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Series Preface

With remarkable vision, Prof. Otto Hutzinger initiated The Handbook of Environ-
mental Chemistry in 1980 and became the founding Editor-in-Chief. At that time,

environmental chemistry was an emerging field, aiming at a complete description

of the Earth’s environment, encompassing the physical, chemical, biological, and

geological transformations of chemical substances occurring on a local as well as a

global scale. Environmental chemistry was intended to provide an account of the

impact of man’s activities on the natural environment by describing observed

changes.

While a considerable amount of knowledge has been accumulated over the last

four decades, as reflected in the more than 150 volumes of The Handbook of
Environmental Chemistry, there are still many scientific and policy challenges

ahead due to the complexity and interdisciplinary nature of the field. The series

will therefore continue to provide compilations of current knowledge. Contribu-

tions are written by leading experts with practical experience in their fields. The
Handbook of Environmental Chemistry grows with the increases in our scientific

understanding, and provides a valuable source not only for scientists but also for

environmental managers and decision-makers. Today, the series covers a broad

range of environmental topics from a chemical perspective, including methodolog-

ical advances in environmental analytical chemistry.

In recent years, there has been a growing tendency to include subject matter of

societal relevance in the broad view of environmental chemistry. Topics include

life cycle analysis, environmental management, sustainable development, and

socio-economic, legal and even political problems, among others. While these

topics are of great importance for the development and acceptance of The Hand-
book of Environmental Chemistry, the publisher and Editors-in-Chief have decided
to keep the handbook essentially a source of information on “hard sciences” with a

particular emphasis on chemistry, but also covering biology, geology, hydrology

and engineering as applied to environmental sciences.

The volumes of the series are written at an advanced level, addressing the needs

of both researchers and graduate students, as well as of people outside the field of

vii



“pure” chemistry, including those in industry, business, government, research

establishments, and public interest groups. It would be very satisfying to see

these volumes used as a basis for graduate courses in environmental chemistry.

With its high standards of scientific quality and clarity, The Handbook of Environ-
mental Chemistry provides a solid basis from which scientists can share their

knowledge on the different aspects of environmental problems, presenting a wide

spectrum of viewpoints and approaches.

The Handbook of Environmental Chemistry is available both in print and online

via https://link.springer.com/bookseries/698. Articles are published online as soon

as they have been approved for publication. Authors, Volume Editors and

Editors-in-Chief are rewarded by the broad acceptance of The Handbook of Envi-
ronmental Chemistry by the scientific community, from whom suggestions for new

topics to the Editors-in-Chief are always very welcome.

Dami�a Barceló
Andrey G. Kostianoy

Series Editors
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Preface

This second volume of the global agricultural soil degradation project is dedicated

to Europe. It is well known in Europe that agricultural soil degradation severely

impacts the environment. For instance, the extension of soil degradation in the

Mediterranean area is still being determined [1]. Soil intensive exploitation due to

intensive agriculture practices is a source of the food chain and water reserves

contamination and species extinction. Approximately 40% of European soils are

subjected to industrial agriculture. This represents tremendous pressure in these

areas. Approximately 36 million ha in European Union countries are affected by

compaction.1 Water erosion is also one of Europe’s most common forms of soil

degradation. In 2016, about 43 million ha were affected by water erosion. 80% of

these areas were agricultural or grasslands. This is especially serious in southern

European countries.2 On the other hand, agricultural areas are more vulnerable in

northeast Europe [2]. In the EU, mean soil erosion is 1.6 times higher than the mean

soil formation [3]. Secondary salinization (e.g., saltwater intrusion, wastewater use,

groundwater table fluctuation, water logging, fertilizers, or saline water irrigation)

is estimated to affect 3.8 Mha in Europe [4]. The costs of soil salinization in Europe

are enormous. They range between €577 and €610 million per year.3 Soil pollution

due to agriculture management in Europe is severe due to agrochemicals use [3]. In

European Union countries about 65–75% of agricultural soils, the use agrochem-

icals and other products s more than the necessary.4 There are different dynamics

among member states. For instance, Italy, Germany, Spain, and France consumed

1https://esdac.jrc.ec.europa.eu/themes/soil-compaction.
2https://ec.europa.eu/eurostat/statistics-explained/index.php?title=Agri-environmental_indica

tor_-_soil_erosion&oldid=581847#Introduction.
3https://pr.euractiv.com/pr/economic-impacts-salinization-exceeds-half-billion-euro-year-

europe-alone-and-cost-projected-rise.
4https://www.eea.europa.eu/themes/soil.
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two-thirds of pesticides in all of Europe.5 The usage of nitrogen and phosphorus is

increasing in Europe. Compared to 2010, in 2020, the European Union countries

used more than 10 million tons of nitrogen and 1.2 million tons of phosphorus,

respectively.6 Finally, the concentration of metals such as cadmium or copper is

very high in some areas. The use and abuse of agrochemicals substantially

increased the presence of nutrients in water bodies threatening flora and fauna in

these ecosystems. It is recognized that the agrochemicals regulatory regime in

agriculture is rather weak, which is an important barrier to halting and reversing

their use [3]. There is much evidence that agricultural intensification is an ongoing

process in Europe. Several strategies have been developed to reduce the impacts of

intensive agriculture on the ecosystems and soil degradation, such as the European

Green Deal.7 One of the aims is to ensure “A healthy food system for people and the

planet.” The EU goals are (1) to ensure food security in the face of climate change
and biodiversity loss, (2) to reduce the environmental and climate footprint of the
EU food system, (3) to strengthen the EU food system’s resilience, and (4) to lead a
global transition towards competitive sustainability from farm to fork.8 The objec-
tives are ambitious. However, there is a lot to do to make them a reality. In volume

II of the book, global agricultural soil degradation contributions from Croatia,

Czech Republic, Estonia, Germany, Greece, Hungary, Iceland, Italy, Latvia,

Lithuania, Portugal, Slovenia, Spain, Sweden, and Ukraine were published.

Vilnius, Lithuania Paulo Pereira

Seville, Spain Miriam Mu~noz-Rojas
Zagreb, Croatia Igor Bogunovic

Beijing, China Wenwu Zhao
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Abstract Croatian agriculture has a small impact on the country’s economy (around
4% of the Croatian Gross Domestic Product), but agricultural activities affect
agricultural land and reduce quality and productivity. The types of land degradation
are not distributed equally in the territory, considering an environmental diversity
between the Mediterranean, Mountain and Continental parts of Croatia, different
pedological and geomorphological conditions, and cropping and management sys-
tems. In Croatia, the most widespread degradation problems are soil erosion by
water and soil compaction. Together with soil salinity and soil contamination, these
processes decrease soil ability to provide ecosystem services in quantity and quality.
Soil compaction and erosion by water present the greatest challenge for soil protec-
tion, considering the impact of future climate change conditions. Croatia still has not
established comprehensive monitoring of the soils. Thus, currently, the less visible
degradation processes in Croatia (microplastics, metal contamination) are not rec-
ognized as an important threat to soil quality and productivity. This chapter sum-
marizes the occurrence, distribution, and causes of various physical and chemical
soil degradation processes and national reclamation and conservation practices.
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Keywords Land abandonment, Machinery traffic, Sediment detachment, Soil
contamination

1 Introduction

Soils support various ecosystems on the Earth through their functions. Soils regulate
climate and filter pollutants [1]. Soils stores water, filtrates it, and through colloidal
complex binds various substances [2]. This is also true for various pollutants emitted
from various sources such as industrial activities, inadequate waste disposal and
mining or by accident into the soil. In this role, soil also protects groundwater and
aquatic ecosystems from contamination. Furthermore, soil provides the basis for the
urban areas, roads, recreational areas, or landfills. Unsustainable soil management
triggers soil degradation. These processes occur on a World level, and Croatia is not
an exception. Decades of ploughing, chemical fertilizers, and plant protection agents
make Croatia face land degradation problems. Nowadays, the degradation of the
Croatian agroecosystems is when detailed studies and organized activities to prevent
degradation processes are needed. Lack of soil protection measures and inappropri-
ate soil management in Croatia increase the soil vulnerability to climate changes.
Different types of degradation confirmed in Croatian agricultural lands will be
evaluated in the next subchapters. This work objective is to analyze the causes and
prevalence of land and soil degradation associated with agricultural practices in
Croatia.

