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Maintaining biotic capacity is of key importancewith regard to global food and biomass provision. One reason for
productivity loss is soil compaction. In this paper, we use a statistical empirical model to assess long-term yield
losses through soil compaction in a regionalized manner, with global coverage and for different agricultural pro-
duction systems. To facilitate the application of the model, we provide an extensive dataset including crop pro-
duction data (with 81 crops and corresponding production systems), related machinery application, as well as
regionalized soil texture and soil moisture data. Yield loss is modeled for different levels of soil depth
(0–25 cm, 25–40 cm and N40 cm depth). This is of particular relevance since compaction in topsoil is classified
as reversible in the short term (approximately four years), while recovery of subsoil layers takes much longer.
We derive characterization factors quantifying the future average annual yield loss as a fraction of the current
yield for 100 years and applicable in Life Cycle Assessment studies of agricultural production. The results show
that crops requiring enhanced machinery inputs, such as potatoes, have a major influence on soil compaction
and yield losses,while differences betweenmechanized production systems (organic and integrated production)
are small. The spatial variations of soil moisture and clay content are reflected in the results showing global
hotspot regions especially susceptible to soil compaction, e.g. the South of Brazil, the Caribbean Islands, Central
Africa, and the Maharashtra district of India. The impacts of soil compaction can be substantial, with highest an-
nual yield losses in the range of 0.5% (95%percentile) due to one year of potato production (cumulated over 100 y
this corresponds to a one-time loss of 50% of the present yield). Thesemodeling results demonstrate thenecessity
for including soil compaction effects in Life Cycle Impact Assessment.
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1. Introduction
Soil systems have different functions including biomass production,
building the physical environment for humans and harboring biodiver-
sity. Moreover, soils are a source of raw material and they store, filter
and transform a broad range of substances, such as nutrients (including
carbon) and water (McBratney et al., 2011). The fulfilling of these func-
tions depends on a soil's quality (Greiner et al., 2017). Soil quality is
characterized by biological, chemical, and physical properties, processes
and interactions within the soils. The evaluation of soil quality is not
straightforward because governing parameters differ from site to site
and depend on the management goal (Karlen et al., 2003). Soil systems
are highly heterogeneous. Their consistencies vary horizontally and ver-
tically in space and time. All these aspects representmajor challenges in
quantifying and comparing impacts of human actions on soil quality
worldwide. The importance of soil quality to produce food, fodder,
fuel and fabrics was already recognized in the 1980s (Karlen et al.,
2003) and it received increased attention within the discussion about
how to feed the world's growing population (Bringezu et al., 2014).
Stagnation or a decrease in productivity due to soil degradation causes
economic loss and affects food security (Bindraban et al., 2012).

Soil degradation is defined as adverse changes in soil properties and
processes leading to a reduced capacity of the soil to provide ecosystem
functions (Lal et al., 2003). Soil degradation impacts are often long-term
and sometimes irreversible (Blume et al., 2010). Themain threats to soil
are erosion, loss of organic matter, compaction, salinization, landslides,
contamination, sealing (European Comission, 2012; Grunewald and
Bastian, 2012), soil biodiversity loss, desertification and decline in fertil-
ity (Haygarth and Ritz, 2009; Lal, 2009; Lal et al., 2003; Muchena et al.,
2005). On aworldwide level, deforestation and agricultural mismanage-
ment are, among others, severe causes of soil degradation (Lal et al.,
2003;Muchena et al., 2005). In order to prevent further soil degradation
and to restore degraded soils, the European Union harmonized existing
soil monitoring networks (Kibblewhite et al., 2008). On the global
scale at 1:10million, GLASOD (Oldemanet al., 1991)was thefirst assess-
ment on the status of human-induced soil degradation (Sonneveld and
Dent, 2009). It was established for policy makers as a basis for priority
setting in their action programs. Soil scientists throughout the world
gave their expert opinion according to general guidelines on soil degra-
dation in 21 geographic regions (Oldeman et al., 1991). Two categories
of degradation processes were assessed. One category contains effects
of soil displacement (mainly erosion degradation). The second category
estimates soil degradation caused by other physical and chemical dete-
rioration. Despite its limitations, GLASOD remains the only complete,
globally consistent information source on land degradation (Gibbs and
Salmon, 2015). Rickson et al. (2015) stated that the extent of compacted
soil in Europe is 33 million ha. The number has its origin in the soil deg-
radation survey of Oldeman et al. (1991). This corresponds to 18% of
Europe's agricultural land, when considering the total agricultural land
of the EU28 in 2013 (Eurostat Statistics Explained, 2015). Since the
weight of agricultural machinery has increased (Batey, 2009;
Hakansson and Reeder, 1994; Kutzbach, 2000; van den Akker, 2004),
the problem may even be more pronounced today. Estimates of areas
at risk of soil compaction vary. Some authors estimate that 36% of
European subsoils have a “high or very high susceptibility” to compac-
tion, other sources report 32% of European soils as being “highly suscep-
tible” and 18% as being “moderately affected” (Jones et al., 2012).

