of land use activities (LU)

and crop management (CM) to a certain field. The time dimension represents the sequence of LU and CM over the year. Figure adapted from Dury (2011). 
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of sustainable soil management that not only focuses on production but 
also on soil-based ecosystem services. Such an approach is a prerequisite 
for sustainable development as an exclusive focus on agricultural pro
duction may go at the expense of the delivery of these ecosystem services 
(Bouma, 2014). In this study, we assumed farmers to be the landowner, 
but we excluded the market value of land as part of the EVL. If a farmer 
wants to continue farming, sale of the land is not an option, hence the 
market value can be excluded.3 However, if the farmer wants to stop 
farming, selling the land for agricultural or non-agricultural purposes 
becomes an option. Market value can also have a disturbing effect if it 
becomes disproportionally large compared to the returns from produc
tion. To enhance further comprehensiveness of the framework, inclusion 
of the market value might be a valuable approach. 

In many situations farmers are not the owners of the land. Never
theless, the framework remains applicable. In case of a long-term lease 
contract, the goals of farmers and land owners align, as both of them aim 
for maximization of long-term EVL. This is underpinned by the study of 
Deaton et al. (2018). On the contrary, short-term lease contracts impose 
a serious risk for soil degradation because of over-exploitation in the 
short-term and lack of long-term investments in soil quality. If the 
benefits of an investment in soil quality manifest outside the period of 
land use, there is no incentive for the farmer to invest in soil quality. 
Close monitoring of soil quality by e.g. a soil quality index and creating 
financial incentives for sustainable soil management, e.g. a reduced rent 
are possible solutions for land owners. More suggestions to implement 
sustainable soil management in a situation of split ownership and usage 
of land can be found in Deaton et al. (2018). Our study presented an 
interdisciplinary approach, which is a prerequisite for a comprehensive 
framework. According to Bouma (2010), only an integrated approach, 
combining physical, chemical, biological and space–time techniques, 
can fully demonstrate soil science’s potential to solve sustainability 
issues. 

Concerning the correctness of the framework, an assumption within 
this study is farmers’ incentives are purely financial. However, farmers 
can have other incentives than financial ones, e.g. lifestyle and personal 
considerations (Austin et al., 1998). Although income maximization 
might not be the prime goal, a sufficient level of income is a basic 
requirement for farm survival. Hence, we can state that economic as
pects of sustainable soil management remain important even if income 
maximization is not the primary incentive. This framework states that 
soil-based ecosystem services which go at the expense of farmers’ pri
vate benefits require a compensation. However, several authors have 
questioned the role of financial compensation and have argued for 
voluntary commitment instead (Juerges and Hansjürgens, 2018; Pascual 
et al., 2015; Verspecht et al., 2011). Our framework shows that delivery 
of ecosystem services does not always go hand in hand with farmers EVL. 
In such cases, it is up to the farmer to decide whether he or she is 
satisfied with a reduced EVL or that compensation by other actors is 
needed. The first case indicated a voluntary commitment to ecosystem 
services, the latter the need for financial involvement of the actors that 
benefit from the ecosystem services. As a sufficient EVL is a prerequisite 
for farm survival, we argue that a financial reward for delivery of 
ecosystem services can be an integrated part of sustainable develop
ment. In Section 2, we assume the price of outputs and the costs of inputs 
as exogenous variables. However, these variables can to a certain extent 
be controlled by the decision maker. Crop prices, for example, can partly 
be controlled via sale contracts. This implies that beyond the choice for 
land use activities and the related inputs, farmers can maximize EVL 
based on additional elements. 

The practical implementation of EVSM calls for a few important re
flections. This framework demonstrates the essential role of EVSM to 
support soil quality. Moreover it presents an outline on how to calculate 

the EVSM: the difference in returns from a maximum sustainable long- 
term EVL and the current level of EVL. Whereas the latter can be 
easily quantified, the maximum sustainable long-term EVL is not yet 
quantifiable. Despite this shortcoming, the current set-up allows to 
judge options for SSM based on their expected contribution to future 
EVL. A logical next step is to define the maximum sustainable long-term 
EVL based on the knowledge gaps concerning soil quality management 
and arable farming management. Fixing these knowledge gaps would 
further enhance the use of EVSM. A valuable approach would be to link 
the concept of EVSM to the concepts of production ecology as described 
by Van Ittersum and Rabbinge (1997). Our study shows that the concept 
of EVL and EVSM is applicable for various scenarios. A simple scenario 
involves a farmer maximizing EVL for his own long-term benefits. In 
such a scenario, soil sampling, monitoring schemes for soil quality and 
decision support systems are useful means of support for the farmer. A 
more complex scenario involves both farmers and environmentally 
engaged actors who benefit from soil-based ecosystem services. Such a 
scenario requires monitoring of these ecosystems services, as well as 
establishing a financial reward. 