2 Soil Compaction and Erosion

Soil compaction and erosion are recognized as the most threatening degradation
processes in Croatia [1, 3, 4]. Nowadays, between 25% and 35% of all agricultural
land in Croatia are affected by compaction [5]. Although landowners are aware that
soil compaction is closely related to structure deterioration (reduced soil permeabil-
ity and macroporosity), this type of degradation is not monitored correctly in Croatia
since subsoil compaction is usually hard to identify from the surface. In Croatia,
most soil degradation is anthropogenically induced by tillage or machinery traffic
[6]. Compaction occurs in several soil types (Cabisols, Chernozems, Stagnosols,
Gleysoils) and different climatic conditions (Mediterranean, Continental), generally
everywhere in Croatia where conventional management is applied [7–11]. In Croatia
continental region, tillage-induced compaction affects a large area, mainly because
of less favourable economic circumstances [12].

Tillage-induced soil compaction varies according to the tillage depth, mainly
depending on the tools used (e.g., disk pan or plough pan). Compaction is a
consequence of multiple tillage interventions performed at the same depth for several

2 I. Bogunovic et al.



years. Soil compaction is vulnerable when the soil is in wet conditions. In this
context, Fig. 1 shows the example of soil compaction (30–35 cm) induced by tillage
in Central Croatia. The high compaction is a consequence of ploughing the soil at the
same depth in the last 40 years. Although subsoiling was applied to alleviate
compaction, a permeable subsoil layer is still identifiable.

Plough-pans occur in Croatian croplands mostly between 25 and 35 cm depth,
whereas deeper (up to 45 cm) occurrence is recorded mostly for clay and silty clay
soils in the western part of Croatian Pannonia. In Eastern Croatia on loam, sandy
clay loam, or silty loam soils plough pan mainly occurs at a low depth (i.e., 25 cm).
Here farmers usually perform shallower primary tillage. Moreover, a small number
of farmers perform a reduced tillage system, where the disk is used as a tool. These
soils usually suffer from disc-pans underneath the most frequent disking depth,
between 12 and 18 cm [12, 13].

Compaction induced by trafficking is also widespread in Croatian soils. The
agricultural mechanization in Croatia resulted in an increase in the weight of farm
vehicles during the last decades [14]. Several researchers identified severely
compacted soils in croplands [15–18] or permanent plantations [10, 19–21]. As
shown in Fig. 2, the compaction changes in depth in trafficked and not trafficked
silty soils in Central Croatia. On arable cropland under winter wheat, after 1, 3,
6, and 7 passes of eight-tonne axle load, soil strength increased more than 300%,
exceeding the threshold limit of 2.5 MPa for optimal crop root growth [22]. Such
increase in soil resistance has negative impacts on soil since it changes the structure
(destructs the macro-aggregates, reduces the macropores and water infiltration,
decreases air movement), reducing the yields of tobacco [8], maize [23], winter

Fig. 1 Soil compaction in ploughed and subsoiled cropland in a Croatian Stagnosol (June second
2012, Blagorodovac). Compaction was measured with a handheld penetrometer (Eijkelkamp,
Netherland) using a cone with a 2 cm2 base area, 60° included angle, and 80 cm driving shaft

Agricultural Soil Degradation in Croatia 3



wheat [7], oat [11] and Sudan grass [24]. Moreover, the negative effect of distorted
structure and poor water-air relation in compacted soil is evident after heavy rains
(Fig. 3).

The compaction shown in Fig. 2 is result from “good agricultural practices”,
where farmers follow the permanent tracks in the field. However, these examples are
only observed in a small percent of arable lands, where producers implemented GPS
technology. The majority of farmers do not apply precision farming technology.
According to the available data, we estimate that the percentage of wheeling on soil
surface exceeds 90% of the track area of the field area only during tillage operations.

Fig. 2 Soil compaction in a no-trafficked and trafficked soil after 1, 3, 6, and 7 passes of the tractor
(eight-tonnes axle load weight) during 2014 in Croatian Stagnosol near Potok. Compaction was
measured with a handheld penetrometer (Eijkelkamp, Netherland) using a cone with a 2 cm2 base
area, 60° included angle, and 80 cm driving shaft

Fig. 3 Examples of poor agro-technical practice and waterlogging near Potok (Photo taken by Igor
Bogunovic, March, 2015)
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In comparison, for all agricultural machinery interventions during the cereal pro-
duction season, the track area in 1 year exceeds 300% [25].

Coupled with degradation induced by heavy tractors, traffic-induced compaction
by light tractors (< 4 t axle load) is also standard in Croatia. Such degradation is
mainly related to permanent plantations: vineyards and orchards, where this type of
mechanization is frequently used. Only in one season, more than 15 passes occur for
tillage, fertilizer application, mowing, pomo-technical or ample-technical operations
and chemical protection [10, 18]. Figure 4 shows the temporal increase of soil
compaction in a Croatian vineyard. Regardless of the soil management, it is visible
that soil tillage (Fig. 4a) has a positive impact only at the beginning of the season,
while after 12 passes, soil compaction increases above limits for normal root growth
(>2.5 MPa). In a grass-covered vineyard, the initial compaction is high at the
beginning of the vegetation season. However, the additional number of tractor
passes also dramatically increases the penetration resistance (Fig. 4b). Croatia has
more than 22,000 ha of vineyards and more than 41,000 ha of orchards [26]. The
majority of them are conventionally managed. Therefore, it is very likely that these
areas also suffer from severe compaction because subsoil ripping is very limited and
is applied only by few grape and fruit producers.

Water and wind erosion occur because of inappropriate agricultural practices
causing soil structural degradation [13]. As confirmed in several studies, soil struc-
tural degradation in Croatian agroecosystems is mainly associated with poor soil
organic matter content [27–30].

In Croatia, the conversion from forest to agricultural land use implies a loss of
more than half of soil organic matter [31]. Moreover, different soil management
practices affect organic matter decomposition rate and increase CO2 emissions. As
proof of the predominantly impact of management on soil organic matter loss, we
present the part of the results from the “Soil erosion and degradation in Croatia” –
SEDCRO project. This project is focused on soil and land use management impact
on soil properties and hydrological response on a national scale. Some of the
obtained results are presented in Fig. 5, which shows the harmful effects of conven-
tional soil management on soil organic matter and aggregate stability. However, it is
necessary to highlight that variable differences between soil management occur due
to initial soil organic matter concentrations, duration of particular soil management
and different soil characteristics. The tillage and no-tillage management were com-
pared considering different land uses (croplands, vineyards, and orchards). A reduc-
tion of soil organic matter from 7% to 71% was observed in tilled soils compared to
no-tilled soils. Similarly, a reduction of water-stable aggregates percentage on tilled
soil ranged from 8% to 40%, depending on the location. Such results confirm that
tillage management in Croatia severely impacts soil organic matter content and the
structural stability in various soil types, land uses, and environmental conditions.
Moreover, ploughing and other tillage intensive operations were confirmed as
management which has a detrimental impact on soil structure and soil organic matter
content. Since more than 95% of Croatian farmers still use conventional ploughing
to manage croplands [28, 32], it can be assumed that these areas suffer from severe
erosion. In this context, it is necessary to adjust tillage management to become an
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environmentally friendly practice by using already proved conservation practices in
the Croatian pedosphere like no-invertive tillage [18], tillage across the slope [33],
no-tillage [35] or mulching [20]. However, there is an opinion that Croatian farmers
and some agricultural experts are often not educated enough in the area of conser-
vation practices. This is important to be considered for the national map of erosion
prevalence. Husnjak [36, 37] mapped the potential and actual risk of water erosion in
Croatia. There is a potentially high risk of erosion on 1,800,265 ha and an actual high