Soil compaction is defined as a “negative” change in the volume
shares of the three phases of a soil, i.e. the solid phase, the water and
the air-filled spaces. Such a change may be due to compression and/or
shearing of the soil pore structure (Blume et al., 2010). The compaction
status can be characterized by the relative bulk density, which is the
bulk density normalized by laboratory-defined reference states
(Hakansson and Lipiec, 2000) or by the penetration resistance
(Martínez et al., 2016). Soil compaction affects the function of the
pores to store and transport water and gases, nutrients and heat,
which is essential for plants and animals to live and grow (Blume
et al., 2010). The resulting impact includes the risk of yield reduction,
erosion, and reduced water infiltration capacity that may even cause
floods after heavy rainfall (Nawaz et al., 2013; Van der Ploeg et al.,
2006). In compacted soils, apart from drowning the crops in logged
water and disturbed nutrient regimes, microorganisms are not able to
work and penetration of agricultural crops' roots is hindered. To make
up for yield losses, farmers often apply additional fertilizer to their
crops (O'Sullivan and Simota, 1995). Higher fertilizer applications in
wet soils cause e.g. more nitrous oxide emissions, which is a highly po-
tent greenhouse gas (Nawaz et al., 2013). Other emissions from fertili-
zation contribute to eutrophication.

Animal trampling and the use of heavy agricultural machinery are
the main causes for soil compaction on agricultural land (Bilotta et al.,
2007). Wet soils with high clay content and low organic matter are par-
ticularly sensitive to impacts of compaction. Clay-organicmatter interac-
tions are stabilizing soil aggregates, and to a certain degree, these
aggregates are able to absorb thepressure. The stability of the aggregates
is weaker in wet soil and the structure is more destroyed at higher pres-
sure (Van der Ploeg et al., 2006). The deeper the compaction occurs in
the soil, the less possibility of restoration (Jones et al., 2012). Mechanical
deep tillage makes soils even more susceptible for re-compaction after
heavy equipment passes over again (Håkansson, 2005; Spoor, 2006).

To implement a better trafficking system, several mechanistic
methods are used for the assessment of “soil compaction”, e.g. (Biris
et al., 2011; Keller et al., 2007; Stettler et al., 2010; van den Akker,
2004). These models are accurate for calculation of the physical impact,
such as soil stress versus soil strength for every tire of an agricultural
machine at certain environmental conditions. However, they require in-
formation on a level of detail that is typically not available to Life Cycle
Assessment (LCA) practitioners. Furthermore, the model output often
refers to single process steps for the real time management in crop
growing without considering entire growing cycles.

Existing Life Cycle Impact Assessment (LCIA)methods related to soil
quality are highly heterogeneous (Vidal Legaz et al., 2017). They either
provide indicators for soil properties, like soil organic matter (SOM) or
soil threats (erosion or desertification etc.). Some methods assess the
provision of ecosystem services based on soil functions. Despite meth-
odological improvements, soil quality aspects in LCIA need to be im-
proved (Dijkman et al., 2018). In a previous paper we introduced a
framework for consistent LCIA of soil degradation (Stoessel et al.,
2016), which we enhanced with further detail in Fig. 1a).

Applications of environmental LCA to evaluate future food systems
need to assess a broad variety of environmental impacts in order to
avoid burden shifting. The heterogeneity of agricultural production sys-
tems and locations has to be taken into account. The goal of this work
was to fill the gap in LCIA regarding impacts of soil compaction on a
global level with high spatial resolution and being able to assess differ-
ent agricultural systems. In this paper, we provide an operational
method for the assessment of long-term yield reduction due to soil
compaction in LCIA. To facilitate the application to agricultural activities,
we establish and provide a dataset about machinery use for 81 crops
and their growing cycle in various mechanized production systems.
This is of particular interest to assess soil quality impact when compar-
ing different production systems like organic and conventional produc-
tion (Nemecek et al., 2011). Furthermore, this method is applicable on a
global, regional or local scale. The global application of the newmethod
and data to the cases of wheat and potato productionwith a spatial res-
olution of 1 × 1 km illustrates the extent of potential impact.