4.3. Conclusions 

This paper introduces sustainable soil management as a socio- 
economic problem: establishing long-term sustainable soil manage
ment at a minimized loss of income. We introduced the Economic Value 
of Sustainable Soil Management (EVSM) as a foundation for economic 
based decision making on soil quality. The land use activities, i.e. crops, 
cover crops or fallow periods and related physical and non-physical 
input are the primary determinants of soil quality and hence EVSM. 
The complex nature of soil quality and many interactions with farm 
management highlight the need for decision-support via bio-economic 
farm models (Robinson et al., 2013). This study provides a qualitative 
blueprint for such a model. A farmer is the prime decision maker in a 
context with other actors who can have competing requirements on soil 
quality. This framework illustrates how these competing requirements 
interact with the farmer’s incentives. Results from this study can 
therefore be used as a basis for the development of policy and business 
models towards sustainable soil management. 
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Groenigen, J.W., Brussaard, L., 2018. Soil quality – a critical review. Soil Biol. 
Biochem. 120, 105–125. https://doi.org/10.1016/j.soilbio.2018.01.030. 

Burt, O.R., 1981. Farm level economics of soil conservation in the Palouse area of the 
Northwest. Am. J. Agric. Econ. 63 (1), 83–92. 

Castellazzi, M.S., Wood, G.A., Burgess, P.J., Morris, J., Conrad, K.F., Perry, J.N., 2008. 
A systematic representation of crop rotations. Agric. Syst. 97, 26–33. https://doi. 
org/10.1016/j.agsy.2007.10.006. 

Cong, R.G., Hedlund, K., Andersson, H., Brady, M., 2014. Managing soil natural capital: 
an effective strategy for mitigating future agricultural risks? Agric. Syst. 129, 30–39. 
https://doi.org/10.1016/j.agsy.2014.05.003. 

Deaton, B.J., Lawley, C., Nadella, K., 2018. Renters, landlords, and farmland 
stewardship. Agric. Econ. 49 (4), 521–531. 

Dogliotti, S., Rossing, W.A.H., Van Ittersum, M.K., 2003. ROTAT, a tool for 
systematically generating crop rotations. Eur. J. Agron. 19, 239–250. https://doi. 
org/10.1016/S1161-0301(02)00047-3. 

Dogliotti, S., Rossing, W.A.H., Van Ittersum, M.K., 2004. Systematic design and 
evaluation of crop rotations enhancing soil conservation, soil fertility and farm 
income: a case study for vegetable farms in South Uruguay. Agric. Syst. 80, 277–302. 
https://doi.org/10.1016/j.agsy.2003.08.001. 

Dominati, E., Patterson, M., Mackay, A., 2010. A framework for classifying and 
quantifying the natural capital and ecosystem services of soils. Ecol. Econ. 69, 
1858–1868. https://doi.org/10.1016/j.ecolecon.2010.05.002. 

Dominati, E., Mackay, A., Green, S., Patterson, M., 2014. A soil change-based 
methodology for the quantification and valuation of ecosystem services from agro- 
ecosystems: a case study of pastoral agriculture in New Zealand. Ecol. Econ. 100, 
119–129. https://doi.org/10.1016/j.ecolecon.2014.02.008. 

Dury, J., 2011. . The Cropping-plan Decision-making: a Farm Level Modelling and 
Simulation Approach. Doctoral dissertation. 

Dury, J., Schaller, N., Garcia, F., Reynaud, A., Bergez, J.E., 2012. Models to support 
cropping plan and crop rotation decisions. A review. Agron. Sustain. Dev. 32, 
567–580. https://doi.org/10.1007/s13593-011-0037-x. 

FAO, ITPS, 2015. Status of the world’s soil resources (SWSR) - technical summary. Food 
and Agriculture Organization of the United Nations and Intergovernmental 
Technical Panel on Soils. Rome, Italy. 

Franzluebbers, A.J., 2002. Water infiltration and soil structure related to organic matter 
and its stratification with depth. Soil Tillage Res. 66, 197–205. https://doi.org/ 
10.1016/S0167-1987(02)00027-2. 

Ge, L., Anten, N.P., van Dixhoorn, I.D.E., Feindt, P.H., Kramer, K., Leemans, R., 
Meuwissen, M.P., Spoolder, H., Sukkel, W., 2016. Why we need resilience thinking 
to meet societal challenges in bio-based production systems. Curr. Opin. Environ. 
Sustain. 23, 17–27. https://doi.org/10.1016/j.cosust.2016.11.009. 

Greiner, L., Keller, A., Grêt-Regamey, A., Papritz, A., 2017. Soil function assessment: 
review of methods for quantifying the contributions of soils to ecosystem services. 
Land Use Policy 69, 224–237. https://doi.org/10.1016/j.landusepol.2017.06.025. 

Hamza, M.A., Anderson, W.K., 2005. Soil compaction in cropping systems A review of 
the nature, causes and possible solutions. Soil Tillage Res. 82, 121–145. https://doi. 
org/10.1016/j.still.2004.08.009. 