Fig. 4 Soil compaction on tilled (a) and grass-covered (b) inter-row in a vineyard after 2, 8 and
12 tractor pass (three-tonnes axle load weight) in Jazbina (2017). Compaction was measured with a
handheld penetrometer (Eijkelkamp, Netherland) using a cone with a 2 cm2 base area, 60° included
angle and 80 cm driving shaft
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risk of soil erosion on 746,475 ha. The dominant mapped areas are the plains with
less than 3.5% slope, where soil erosion is not observed. Milder forms of erosion are
mapped on 27.2% of the surface with a slope of up to 8.8%. Severe erosion areas are
visible in 48.3% of the area. Figure 6 shows the risk of occurrence of erosion
processes. Therefore, appropriate soil tillage management is crucial for
agroecosystem sustainability.

In most cases, tillage is not adjusted to the slope of the terrain in Croatia [18, 20,
35]. In some northwest and mountain parts of Croatia, the croplands often occur on
slopes, where this land should not be tilled or should be under different land use
(Fig. 7). A long-term study (20 years) conducted in Central Croatia [38] revealed that
the most effective cropland management to decrease erosion by water is the use of
no-tillage (Fig. 7). Compared to the conventional ploughing performed up and down
the slope direction, no-tillage reduced soil water erosion by 85% (from 13.9 t ha-1 to
2.1 t ha-1 annually). The differences are even more pronounced when observing the
crops grown in Croatia. In this context, no-tillage management reduced soil loss by
81%, 84%, 91%, 92%, and 97% under maize, soybean, wheat, oilseed rape, barley,
and soybean double-crop, respectively (Fig. 8).

No-tillage management reduced nutrient losses and water resources pollution
from agrochemicals [33, 34]. Long-term research conducted on permanent

Fig. 5 Comparison of tilled and no-tilled soil organic matter (SOM) content and water-stable
aggregates (WSA) percentage in vineyard, orchard and cropland soils in Croatia. Data were derived
from “Soil erosion and degradation in Croatia” national project. Data present reduction of SOM and
WSA as directly connected to tilled and no-tilled soil at each location
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plantations has been not performed yet for the Croatian agroecosystems. However,
some rainfall simulation experiments were conducted at different locations in Cro-
atia. The results are presented in Fig. 9, where the detrimental impact of inadequate
tillage management in vineyards and orchards on soil loss and hydrological response
can be seen. The soil loss under simulated rainfall (60 mm h-1 for 30 min duration)
was higher than 9.6 t ha-1 [40] on tilled soils than grass-covered soils in one
rainstorm event. Soil loss reduction under conservation management in permanent
plantations vary from 21% to 99%, confirming the beneficial impact of permanent
grass cover.

Fig. 6 Map of potential (left) and actual (right) risk from soil erosion by water in the Republic of
Croatia. Source: Ministry of Agriculture [39]

Fig. 7 General morphology of northwest Croatia. Croplands were annually tilled on high slopes
near, regardless of the potential soil erosion. Location: Gornja Pušća, Croatia (Photo taken by Ivan
Dugan, February 2021)

8 I. Bogunovic et al.



3 Overgrazing

It is well known that overgrazing triggers multiple degradation processes such as
compaction, erosion, acidification, depletion of organic matter or structural instabil-
ity [13]. Croatia has large landscape diversity, where lowland is mixed with hills and

Fig. 8 Conventional and no-tillage management impact on soil loss in a 20-year experiment,
Daruvar, Croatia. Each crop appears on four occasions in crop rotation. Hanging bars represent
standard deviation. Soil loss tolerance level was based according to Kisić [3]

Fig. 9 Comparison between tilled and no-tilled vineyards and orchards and their impact on soil
loss obtained by rainfall simulation experiments in Croatia. Data were derived from “Soil erosion
and degradation in Croatia” national project. Data present a reduction of soil loss under grass-
covered permanent plantations compared to tilled soils under the same land uses
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mountains rich in forests, meadows, and grasslands. From all agricultural land
(1,556,000 ha) in Croatia, the permanent grasslands and meadows occupy
597,000 ha [41]. Besides the mentioned areas, a great part of the meadows is already
abandoned in the Dinaric part of Croatia (dominantly karstic area, occupying 48.9%
of the national territory), indicating important changes in livestock number and
diversity. According to the Croatian Bureau of statistics [41] and the Ministry of
Agriculture [42], the lack of competitiveness in the agricultural sector compared to
average European Union countries is visible. The average agricultural farm in
Croatia uses 11.6 ha of agricultural land, raises 5.6 livestock units (LU), achieves
an expected economic result of 15,134 euros and spends 1.19 annual units for its
work. Compared to the average agricultural farm at the level of the European Union,
the average Croatian agricultural holding uses 30% less agricultural land, raises 56%
less LU, and achieves 57% lower standard economic result. Data presented here give
a clear context for why national research on overgrazing in Croatia does not exist.
Nowadays, Croatian meadows and grasslands inhabit only 25,000, 419,000,
945,000, 100,000, and 10,389,000 of Equidae, cattle, pigs, goats, and poultry,
respectively [41]. Although livestock had the most important role in the survival
of the population in this area, nowadays, the socioeconomic changes and poor
economic results of agro-pastoralism made this profession undesirable for a great
part of the public and especially abandoned by younger generations. However,
remained producers have intensive livestock production and good economic results,
indicating that certain areas suffer from possible degradation processes. Overgrazing
in Croatia was noted in several places. One example was cattle overgrazing
(“Angus” cattle) in Velika Jasenovača in the continental part of Croatia. The
comparison of heavily grazed and not grazed plots (n = 10) revealed a drastic
decrease of vegetation cover (Fig. 10) by more than 75%. Similar was also observed
in the Mediterranean part of Croatia under sheep grazing [43]. Ljubičić et al. [43]
reported the negative impact of overgrazing on vegetation community at northern
Adriatic islands rocky pastures, where plant diversity was reduced. Such trends of
vegetation biomass reduction have a detrimental impact on soil organic matter.
Before the mentioned project, “Soil erosion and degradation in Croatia” includes
the research on animal farms in the Continental part of Croatia (Velika Jasenovača),
where overgrazing by cattle increased the soil compaction (measured by bulk density
from 1.46 to 1.57 g cm-3), while also modifying the pore characteristics measured
by water holding capacity. Overgrazing of plots reduced the capacity of soil to hold
water by 15%. Figure 10 shows the condition of soil surface at overgrazed and not
grazed plots, which undoubtedly affected the hydrological processes in soil and
caused sediment and nutrient losses in overgrazed areas. Simulated rainstorm events
with the intensity of 60 mm h-1 for 30 min showed 14 times higher soil losses on
overgrazed plots compared to the non-grazed. Similarly, in the Croatian continental
area, nutrient losses on overgrazed plots were 27, 35, 39 times higher for phospho-
rus, nitrogen, and carbon, indicating a great threat from overgrazing on soil sustain-
ability and possible ground and surface water pollution.