2. Materials and methods

2.1. Model overview

We use the empirical model of Arvidsson and Hakansson (1991) to
calculate yield loss induced by soil compaction. This model is based on



Fig. 1. a) Framework for impacts of soil degradation processes on soil productivity modified from Stoessel et al. (2016). The new impact pathway for agricultural soil compaction is
highlighted in bold, italic (SOM: soil organic matter, tkm-corr/ha: corrected tonne-kilometers per ha). b) Detailed modeling approach for soil compaction. Calculation of elementary
flows and characterization factors for three soil layers; rounded boxes represent the model input, layered rectangles represent the three soil layers for which separate calculations are
made.
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a statistical analysis of results obtained from Swedish field trials
(Arvidsson and Hakansson, 1996). The applicability is not restricted to
Sweden (Lipiec et al., 2003) and an adapted version was successfully
tested in Australia for perennial crops (Braunack et al., 2006). The
model is relevant to tillage systems that include ploughing. It considers
an entire crop growing cycle and the results are calculated for three soil
layers (0–25 cm, 25–40 cm and N40 cm depth).

The model input needed is partly crop dependent and partly soil de-
pendent. Crop dependent inputs are machine types and their
specifications (i.e. working width, machine weight, and tire pressure),
the number of passes per growing cycle and extra traffic on the field
(e.g. for turning). Soil dependent inputs are soil moisture and clay con-
tent. The data and their origin are shown in Table 1.

With this input, so-called corrected tonne-kilometers per ha (tkm-
corr/ha) are calculated, which represent a proxy for the pressure on
the soil exerted by themachinery (i.e. the stressor causing soil compac-
tion) during one growing cycle on 1 ha. These values are then translated
into a yield loss.
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2.2. Model adaptation for LCA: calculation of elementary flows and charac-
terization factors

For our purposes, themodel has been separated into twomain parts
in order to calculate an elementary flow (an exchange between techno-
sphere and biosphere) and a characterization factor to calculate the im-
pact. The crop dependent part, considering machinery data, is used to
calculate a proxy elementary flow in corrected tonne-kilometers per
ha, representing the cumulated pressure from machinery (techno-
sphere) on the soil (biosphere). In the quantification of characterization
factors, soil characteristics are taken into account to calculate spatially
resolved characterization factors, translating the elementary flow into
damage, measured as yield loss (Fig. 1b). The procedure is described
in more detail in the following paragraph.

The distance driven per ha and machine is calculated based on the
working width of the machine and a correction for extra traffic (e.g.
turns on the head of the field). The result is a corrected distance in km
per ha. This distance again is corrected for weight on the different
axles of the tractor and trailers and for the tire-pressures, since these
factors affect pressure on the soil and the propagation downwards to
the deeper soil layers. Accordingly, the corrections are calculated for
the three soil layers. Tillage practices and non-tillage practices are
treated separately. The corrected tkm/ha for each machine application
are multiplied by the number of passes per crop and ha, and these re-
sults are summed (separately for each of the three soil layers). The
resulting total corrected tkm per ha, crop and layer is the new elemen-
tary flow suggested as a proxy for pressure on the soil. Along with pro-
ductivity information (yield per area), this flow can also be calculated
per amount of crop, as typically done in a life cycle inventory (LCI).

In order to calculate the percent yield loss per ha and crop, the
corrected tkm per ha are multiplied with an empirically derived factor
considering soil moisture and a factor considering the clay content of
the soil (the latter is only done for the top soil layer) (Arvidsson and
Hakansson, 1991). Both factors combined build the characterization fac-
tors for the three soil layers, and they directly translate the corrected
tkm per ha into percent yield loss (for each crop and the soil layer).

Topsoil compaction is less persistent than subsoil compaction,which
is almost irreversible and very difficult to treatmechanically (Arvidsson,
2001). We adopt the assumption of Arvidsson and Hakansson (1991)
that the top soil layer (0–25 cm depth) recovers within 4 years, while
the effects of compaction in themid soil layer (25–40 cm depth) are as-
sumed to persist for 10 years. Themodel estimates the cumulative yield
loss for all years and expresses it in percent of one year's yield
(Arvidsson and Hakansson, 1991). The compaction impacts in the bot-
tom soil layer (N40 cm depth) are considered to be permanent
(Braunack et al., 2006). In order to aggregate the bottom soil layer im-
pacts with those of the other soil layers, a time horizon of 100 years
Table 1
Overview of data used in the modeling.