Haynes, R.J., Naidu, R., 1998. Influence of lime, fertilizer and manure applications on 
soil organic matter content and soil physical conditions: a review. Nutr. Cycl. 
Agroecosystems 51, 123–137. https://doi.org/10.1023/A:1009738307837. 

Janssen, B.H., de Willigen, P., 2006. Ideal and saturated soil fertility as bench marks in 
nutrient management. 1. Outline of the framework. Agric. Ecosyst. Environ. 116, 
132–146. https://doi.org/10.1016/j.agee.2006.03.014. 

Jones, J.W., Hoogenboom, G., Porter, C.H., Boote, K.J., Batchelor, W.D., Hunt, L.A., 
Wilkens, P.W., Singh, U., Gijsman, A.J., Ritchie, J.T., 2003. The DSSAT cropping 
system model. Eur. J. Agron. https://doi.org/10.1016/S1161-0301(02)00107-7. 

Juerges, N., Hansjürgens, B., 2018. Soil governance in the transition towards a 
sustainable bioeconomy – a review. J. Clean. Prod. 170, 1628–1639. https://doi. 
org/10.1016/j.jclepro.2016.10.143. 

Karlen, D.L., Mausbach, Cline, M.J., Schuman, G., Doran, J.W., Harris, R., 1997. Soil 
quality: a concept, definition, and framework for evaluation. Soil Sci. Soc. Am. J. 61, 
4–10. https://doi.org/10.2136/sssaj1997.03615995006100010001x. 

Kay, R.D., Edwards, W.M., Duffy, P.A., 2012. Farm Management, 7th ed. McGraw-Hill, 
New York.  

Kik, M.C., Claassen, G.D.H., Meuwissen, M.P.M., Smit, A.B., Saatkamp, H.W., et al., 
2021. Actor analysis for sustainable soil management– A case study from the 
Netherlands. Land Use Policy 107. https://doi.org/10.1016/j. 
landusepol.2021.105491. 

Klein Haneveld, W.K., Stegeman, A.W., 2005. Crop succession requirements in 
agricultural production planning. Eur. J. Oper. Res. 166, 406–429. https://doi.org/ 
10.1016/j.ejor.2004.03.009. 

Koch, A., Mcbratney, A., Adams, M., Field, D., Hill, R., Crawford, J., Minasny, B., Lal, R., 
Abbott, L., O’Donnell, A., Angers, D., Baldock, J., Barbier, E., Binkley, D., Parton, W., 
Wall, D.H., Bird, M., Bouma, J., Chenu, C., Flora, C.B., Goulding, K., Grunwald, S., 
Hempel, J., Jastrow, J., Lehmann, J., Lorenz, K., Morgan, C.L., Rice, C.W., 
Whitehead, D., Young, I., Zimmermann, M., 2013. Soil security: solving the global 
soil crisis. Int. J. 4, 434–441. https://doi.org/10.1111/1758-5899.12096. 

Manson, S.M., 2003. Validation and verification of multi-agent models for ecosystem 
management. Complex. Ecosyst. Manag. Theory Pract. Multi-Agent Approaches, 
pp. 63–74. 

McBratney, A., Field, D.J., Koch, A., 2014. The dimensions of soil security. Geoderma 
213, 203–213. https://doi.org/10.1016/j.geoderma.2013.08.013. 

McConnell, K.E., 1983. An economic model of soil conservation. Am. Journ. of Ag. Econ 
65 (1), 83–89. 

MEA (Millenium Ecosystem Assessment), 2005. Ecosystems and Human Well-being: 
Synthesis. Island Press, Washington (DC).  

Pascual, U., Termansen, M., Hedlund, K., Brussaard, L., Faber, J.H., Foudi, S., 
Lemanceau, P., Liv, S., 2015. On the value of soil biodiversity and ecosystem 
services. Ecosyst. Serv. 15, 11–18. https://doi.org/10.1016/j.ecoser.2015.06.002. 

Powlson, D.S., Gregory, P.J., Whalley, W.R., Quinton, J.N., Hopkins, D.W., Whitmore, A. 
P., Hirsch, P.R., Goulding, K.W.T., 2011. Soil management in relation to sustainable 
agriculture and ecosystem services. Food Policy 36, S72–S87. https://doi.org/ 
10.1016/j.foodpol.2010.11.025. 

Prager, K., Hagemann, N., Schuler, J., Heyn, N., 2011. Incentives and enforcement: the 
institutional design and policy mix for soil conservation in Brandenburg (Germany). 
L. Degrad. Dev. 22, 111–123. https://doi.org/10.1002/ldr.1038. 

Robinson, D.A., Hockley, N., Cooper, D.M., Emmett, B.A., Keith, A.M., Lebron, I., 
Reynolds, B., Tipping, E., Tye, A.M., Watts, C.W., Whalley, W.R., Black, H.I.J., 
Warren, G.P., Robinson, J.S., 2013. Natural capital and ecosystem services, 
developing an appropriate soils framework as a basis for valuation. Soil Biol. 
Biochem. 57, 1023–1033. https://doi.org/10.1016/j.soilbio.2012.09.008. 
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