Although the detailed research in the Continental part of Croatia still missing,
reported results indicate the possible degradation issues by overgrazing only in small
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local areas. The absence of cattle reduces the possibility of spreading the overgrazing
negative effect on the soil environment to a broader extent. However, several
modern farms located in the Northern and Eastern parts of Continental Croatia are
causing different degradation processes. On such farms, farmers were taught to
collect the animal slurry and then use it in an area a few kilometres around the
farm, which undoubtedly affected the soils [44]. Bašić [44] reported that the
application of animal slurry through agro-technical operation, including high pres-
sure, impacts soil surface, increasing compaction, while slurry acidifies soils and
increases nitrates loss and pollutes the groundwater.

Literature indicates that livestock modifies pH and chemical fluxes in soil by
ingesting nutrients and returning them via excreta [13]. As stated above, the lack of

Fig. 10 Vegetation cover and surface soil state on overgrazed (left) and non-grazed plots (right) in
Mala Jasenovača, Croatia (photo taken by Igor Bogunović, July 2019)
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animal numbers during the last decades decreased the possibility of groundwater
contamination by animal urine, which contains nitric acid. Moreover, 48.9% of
Croatian territory is a karstic area [45], generally very porous, with limited water
sources and poor vegetation cover. Regardless of these mentioned limitations,
karstic land was dominantly used for livestock grazing throughout history. On
karstic pastures, the animal stocking rate is much lower due to sparse vegetation.
Lower animal stocking rate decreases the possibility for soil chemical modification
from excreta and urine, while dominantly rocky area enables the generation of runoff
after vegetation removal (Fig. 11). This is more expected on higher altitude pastures

Fig. 11 Common karstic pasture in the Mediterranean part of Croatia (A: Nadin, Zadar County, B:
Podglavica, Šibenik-Knin County) with the dominant stoniness limitation (photos were taken by
Igor Bogunovic, September 2018)
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in karstic areas, where environmental conditions enable the grazing during only
about three to four summer months. Low possibility for biomass production (around
0.65 t ha-1 of hay on the mountain, and in the range from 1.0 to 2.5 t ha-1 on hilly
pasture [46]) decreased the LU number in this area and reduced the possible
degradation issue.

Besides overgrazing, in the karst environment of Mediterranean Croatia, several
ongoing processes like littoralization, socioeconomic restructuring, and agricultural
and livestock abandonment negatively impact the management of karst pastures. It is
well known that agro-pastoralism is the optimal management of this area. With the
absence of goats and sheep, land abandonment processes were speeded up with
partial afforestation and dominance of scrublands (maquis), which accumulates
organic matter. Afforestation and politics of ultimately fire suppression lead to
excessive accumulation of burning fuel. Several mega-fires occurred in Croatia
during past decades, with a highly negative degradation effect on abandoned pas-
tures through modified soil chemistry properties [47, 48].

4 Soil Salinity

Soil salinity is not recognized as a national scale problem in Croatia, very likely
because this type of soil degradation affects only a small number of farmers,
although its importance can be high on a local scale. Within Croatian institutions
focusing on agricultural research, soil salinization is considered an essential envi-
ronmental constraint mainly regarding the productivity of agricultural soils, i.e., in
the context of the negative effect of high concentration of salts in the rhizosphere on
crop yield amount and quality. In this context, several Croatian researchers reported
a decrease of above shoot groundmass or yields of several crops such as oat [49],
olives [50, 51], Brassica crops [52], watermelons [53] or strawberries [54–56]. All of
these examples were induced by soluble salts accumulation in the rhizosphere and
affecting plant physiological processes.

As is well known, soil salinization is usually more expressed in arid and semi-arid
regions where evaporation is high, and irrigation is a prerequisite for profitable
agricultural production. Although Europe has the lowest quantity of soils degraded
by salinity (about 31 million ha) compared to other continents [57], the importance
of salinization (and alkalization) processes is increasing for the Croatian agricultural
land as well, possibly becoming even more pronounced because of the climate
change effects, and intensification in land use and irrigation. Similarly to the natural
prevalence of saline soils on a world level, Croatia has the same sequence of saline
soils – most of them are located in dry environmental areas in the uppermost eastern
part of Croatia or close vicinity of the Adriatic Sea. Soil salinity occurs as a result of
natural processes and/or anthropogenic activity, with the most common causes as
described by Shahid et al. [58] as follows: inherent soil salinity (weathering of rocks,
parent material), irrigation with brackish and saline water, seawater intrusion into
coastal lands and aquifers due to overuse of freshwater, restricted drainage and a
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rising water-table, surface evaporation and plant transpiration, seawater sprays and
condensed vapour which fall onto the soil as rainfall (near coast soils), wind-borne
salts yielding saline fields, overuse of fertilizers (chemical and farm manures), use of
soil amendments (lime and gypsum), use of sewage sludge or treated sewage
effluent, and dumping of industrial brine onto the soil. In Croatia, the processes
mentioned above have been identified, either with permanent or periodical character.
According to the General Soil Map of Croatia, permanently Halomorphic soils
(Solonchak and Solonetz) are distributed on <600 ha or 0.01% of total land
[59]. In this context, it is important to mention that mapping and diversity of
Halomorphic soils’ order are minimal, similar to the assumptions about their total
prevalence in the Croatian pedosphere. The reason for this is a generally small
percentage of saline soils in Croatia and their point and clustered distribution
(Fig. 12).

Geomorphological and microrelief diversity in eastern Croatia generates the
occasional and sporadic groundwater close to the soil surface where it rises under
the influence of evaporation and salinizes scattered point locations of agricultural
areas (Fig. 12). As an example, Tomić et al. [60] stated that in Croatia, the order of
Halomorphic soils covers an area of 410.5 ha, while Adam [61] estimates their
prevalence on about 1,500 ha in Eastern Croatia only (mainly in Slavonia and
Baranja regions). In the Eastern part of Croatia, saline soils were reported near

Fig. 12 Examples of saline soil patchy and scattered distribution near Marijanci (Eastern Croatia)
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Tovarnik and Bizovac [62, 63] or on locations such as Poljic and Marijanci
[64]. Saline soils in Eastern Croatia are mostly developed by weathering of saline
parent material and high groundwater levels. Such a type of salinization is recog-
nized as the typical sodium-type salinity.

Besides the mentioned salinity issue in the Eastern part of Croatia, the issue of
soil salinity is mainly identified in Mediterranean areas of Croatia, e.g., in the karstic
carbonate Neretva River valley [53], rivers Mirna and Raša in Istria [1, 65], Adriatic
islands and the area of Ravni Kotari [66]. All of these areas are affected mainly by
chloride-type salinization. Due to the pronounced climate change effects, seawater
penetration into river valleys and inland accelerates and endangers the arable land in
Mediterranean Croatia [65]. Salt accumulation in the rhizosphere modifies soil
physical and chemical properties and microbiological processes, inhibiting plant
growth and crop yields [49].

Neretva River delta is an area representative of many arable fields and alluvial
estuaries with similar properties and exposure to salinization processes commonly
found along the coastline of the Adriatic Sea (Fig. 13). Here, the main reason for soil
salinization is the natural intrusion of seawater through porous media into calcareous
aquifers and rivers, salinizing both soil and water (ground and surface). Also, surface
and groundwater resources are used as irrigation water supply to achieve a profitable
agricultural production [67]. Thus, farmers are frequently using water of poor quality

Fig. 13 Location of Neretva River estuary in Croatia, with blue arrows representing the intrusion
of sea water
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for crop irrigation [54]. In addition, climatic conditions are increasing the demand
for irrigation water, further intensifying the soil salinization issue [68], and raising
the number of water engineering facilities, i.e., construction of power plants and
industrial facilities [69] within the basin, causing the salinization of groundwater.
However, the soil salinity issue in this area has a periodical character primarily,
showing temporal variability because of specific geo(pedo)logical and climate
interactions [57], with a significant spatial variability also identified [70]. Generally,
the issue of salinity in the Neretva river aquifer is pronounced during summer when
seawater intrusion reaches maximum values [71].