References

Crop
dependent
inputs

Machinery
use

agridea and FiBL (2012)

Machine
specification

Arvalis (2004), Agrar (2014), Stettler et al. (2010),
New Holland (2014), Gazzarin (2016), Maschio
(2012), Becker (2014), Holmer (2014), Capaul and
Riedi (2012), Michelin (2011), Keller (2005),
Diserens et al. (2011), Battiato and Diserens
(2013), Diserens (2011), Schjønning et al. (2008),
Diserens et al. (2004), Schjonning et al. (2012),
Bastgen and Diserens (2009), Diserens (2009),
Lamande and Schjonning (2008), BAFU und BLW
(2013), Grimme (2014), Claas (2013), Stoessel
(2018)

Soil
dependent
inputs

Soil moisture Trabucco and Zomer (2010), Siebert et al. (2013),
Lüttger et al. (2005)

Soil clay
content

Hengl et al. (2017)
has been chosen and impacts for one year's yield of the top and mid
soil layers are divided by 100 accordingly (Eq. (1)). Results are pre-
sented as average annual yield loss (for all layers) in percent of the ref-
erence yield without further compaction for all the following crops
during the next 100 years.

∅annual yield loss100y ¼
%yield losstop soil

100y
þ%yield lossmid soil

100y
þ %yield lossbottom soil

.
y

ð1Þ

Since compaction effects showed to be cumulative in previous stud-
ies (Braunack et al., 2006), compaction impacts are assumed to be addi-
tive. In reality, there is presumably an equilibrium state. An aggregation
is useful for common LCA studies, but themethod outlined here can also
be usedwithout aggregation, if the goal of the study is tomodel impacts
dynamically as a function of time. With regard to the recovery times of
4 years in the top soil layer and 10 years in themid soil layer, this would
mean spreading themodel outputs for these layers in away over the re-
covery times that the recovery can be approximated by a linear trend.
An example is provided in Fig. 2.

2.3. Model input: production and machinery specification data

The choice of specific agricultural machines used in growing crops
depends on the crop type, their position in the crop rotation, the pro-
duction system and other factors. Following the proposal of Stoessel
et al. (2016) to reduce the data requirement for the user in LCA, we
set up a multi-level calculation system. In this system, the user only
needs to provide data on the type of crop, the production system, and
the location. The latter is used for selection of the spatially explicit char-
acterization factor that is available in a resolution of 1 km. As shown in
Fig. 1a), this information allows for the query of a dataset containing the
relevant information on the corresponding default machinery data that
is currently provided independent of the location and should be
adapted in case of strongly deviating production conditions.

Two distinct datasetswere collected to set up this database. First, the
machinery used during the entire growing cycle of 81 crops is compiled.
This includes the number of passes that everymachine does during one
growing cycle. In the current version, this is derived from production
cost calculation sheets (agridea and FiBL, 2012) for Switzerland. The
resulting dataset contains the necessary information on integrated and
organic crop production. The key elements that mark the integrated
crop growing system are equilibrated nutrient balance, ecological com-
pensation areas on at least 7% of the farm area, diversified crop rotation,
Fig. 2. Dynamic impact modeling with linear recovery, in case of the top soil layer within
4 years, in case of the mid soil layer within 10 years; areas represent yield losses in % of
yield in the reference year; hatched: model output, filled: model output assigned to
different years with linear recovery, red: top soil layer, blue: mid soil layer, green:
bottom soil layer. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)
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soil protection duringwinter and targeted pest management (Nemecek
et al., 2011). Organic growing systems include the key elements of the
integrated production systems and in addition - as key characteristics
- they do not allow the use of chemically synthesized pesticides and fer-
tilizers and genetically modified organisms. The dataset is presented in
Appendix B, and future work can extend it to other crops and produc-
tion systems.

The second type of dataset comprises the specifications (such as
type, weight, working width, or tire inflation pressure) of the different
machines in the first dataset. The data sources are given in Table 1.
The choice of the agricultural machinery is the most important man-
made factor that influences soil compaction, since thewheel load gener-
ates the physical pressure on soil. In our dataset, no special efforts to re-
duce the wheel load, like twin-tires or reduced machine weights, are
considered. In future work, the dataset (Appendix C) can be extended
to include other machines.