The Neretva River valley salinization was extensively studied by Romic et al.
[72] through long-term monitoring focused on agricultural soil and water salinity in
Neretva valley. Such focus on salinization processes at this area is because it is an
area of intensive farming, significant for total Croatian agricultural production with a
traditionally high production of fruits and vegetables, where salinity may affect crop
yield and quality. Neretva River valley covers 4,500 ha of the cultivated area [73],
where the majority of grown vegetables (such as cauliflowers, watermelons, melons,
and potatoes) and fruits (e.g., high-quality mandarins) have a relatively low tolerance
to salinity [67]. Although the average salinity of soil in the Neretva River valley
(average values for measurements up to 1 m of soil depth) was defined as 2.0 dS m-1

[70], there is still the possibility of salt accumulation in the rhizosphere of deeper-
rooted crops traditionally grown there (i.e., Citrus spp.). Therefore, as a part of the
agricultural management in this, although not large, but agriculturally important
area, identification, and a detailed description of soil salinization processes, as well
as the long-term monitoring of soil and water salinity, with the implementation of
traditional and new technologies, may prove to be necessary. Another river valley
(Raša) in Istria was also investigated. Bogunovic et al. [65] reported a significant part
of the lowland as saline because of seawater intrusion (Fig. 14). The great part of the
Raša river valley was under sea level, and the embankment protects the valley from
the sea, while two pumping stations control the water level in the channels sur-
rounding the arable fields. This area was abandoned at least three decades before
re-cultivation started again during 2014, which affected the functionality of small
channels and their water level. Seawater intrusion in shallow groundwater signifi-
cantly increased salt accumulation in these lands.

Bogunovic et al. [74] studied the impact of gypsum, farmyard manure and
sulphur in different combinations on possible reclamation of saline soils. After
4 years of research, the addition of 6 t ha-1 of gypsum and 40 t ha-1 of farmyard
manure increased soil aggregation by 14%, while exchangeable sodium percentage
and electrical conductivity were decreased by ninefold (from 21.38% to 2.42%) and
fourfold (from 8.03 to 2.27 dS m-1), respectively. Moreover, at the same investi-
gated field, adding 6 t ha-1 of gypsum and 2 t ha-1 of elemental sulphur decreased
the exchangeable sodium percentage by eightfold and electrical conductivity by
threefold. Such a reclamation strategy was adopted because the current plant pro-
duction is under organic farming. Other amendments were not allowed because
organic farming was the current system of crop production. Otherwise, other soil
amendments should be tested as well. Besides such traditional measures of soil

16 I. Bogunovic et al.



reclamation, various approaches and tools are applicable here to avoid future yield
losses caused by seasonal increase salinity and achieve profitable agricultural pro-
duction while maintaining soil fertility. New technologies such as, e.g., omics and
nanotechnologies, or specific cost-effective traditional ameliorative measures such
as conservation agriculture or the use of natural conditioners, can help against the
adverse effects of increased soil salinity on crop production and quality [75]. This
may prove to be especially important in the context of global climate change
predicted to intensify short-term soil salinization likely. Therefore, technologies
such as remote sensing for detecting and assessing soil salinity, with the combination
of in situ and laboratory observations, could prove to be good approaches for
mitigating difficulties in agricultural production caused by increased soil salinity
[76]. Also, particularly beneficial would be if the implementation and combining of
different strategies and measures for preventing and resisting soil salinity issues also
maintains flexibility in fine-tuning the approaches according to their relevance for a
specific area, i.e., preserving the site-specific focus.

Despite the new technologies that could help identify the endangered soils, well-
known traditional measures should be regularly used. Inversion tillage like
ploughing should be strictly avoided to reduce the possibility of raising extremely
saline layers from the depth to the surface [77]. Only shallow tillage or tillage which
aerates the soil should be used regularly. Here, we present the results obtained for

Fig. 14 The spatial variability of soil salinity (measured by electrical conductivity) and soil pH in
river Raša valley. Black areas represent the most saline and alkaline soils

Agricultural Soil Degradation in Croatia 17



Raša river valley by Bogunovic et al. [74], where research of 4-years discing at
10 cm compared to discing at 10 cm with ripping to 30 cm depth. In 4-year crop
rotation oat – triticale – barley – oat, the treatment with discing and ripping increased
the grain yield by 13, 25, 32, and 15%, respectively. There is no other similar
research in Mediterranean Croatia besides the presented one. However, the recla-
mation strategies in the Continental part of Croatia (Eastern Croatia) were tested on
alkaline soils. Galović [78] studied the impact of gypsum (10 t ha-1) and gypsum
(10 t ha-1) mixed with peat (40 t ha-1) on soil properties. They reported an increase
of calcium and magnesium concentrations and a decrease of sodium concentration in
treatment with the gypsum addition (exchangeable sodium percentage from 27% to
5%). The expected positive impact of peat was absent. In this treatment, the sodium
concentration remained as before, while the organic matter content, calcium and
magnesium concentrations increased.

5 Soil Contamination with Chemicals

Soil contamination with various inorganic or organic chemicals is one of the most
dangerous forms of degradation with consequences on the entire biosphere. In the
context of food production, contamination of agricultural soils with metals may be
especially significant, with the consumption of contaminated food as the most
significant pathway of the exposure of the general population to metals [79], and
with other possible ways of exposure, such as inhalation and dermal exposure,
presumably more significant for people producing food on metal contaminated
soils, i.e., occupational exposure. Additionally, the latter’s significance may increase
in the future as the path that any contaminant takes from the soil to the plate is very
short, and food safety is a crucial and increasingly important requirement that is
becoming more difficult and complex to implement. In order to define the contam-
inated soil, it can be said that it is the soil in which human activity or natural
phenomena has increased the content of harmful substances whose concentrations
may be harmful to human health, that is, by the consumption of contaminated food
[80, 81], or by inhalation of contaminated soil particles and dermal exposure. In
Croatia, soil metal contamination is primarily identified sporadically, including
agricultural soils, therefore mainly of local and small-scale significance for the
food production, and, were found, maybe originating from anthropogenic activities
(Figs. 15 and 16) and/or natural sources (released into the soil from parent material,
rocks, and sediments by weathering processes).

The Government of the Republic of Croatia published a Report on the state of the
environment for the period from 2013 to 2016, in which they identified fuel
combustion in the industrial sector as the primary source of cadmium, mercury,
and lead air emission into the environment, followed by the sector of small
stokehole, then traffic and industrial processes [45]. They further explained that
the metal emission mainly depends on the type of the used fuel, with higher
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Fig. 15 Example of anthropogenically induced soil contamination. Ruptured gas and oil pipeline
as a source of soil contamination near Garčin (Photo taken by Ivica Kisic, July 2019)

Fig. 16 Example of plant production in zones of high soil contamination risks between railway and
road near Breznica Našička (photo taken by Ivica Kisic, September 2008)
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cadmium emission if fuel oil was used and higher mercury emission if the fuel used
was natural gas.