2.4. Model input: soil moisture data

Themodel requires an estimation of soilmoisture content of the top-
soil and subsoil layer on a scale from 1 (dry soil) to 5 (wet soil)
(Braunack, 1999). Values for the soil stress coefficient from Trabucco
and Zomer (2010), ranging from 0 to 1, have been fitted to this scale
(and rounded to one decimal place) by Eq. (2) in order to provide a
soil moisture content value (SMCV) for the modeling of the characteri-
zation factors. This value is used for both soil layers.

SMCV ¼ soil stress coefficient � 4þ 1 ð2Þ

The soil stress coefficient is the ratio of the monthly soil water con-
tent (SWC) divided by the maximum SWC, which is the difference be-
tween SWC at field capacity and the SWC at the wilting point. This
difference is sometimes also referred to as available water capacity
(AWC) (Trabucco and Zomer, 2010). Furthermore, irrigation data has
been taken into account. The area actually irrigated as a percentage of
total area (of a raster cell in a global raster) has been calculated with
data from Siebert et al. (2013). It is assumed that soils under irrigation
are irrigated up to a soil stress coefficient of 0.5. A value of 0.5 to 0.8 is
optimal for plants (Lüttger et al., 2005), corresponding to a soil moisture
content value of 3. The final value of the soil moisture content in a raster
cell with irrigation is calculated according to Eq. (3), which simply com-
putes the area weighted average of the SMCV and the irrigation value
(which is 3).

SMCVirrigated ¼ areairrigated
areatotal

� SMCV þ areanot irrigated
areatotal

� 3 ð3Þ

Soil moisture data at monthly resolution has been run through the
model equations and then averaged to a yearly soil moisture correction
factor. However, monthly correction factors and hencemonthly charac-
terization factors could also be calculated.

2.5. Model input: soil clay content

One of the basic parameters for running the model is the clay con-
tent of the top soil layer (Arvidsson and Hakansson, 1991). For our
case study, we use datasets from SoilGrids250m (Hengl et al., 2017).
This is a global soil information system at 250 m resolution, which is
set up by the Institute for World Soil Information (ISRIC). It is based
on approximately 110,000 soil profiles from conventional soil surveys
and climatic, lithological, biological indices. Among other soil informa-
tion, it provides global maps of (modeled) clay fractions at seven stan-
dard depths. In order to calculate the clay content for the top soil
(0–25 cm), the top four layers (0, 5, 15, 30 cm) have been averaged as
suggested by Hengl et al. (2017). For compatibility with the spatial
data of soil moisture, the clay content data are aggregated to a grid res-
olution of 1 km using the resample-algorithm of ArcGIS 10.5.

2.6. Method application comparing production systems

The comparison of the modeled inventories allows studying the in-
fluence of the crop production system on compaction. This is calculated
for 24 pairs of crops in organic and integrated production according to
Eq. (4).

Δorganic−integrated %½ �

¼
X
crops

X
layer

tkmcrop; organicð Þ−
X
layer

tkmcrop; integratedð Þ
X
layer

tkmcrop; integratedð Þ
� 100

0
BB@

1
CCA=24 ð4Þ

where
X
layer

tkmcrop;ðorganicÞ is the sum of the modeled tkm of one organic

crop and for the three layers, and
X
layer

tkmcrop;ðintegratedÞ for integrated pro-

duction, respectively. The combination of inventory and characteriza-
tion factors then allows quantifying the magnitude of impact
considering both crop and site factors.

3. Results and discussion

3.1. LCI elementary flow

The corrected tonne-kilometers per ha, as a proxy for the pressure
on soil that subsequently translates into compaction damage, are on av-
erage 16% higher for organic than for integrated crop farming. The same
calculation without aggregation of the three soil layers results with an
average difference of 17% for the top soil layer, 11% for the mid soil
layer, and 24% for the bottom soil layer higher for organic than for inte-
grated crop farming. This is visible in Fig. 3. Fig. 3 also shows for all of the
soil layers a)-c) that differences between the crops within one produc-
tion system are bigger than between the same crops produced in differ-
ent mechanized production systems.