Common metal(loid) present at contaminated locations in Croatia are arsenic,
copper, zinc, cadmium, cobalt, chromium, mercury, nickel, and lead [45]. Therefore
these elements may also be of interest for screening and monitoring in agricultural
soils. Generally, high concentrations of toxic metals in Croatian soils (i.e., arsenic,
cadmium, mercury, and lead) are confirmed at certain locations by the Report on the
state of the environment published by the Government of the Republic of Croatia
[45], where is summarized that: (1) soils in Coastal Croatia have the highest arsenic
concentration (2.5–105 mg kg-1, with a median value of 18 mg kg-1), with the
highest concentrations recorded (> 25 mg kg-1) in the North and Middle Dalmatia
(e.g., Obrovac city – Ervenik village and near Drniš city area), probably because of
bauxite clumps found there; followed by Raša municipality in Istria, South Dalmatia
and Lastovo Island; (2) soils in Coastal Croatia have the highest cadmium concen-
tration (0.2–9.5 mg kg-1, with a median value of 1.1 mg kg-1), possibly originating
from the lead and zinc mining industry, use of mineral fertilizers and pesticides: with
Istria having the lowest cadmium concentration in soil, while the rest of the region
has much higher concentrations (up to 3.5 mg kg-1), although here was also
recognized that at certain locations much higher cadmium concentrations are present
in soil, probably resulting from certain local anthropogenic activities; (3) soils in
Mountainous Croatia have the highest mercury concentration, especially at Ivanščica
and Kalnik Mountain regions, followed by Gorski Kotar county, which was
connected to rocks of Paleozoic complex (cinnabarit), especially in uttermost North-
west part of the county; (4) soils at the Drava and Mura River valleys had the highest
measured lead concentration, with the highest concentration in topsoil because of
complexation processes with soil organic matter, and probably resulting from
anthropogenic activities from upstream, such as mining and industrial activities,
similarly as for the cases of elevated cadmium and zinc concentrations; however the
highest average lead concentrations in soil were recorded in Coastal Croatia
(46–60 mg kg-1, with a median value for the whole region of 48.7 mg kg-1), with
soils below the Velebit Mountain, at Dalmatian hinterland, and at Brač and Hvar
Islands identified as the leading regarding lead concentration; additionally, high lead
concentrations were also recorded at the mountainous area of Gorski Kotar county
(i.e., Risnjak Mountain), as well as Lika county (Velebit Mountain), probably
because of the composition of their present red soil and the atmospheric deposition.
As it is seen from these data, agricultural use of mineral fertilizers and pesticides is so
far identified as the possible source of metal pollution only at certain locations (e.g.,
cadmium contamination of soils in Coastal Croatia). In contrast, data from other
parts of the country suggest that natural processes and other anthropogenic activities
are releasing metals into soils. According to statistical databases published by the
Croatian Bureau of Statistics [82], mineral fertilizer consumption in Croatia has been
stable in the past few years, i.e., around 98.5 t of the active substance (nitrogen or
phosphorus) per year since 2017 (Fig. 17). The majority of sold pesticides during the
period from 2013 until 2019 were (1) herbicides, haulm destructors and moss killers,
and (2) fungicides and bactericides, showing an apparent trend of a sale decrease
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since 2017, but, as presented in Fig. 18, still well over 650,000 kg for each chemical
class [83]. Although metals are not the main active ingredient for the majority of here
mentioned substances (except for, e.g., copper-based inorganic fungicides), metal
traces or impurities present in agrochemicals are confirmed to be responsible for a

Fig. 17 Mineral fertilizer consumption in Croatia from 2010 until 2020 presented in tonnes of
active substance (i.e., nitrogen or phosphorus), according to the statistical databases available from
Croatian Bureau of Statistics [82]

Fig. 18 Pesticide sales in Croatia from 2013 until 2019 presented by chemical classes and in
kilograms, according to the statistical databases available from Croatian Bureau of Statistics [83]
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gradual increase of metal (total) concentrations in soil. For example, mineral phos-
phorus fertilizers introduce a considerable amount of cadmium into agricultural
soils [84].

However, there is a lack of research focusing on precise quantification of agri-
cultural contribution to metal contamination of agricultural soils. However, research
such as [85] which was focused on marine sediments in Makirina Bay in northern
Dalmatia, clearly showed that the anthropogenic contribution of arsenic, copper, and
lead to the sediment was probably due to agricultural activity in the area surrounding
the bay (arsenic, copper) and the vicinity of the main road (lead). Therefore, a similar
occurrence may also be expected in surrounding agricultural soils.

Generally, significant anthropogenic sources of metal release in the environment
in Croatia are identified as traffic, mining, ex-military area, oil industry emissions
[86], brownfields locations [87], as well as tourism and agriculture [88], and waste
disposal [89, 90]. Furthermore, the Croatian Ministry of Environmental Protection
and Energy [87] published data regarding lead concentrations in Croatian soils
showing that the highest soil total lead concentrations were found in the valleys of
Drava and Mura Rivers, possibly resulting from mining and industrial activities in
the upstream area. According to the research conducted in the Pannonian region of
Croatia, the total arsenic concentration varies from 0.9 mg kg-1 soil up to
490 mg kg-1 found in the topsoil of agricultural land, with an average value of
14.4 mg kg-1 soil [91]. Kisic et al. [92] explained that the increased arsenic
concentration is flooding and the change of the Drava River flow in the recent past
during the Holocene. Also, high lead concentrations were reported in Primorje-
Gorski Kotar County, where the increase of soil lead concentration probably resulted
from either atmospheric deposition or a gradual release from the parent material
(geogenic origin), causing higher lead concentrations in Terra rossa (dominant soil
type). This red cambic soil develops on limestones and dolomites under the influence
of the Mediterranean climate [93]. Furthermore, as compared to the 1990s, lead
emissions in Croatia were reduced by 98.5% in 2018, but because of the persistence
of metals in the environment, the main sources of soil lead contamination in Croatia
were still identified as traffic (Fig. 16) and industry emissions (with the predomi-
nance of glass and steel manufacturing), and various fuel burners and machines at
the smaller scale [87]. In these cases, when natural processes and other anthropo-
genic activities besides agriculture are the sources of an increased metal concentra-
tion in agricultural soils, more site-specific studies focused on metal bioavailability
in these soils and their transfer to crops are needed to estimate the possible effects on
crop yield and quality.

According to the Croatian Agency for Environment and Nature report from 2018
[94], counties in Croatia estimated the total quantity of dangerous and potentially
dangerous substances. The most polluted county is Primorje-Gorski Kotar (with
2,347,384.21 t), followed by Sisak-Moslavina county (1,367,393.39 t) and Zagreb,
the capital of Croatia (176,622.44 t). In these areas, soils are used to produce food,
even the capital of Croatia, Zagreb, where urban agricultural activities are increas-
ingly popular. Since 2013, the City of Zagreb has designated 14 urban gardening
areas (a total of 22.06 ha) with more than 2,152 urban gardens (allotments) conceded
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to the city residents for the production of vegetables, strawberries and other berry
fruit, herbs, and flowers for their own needs [95]. Furthermore, Bašić and Kisić [96]
concluded that the main metal polluters in the Primorje-Gorski Kotar county were
cadmium, copper, and lead, with especially high concentrations in the soil where
pollution deposition occurs, i.e., in the radius of 5 km from the source of pollution,
explained by strong winds present in the area. Tisma [97] investigated soil quality in
the lagoon environment in the area of an alumina factory near Obrovac (northern
Dalmatia). The results showed the highest concentrations of the following elements:
arsenic, chromium, nickel, zinc, manganese, vanadium, niobium, zirconium, stron-
tium, yttrium, and titanium, which were determined in the direction of the dominant
wind, suggesting that metal deposition may occur even in areas which are remote
from the source of pollution, including agricultural soils, and especially considering
strong, bora wind present in the area.

Also, Croatian soils, especially vulnerable and at the same time particularly
susceptible to environmental pollution, are rather shallow soils developed over
porous karst materials, commonly found at the Adriatic coastal area where agricul-
ture is traditionally present. In Croatia, karst is found over 27,265 km2, 48.9% of the
country [45]. The connection between these soils and other environmental compart-
ments is strengthened by the porosity of underlying karst material, enabling a
permanent two-way link for transfer of metals (and other pollutants) between the
soil and surface, ground and even seawater, suggesting more possible sources of
metal contamination. For example, Bakić [98] presented mean values of total trace
element concentrations in topsoil samples (n = 312) taken from the Adriatic area
(in a regular sampling square grid) of Dinaric karst as follows: 1.02 mg cadmium
kg-1, 14.0 mg cobalt kg-1, 73.3 mg chromium kg-1, 78.3 mg copper kg-1, 54.5 mg
nickel kg-1, 28.7 mg lead kg-1, 86.9 mg zinc kg-1, 49.4 g aluminium kg-1, 34.0 g
iron kg-1. Also, the Neretva River delta was a subject of investigations of metal
concentrations because of the importance of this part of the country for agricultural
production, but also because river deltas are generally more susceptible to various
contaminants because of pollutant translocation by water stream from their upstream
source, followed by their accumulation in soils at river delta [99].

Halamić and Miko [100] published the Geochemical Atlas of the Republic of
Croatia with maps showing the distribution of element concentrations in Croatian
topsoil. Authors have taken topsoil samples (0–25 cm) in a regular square grid of
5 × 5 km2 (one sample per 25 km2) covering the whole country (n = 2,521). Mean,
median, minimum, and maximum values with the standard deviation of selected
metal and metalloid concentration in Croatian topsoil are adapted from maps pro-
vided by Halamić and Miko [100] and summarized in Table 1.

The Croatian region where the topsoil metals concentration is high is the Med-
iterranean one (Table 1). Here, agriculture is the main economic activity in many
coastal parts [71], except for mercury. The region with the highest measured mean
topsoil concentration was Mountainous Croatia, suggesting that mercury levels in
Croatian soils are under atmospheric deposition. Also, maximum values for specific
metal and metalloid concentrations measured at certain locations in Croatian topsoils
(i.e., arsenic, cadmium, cobalt, chromium, copper, mercury, nickel, lead, and zinc;
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Table 1), presented by Halamić and Miko [100], seemed to be very high in terms of
soil metal contamination levels. However, although such locations with high topsoil
metal concentrations were identified during this survey, it is also evident that these
locations were relatively rare than a rule. This confirms that highly elevated metal
(and arsenic) total concentrations in Croatian agricultural topsoils occur sporadi-
cally, possibly also suggesting their origin from a point source of pollution (either
natural or anthropogenic). Additionally, even if such highly contaminated soils are
not used for agricultural production, they still require special attention. Firstly, their
effect on natural ecosystems and a possible cascade effect on environmental com-
partments other than soil (e.g., leaching to groundwater or affecting the wildlife
health). Also, the probability of affecting local population health through, e.g.,
inhalation of soil particles or dermal exposure should be assessed. Therefore,
implementing particular remediation, monitoring, risk assessment, or containment
strategies could be appropriate measures, even if the issue of metal and metalloid
raised concentration is occurring on a very small scale. Still, no law would impose
the obligation of identifying contaminated or potentially contaminated locations in
Croatia [45].

The high metal concentrations in Croatian soils are also attributed to the Croatian
War of Independence, which lasted from 1991 to 1995. Vidosavljević et al. [101]
investigated this particular topic while focusing on the concentration of metals and
metalloids in the soils of Eastern Croatia, Croatian most developed agricultural area,
representing about a quarter of Croatian territory and inhabited by nearly one million
people (Fig. 19) which were affected by war. Authors compared soil samples from
areas exposed to low-intensity combat activities with soil samples from areas that
were under high-intensity combat activities and presented that the latter had higher
concentrations of arsenic, mercury, and lead than allowed by the Croatian legislation
for ecologic farming, with mercury concentrations higher than the allowed values for
agriculture in general.

Table 1 Mean, median, minimum, and maximum values for metal and metalloid concentrations in
the topsoil of Croatia presented with standard deviation (n = 2,521) according to the Geochemical
Atlas of the Republic of Croatia presented by Halamić and Miko [100]

Metal/metalloid

Metal or metalloid concentration [mg kg-1]

Mean Median Minimum Maximum Standard deviation

Arsenic 13 12 0.5 105 8.34

Cadmium 0.7 0.4 0.2 15.5 0.97

Cobalt 14 13 3 120 5.82

Chromium 97 88 18 524 41.28

Copper 30 25 3 429 24.64

Mercury 0.09 0.06 0.005 4.54 0.15

Nickel 55 48 9 427 33.47

Lead 38 33 10 699 26.41

Zinc 99 88 23 1,432 61.81
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The additional issue here is that Eastern Croatia is rural, mainly with the popu-
lation mostly engaged in agriculture and a long tradition of food production (plant
and animal), which is still considered one of the critical activities for the develop-
ment of eastern Croatia. Therefore, considering the persistence of metals once
released into the environment, there might be a possibility of metal contamination
of at least certain parts of eastern Croatian soils, which may be presumably used for
agricultural production, and further suggesting the need for the scientific evaluation
of this issue, as well as for the connected risks assessment (i.e., for the environmental
and human health). Still, such presumably irregular and rare occurrence of elevated
metal concentrations in soils of Eastern Croatia resulting from previous war activ-
ities may prove to be highly difficult to capture using regular soil sampling grids,
especially after decades of metal ageing and relocation among environmental com-
partments (i.e., water-soil-plant-atmosphere). Nevertheless, Eastern Croatia is gen-
erally considered an unpolluted area with low total metal concentrations [102, 103],
and therefore the anthropogenic influence on metal concentrations was mainly
investigated in the Northwestern part of Croatia [104].

The responsibility for soil protection in Croatia is mainly under the Ministry of
Environment and Energy’s jurisdiction and the Ministry of Agriculture. Two key
acts, Law on Environmental Protection [105] and Law on Agricultural Land [106],
are focused on soil protection [107]. However, when estimating the concentrations
of certain soil pollutants in Croatia, commonly used reference values for the allow-
able concentrations in soil are those found in NN 71/19 [108], a legislative document
published by the Croatian Ministry of Agriculture in 2019, but only for agricultural
soils (Government of the Republic of Croatia [45]; Table 2).

Although the importance of agricultural soils in terms of food production and the
possible transfer of various pollutants from the soil into the food chain is evidently
higher than that of non-agricultural soil, still a major role of soils in general

Fig. 19 The Croatian regions of Slavonija and Baranja affected by the Croatian War of Indepen-
dence (1991–1995) studied by Vidosavljević et al. [101]
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environmental health is allowing for the expansion of existing legislative documents
to non-agricultural soils. Existing legislation in Croatia [108] is therefore consider-
ing only one possible pathway of human exposure to pollutants, i.e., by ingestion,
and not taking into consideration other, for human health also possibly significant
routes of exposure such as inhalation of soil particles or dermal exposure.

According to the Report on the state of the environment published by the
Government of the Republic of Croatia [45], from so far recognized pollutants in
soils of Croatia, particular pollutants are identified in percentages as follows (from a
total of 100%): Polycyclic Aromatic Hydrocarbons (29%), metals (23%), followed
by Chlorinated hydrocarbons (12%), mineral oils (12%) and Aromatic Hydrocar-
bons (BTEX)402 (12%), as well as asbestos (6%) and phosphogypsum (6%).