The differences are partly due to the number of machinery passes
during one growing cycle. The average number of passes for the 24 or-
ganic and conventional crops considered in this study is 14.2 and 15, re-
spectively. In four cases, the number is higher in organic production
systems, in 14 cases lower. The differences in the number of passes re-
sult from different fertilizer and pesticide application regimes. Further
differences result from the weight and the working widths of the
kinds of machines used, especially in the application of farmyard ma-
nure in organic systems versus disc spreaders used for synthesized fer-
tilizers and in themechanical weeding in organic agriculture versus the
application of pesticides in conventional farming. Note that we have
used one machine specification (i.e. working width, machine weight,
and tire pressure) for the same application, e.g. ploughing, in organic
and conventional production.

To reduce compaction impact, an appropriate crop choice ismore ef-
fective than a change between variousmechanized production systems.
The crops with the highest compaction impacts are potatoes and
meadows in their first year. The most prevalent reason for both crops
is the number of passes in the fields. Potato production depends highly
on the weather conditions and can be intensive in crop protection
(weed control and pest management). Moreover, the harvesting proce-
dure needs heavy machines. This is because the harvest of the below-
ground growing tubers takes more energy (Williams et al., 2010),
which is a direct measure for the size of the machines and the tractor
power (Van Linden and Herman, 2014). The corrected tkm per ha for
81 crops are presented for the three soil layers in a table in Appendix E.



Fig. 3. Comparison of pressure on soil for 24 organic (x-axis) and integrated (y-axis) crops for the three soil layers (a) top soil layer, b) mid soil layer, c) bottom soil layer) (the unit is
corrected tkm per ha, which is proportional to the impact for each soil layer at a given site). The line of equality is depicted in red and the number in brackets is the amount of crops
and production systems for overlaying dots. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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3.2. LCIA characterization factors

The characterization factors are expressed in the unit “Percent an-
nual average yield loss per corrected tkm”. They depend on soil mois-
ture and (in the case of the top soil layer) on clay content. The high
geographical and depth-dependent variation of soil properties requires
a high spatial resolution. Characterization factors for the three soil layers
(0–25 cm, 25–40 cm and N40 cm depth) are provided as maps (Appen-
dix A, Fig. A1) and as GeoTIFF raster files (for 1 km resolution) on the
ETH research collection server. Characterization factors, aggregated to
country and sub-country level, are also provided in the Appendix E
(for methodological details see also Appendix A, p3).

Regions differ widely in susceptibility to soil compaction. The char-
acterization factors for dry regions, as e.g. North Africa, South Africa,
the Arabian Peninsula, the biggest part of Australia, are low. An excep-
tion is visible in the Nile Delta where the characterization factors are
higher than in its surrounding. This is due to extensive irrigation prac-
tices. A similar situation is observed at the foot of the Himalaya Moun-
tains in India.

The influence of the clay content of the soil is apparent when com-
paring the maps of characterization factors for topsoil and the maps of
the characterization factors for bottom- and subsoil. This is especially
pronounced in dry regions, e.g. on the Arabian Peninsula, where soil
moisture is not responsible for the susceptibility to compaction, but
the clay content. The reverse phenomena can be observed in Japan
and South East Asia. Both have high soil moisture contents that are
reflected in the characterization factors of the bottom and middle soil
layer, whereas the characterization factors of the topsoil vary. The top-
soil susceptibility of the Japanese islands is lower than the susceptibility
of the island of South East Asia due to the lower soil clay content.

Regions with high clay content and high soil moisture and therefore
high characterization factors in all soil layers are e.g. the South of Brazil
(Santa Catarina, Parana and partly Rio Grande do Sul), the Caribbean
Islands, Central Africa, and the Maharashtra district of India.

The characterization factor presented implies a long-term use of the
land assessed as agricultural land. However, also if the land were aban-
doned, compaction impactswould continue showing as a loss of net pri-
mary production (NPP). Of course, the assessment would then need to
respect recovery times and permanent impacts (see Fig. 2).
3.3. Life cycle impact

The impacts of compaction are illustrated with potato and wheat
production for cropping systems in Fig. 4. The same type of figure can
be produced for all of the 81 crops with the information provided in
the Appendix A–C and the calculation code written in Python™ on
Github (link in Appendix A, p2). The geographical distribution of the im-
pacts for both of the crops is very similar (triggered by the characteriza-
tion factors and their dependence on soil characteristics). The difference
of the impact between potato and wheat results from the different ma-
chine application during the production in one growing season. Potato
cultivation needs more machinery inputs per ha because of the inten-
sive pest management and because of the elaborate harvesting proce-
dure of the belowground tubers (Williams et al., 2010). This is also
shown in Lin et al. (2017), where the input of liters of diesel per ha
and year is 46 and 104 for winter wheat and potatoes, respectively.

For time series of land use maps, e.g. when modeling dynamically
changing crop rotations, the impacts can be aggregated in order to cal-
culate the expected yield reductions. This analysis can go even further
by incorporating the effect of changing soil moisture with climate pre-
diction scenarios in order to find optimal crop rotations (land use
scenarios).

Moreover, the impact can be assigned to compaction effects from
different soil layers. This is shown in the Appendix A, Fig. A2 for the ex-
ample of potatoes. For regions with a soil moisture class (which is the
average of yearly soil moisture) up to 2 (corresponding to a very dry
and dry soil), 100% of the impact is assigned to the top soil layer com-
paction, resulting in a rather short-term effect. In this case, it is assumed
that the soil can recover within 4 years if compacting treatments are
stopped. When considering all locations with soil moisture class 3–5
(which corresponds to intermediate, moist andwet soil), 61% of the im-
pact is assigned to top soil compaction, 12% tomid soil compaction, and
26% of the impact occurs due to bottom soil compaction. The latter is ex-
pected to be permanent.

The potential soil compaction impacts are shown for the whole
world, although crop growth is not possible everywhere due to mani-
fold factors and limiting environmental conditions, e.g. temperatures.
In the Appendix A, Fig. A3, the impact for the example of potato is
shown on the current crop-specific growth area and on present total ag-
ricultural area, illustrating current compaction hotspots. However, com-
pared to the status-quo presentation in the Appendix A, Fig. A3, the
global coverage of Fig. 4 has the advantage that future sites of crop
growth can also be taken into account in order to find out where it is
not adequate to expand crop-growing areas with regard to compaction.
Insights about potential compaction impacts are also useful when a
transition is considered from manually managed small-scale farming
system (without significant compaction impacts) to amoremechanized
one.

Yield losses due to soil compaction may remain unnoticed since
yields underlie year-to-year variations. Farmers often try to compensate
yield losses through fertilization or different cultivation practices
(Hamza and Anderson, 2005; Nawaz et al., 2013), but by doing so
they do not solve the underlying problem of compaction. There are
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different strategies either to prevent yield loss and other environmental
impacts caused by soil compaction or to stimulate recovery in the top
and mid soil layers through changed management strategies. Preventa-
tive management strategies are e.g. performing field work during low
soil moisture periods, twin-tires and reduced tire-pressure for heavy
machines (Hamza and Anderson, 2005), ploughing out of the furrow
(Chamen et al., 2003), conservation tillage practices (as for example
no-till management) (Farooq and Siddique, 2015), adapted crop rota-
tion (ley pasture) (Radford et al., 2007) and controlled traffic farming
using permanent traffic lanes (vs. random traffic farming) (Gasso
et al., 2013). Furthermore, the enrichment of the soil with soil organic
matter (SOM) improves its structure, whichmight help with mitigating
compaction (Hamza and Anderson, 2005; Milà i Canals et al., 2007).

Recoverymanagement strategies (always including preventativeman-
agement strategies) include actions such as crop rotation change either to
loosen compacted layers by a different soil management or by different
rooting patterns or to grow crops which are less sensitive to compaction
than others (Arvidsson and Hakansson, 2014). The results of recovering
by subsoiling (tillage in deep soil layers) are moderate (Batey, 2009).

3.4. Limitations and recommendations for future research

In this study, one particular set of machinery data is used, corre-
sponding to two Swiss production systems. Machinery type and use
varies throughout the world and needs to be adapted to the specific
conditions. This can either be done by individual data collection or the
use of other existing databases, such as the database provided by KTBL
(2011–2017). Furthermore, life cycle inventory databases such as
ecoinvent (Ecoinvent, 2017) also include data on agricultural machin-
ery. Most of the information needed as model input can be found in
ecoinvent process descriptions or reports (Nemecek and Kägi, 2007).
Along with the correction factors provided here and basic assumptions
on tire pressure, this information can be translated into the elementary
flow “corrected tkm per ha”, using the referenced Python code (link in
Appendix A, p2). A direct integration of compaction pressure flows
into the ecoinvent database, by generating the additional elementary
flow “corrected tkm per ha” for existing processes, would shortcut the
calculations for the user and facilitate the application of the compaction
impact assessment method.

To calculate the characterization factors, the original model
(Arvidsson and Hakansson, 1991) requires soil moisture data within a
scale of 1 to 5 (1 = very dry, 2 = dry, 3 = intermediate, 4 = moist, 5
= wet) (Braunack, 1999). The subjective estimation of these soil mois-
ture classes of the original method was replaced by using soil moisture
proxy data from geospatial databases, as described in the Method sec-
tion. However, it was not possible to distinguish between soil moisture
of various soil layers for the whole globe, as required by the selected
original model (Arvidsson and Hakansson, 1991). Furthermore, soil
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moisture does not only vary horizontally and vertically, but also in time.
Therefore, it is suggested to consider soil moisture data at monthly or
daily resolution for calculation of temporally differentiated characteri-
zation factors in future work. Since crop production is also season-
dependent and varies in time from North to South, inventory modeling
should be temporally differentiated as well and combined with the cor-
responding characterization factors to increase the reliability of the re-
sults, as done for water consumption impacts (Pfister and Bayer, 2014).

Themodel is an empirical model, which could be seen as a limitation
since it is a black box. However, the model has been proven to work for
different conditions (Braunack et al., 2006). Themodel is suitable for an-
nual crops grown in moldboard ploughing crop systems that is applied
in approximately 90% of the global arable area. This is 100% minus the
estimated area under conservation tillage (7.4–11%), which has the ten-
dency to rise (Derpsch et al., 2010; Kassam et al., 2014; Lal, 2013). Con-
servation tillage includes no-till systems where soils are not disturbed
through tillage. An extension for conservation tillage systems and for
perennial crops, as it was done by Braunack et al. (2006), would com-
plete the possibilities for analyses, especially for the analysis of crop ro-
tations with different tillage systems.

Soil compaction is not only a problem of crop growing agriculture.
Soil compaction also occurs on pastures caused by grazing animals
(Drewry et al., 2008), in forest harvesting, in recreation land use, and
construction sites (Batey, 2009). The environmental assessment of a
product or service requires including all stages of a life cycle. It is thus
desirable to include other sources of soil compaction in the future.

Since GLASOD is the only global map on soil degradation that in-
cludes soil compaction, it is difficult to validate the results presented
above. For single regions, more detailed and more up to date maps are
available and presented for Europe in the Appendix A, Fig. A4. A visual
comparison of the characterization factors for top soil with the map re-
veals a good accordance of the regions associatedwith compaction risks.
4. Conclusions

This study offers a new method for LCA practitioners to include im-
pact assessment of soil compaction into Life Cycle Assessment of agri-
cultural products. It enables the calculation of potential compaction
impacts of crop rotation and cropland expansion scenarios. This type
of analysis can be especially interesting in combination with climate
change and future land-use scenarios, for example.

The comparison of the elementary flows of 24 pairs of organic and
conventional crops revealed that the differences in impacts of mecha-
nized production systems are small when compared with differences
in impacts of different crops. Thus, to avoid compaction impacts, crop
choice has the larger leverage than changing from one production
method to another. Furthermore, an appropriate timing of the machin-
ery application to favorable soil conditions (low soil moisture) and re-
ducing the machinery load are effective measures to reduce
compaction impacts.

The structures of the soils vary widely. In this study, the global char-
acterization factors for the impact of soil compactionwere based on spa-
tially highly resolved soil clay data (250m, aggregated to 1 km) and soil
moisture data at a resolution of 1 km. The characterization factors for
dry regions are low, except in regions where widespread irrigation is
practiced. The influence of the clay content of a soil is reflected in the
characterization factors for the topsoil. Dry sites with enhanced clay
content have higher values for the characterization factors in the topsoil
than for the characterization factors in the middle and bottom soil. The
highest characterization factors for all soil layers are observed in regions
with high soil moisture and high values of clay content. In those regions,
annual yield losses averaged over 100 years can amount up to 0.5% (cu-
mulated over 100 y this corresponds to a one-time loss of 50% of the
present yield), and, hence, at those locations compaction represents a
substantial risk to agricultural production.
The geographical distribution of the characterization factors is
clearly visible in the impact of different crop productions under the as-
sumption that the elementary flow for one crop is the sameworldwide.
Around one quarter of the impact in regions with soil moisture classes
3–5 (that corresponds to intermediate,moist andwet soils) is attributed
to compaction impacts resulting from bottom soil compactions, which
are expected to be permanent. Repeated crop growing under unfavor-
able conditions can accumulate the compaction impact and harm the
production of agricultural commodities for a long time.
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