Furthermore, the use of pesticides in Croatia is regulated by the Law on sustain-
able use of plant protection products [109], and they also must be approved by the
Croatian Ministry of Agriculture (e.g., from July 2001, HCH Lindane has been
banned from use). In Croatia, the emission of persistent organic pollutants was
reported for the period from 2013–2016. Mainly, Polycyclic Aromatic Hydrocar-
bons (PAHs), dioxins and furans (Polychlorinated dibenzo-p-dioxins – PCDD),

Table 2 Limit values presented in NN 71/19 [108] for metal concentrations and organic pollutants
in agricultural soils as related to soil pH (issued by the Croatian Ministry of Agriculture, 2019)

Metal

Concentration in regard to soil pH in 1 M KCl [mg kg-1]

<5 5–6 >6

Cd 1 1.5 2

Cr 40 80 120

Cu 60 90 120

Hg 0.5 1 1.5

Ni 30 50 75

Pb 50 100 150

Zn 60 150 200

Mo 15 15 15

As 15 25 30

Co 30 50 60

Organic pollutant Concentration [mg kg-1]
Polycyclic Aromatic Hydrocarbons (PAHs) in sandy and skeletal
soils (< 27% clay)

1

Polycyclic Aromatic Hydrocarbons (PAHs) in clay soils (> 27%
clay)

2

Polychlorinated biphenyls – PCBs (PCB 28 + PCB 52 + PCB
101 + PCB 118 + PCB 138 + PCB 153 + PCB 180)

0.5

Chlorinated hydrocarbon insecticides: DDT + DDD + DDE 0.1

Chlorinated hydrocarbon insecticides: aldrin + dieldrin + endrin 0.1

Chlorinated hydrocarbon insecticides: hexachlorocyclohexane
(alfa-HCH + beta-HCH + gama-HCH + delta-HCH)

0.1

Herbicides: Atrazin 0.01

Total hydrocarbons in sandy and skeletal soils (< 27% clay) 1,000

Total hydrocarbons in clay soils (> 27% clay) 2000
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polychlorinated dibenzofurans – PCDF) and pesticides (Hexachlorocyclohexane –
HCH, Hexachlorbenzene – HCB, and Polychlorinated biphenyls – PCBs; [45]).

Limit values for organic pollutants in agricultural soils are presented in NN 71/19
[108] (Table 2) issued by the Croatian Ministry of Agriculture. In Croatia, organic
fertilizers and various soil amendments can be mixed with agricultural soil if they do
not contain more than five times of total concentration of pollutants presented in
Table 2, except for total cadmium concentration, which should not exceed two times
of total concentration presented in Table 2 [108]. However, if no mixing with soil
occurs (e.g., growing of crops in various substrates), then limit values presented in
Table 2 should be considered the allowable pollutant concentration [108].

Agriculture is identified as the main source of ammonia (NH3) emission (i.e.,
from the total of 83.8%, 60% is originating from the organic fertilizer management
sector), which is deposited in the surrounding environment and ammonium nitrate is
generated (e.g., most of the ammonia emitted in Europe is also deposited in Europe;
Government of the Republic of Croatia [45]). Additionally, agriculture greatly
contributes to groundwater contamination with nitrates (NO3

-), which are not a
pollutant but a nutrient while still in the soil. However, after precipitation, inade-
quate irrigation, or if not applied in appropriate amounts, leaching of non-adsorbing
to soil particles nitrates through the soil profile may occur and cause significant
pollution of groundwater resources. For example, Ondrašek et al. [110] published a
report in which a clear trend of increased use of nitrogen fertilizers is evident
throughout the counties of Croatia for the years 2000, 2012, and 2017, suggesting
that this issue could gain its relevance in the future.

6 Soil Contamination with Microplastics

Microplastics pollution of Croatian soils still lacks more extensive research and
additional data to assess this issue adequately. However, there are available studies
of plastic pollution in the Adriatic Sea, thus may be connected to soils in the Croatian
Mediterranean area. Gomiero et al. [111] noted that the inland deposition of
microplastics is not investigated thoroughly in Croatia. However, they presented
the possible sources of pollution for Croatian coastal areas (and broader). Offshore
oil and gas production activities, transport infrastructure network, inadequate waste
management in coastal regions with high and growing population density, sewage
treatment plants and runoff from urban, agricultural, tourist, and industrial areas are
likely contributing to the number of microplastics. In the context of agricultural soils,
it should be mentioned that various plastic mulches are used for certain agricultural
productions in Croatia, and mainly depending on how demanding is their removal
from the soil after the harvest, plastic particles may be left in topsoil after the removal
of mulch, or even incorporated into deeper soil horizons after tillage [112]. Still,
Croatian pedosphere contamination with microplastics is somewhat pioneer research
and is rarely related to agricultural soils. Thus, microplastic type of soil degradation
in Croatia will hopefully be presented in further editions of this handbook.
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7 Conclusion

Land degradation processes affect Croatian agricultural soils, but they are still in a
favourable position. The types of degradation are mostly distributed according to
environmental, geomorphological, pedological, and farming systems characteristics.
The most widespread types of degradation were soil erosion by water and soil
compaction, which affects more than half of agricultural land. It can be expected
that those processes will be exacerbated in the future under modified climatic
conditions because of reoccurring climatic extremes that accelerate and spread soil
degradation processes to larger areas. Croatian farmers are generally without higher
education, so adopting conservation, preventing, alleviating, and reclamation mea-
sures will very likely be accepted with certain resistance and will require a relatively
long period. Overgrazing is not recognized in Croatia as an important degradation
process. However, the intensification of this process in the future will highly
correspond with a national policy and subventions rates aiming to reverse the
negative trends of cattle number. Secondary soil salinity is still locally distributed,
and the experimental reclamation measures positively impact soil quality. The
contamination of agricultural soils with chemicals, including metals and other
inorganic and organic chemicals, is below the legislative limitation levels, with
identified polluted areas mainly originating from point sources. Future agricultural
practices should use precision farming technology to avoid excessive agrochemicals
use and mitigate environmental pollution. Data about microplastics pollution of
Croatian pedosphere are still missing, suggesting that this issue should be more
researched and monitored in the future because of the expected development of the
country (i.e., industrial, transportation, urbanization, agricultural, and tourism
growth are expected to continue). The lack of national monitoring programmes for
the most important soil degradation processes in Croatia indicates the need to adopt
the national soil degradation mitigation policy. New policies and regulation acts
related to agricultural land should include monitoring the severity and the extension
of the particular degradation processes, the implementation of mitigation strategies,
including the risk assessment or containment strategies, and remediation measures.
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Abstract Soil degradation has been identified as a major threat to the productivity of
agricultural land. In the Czech Republic, soils are threatened primarily by water and
wind erosion, but compaction, loss of organic matter, loss of soil structure stability,
pollution and over-fertilization, loss of biodiversity, and soil sealing are also major
concerns. Poor soil health results in many off-site effects such as surface water siltation,
groundwater pollution, loss of biodiversity in the countryside, and decreasing crop
yields. The Czech agricultural landscape is characterized by large fields with a very
small number of interrupting elements such as furrows, paths, or balks and the crop
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structure is rather uniform. The state has a history of land collectivization which first
took place during the twentieth century. The ongoing intensive and unsustainable
industrial farming, which is often focused more on high yields of certain economically
valuable crops rather than the environment, speeds up soil degradation. These problems
are fortunately recognized by the stakeholders, legal authorities, and the public. There
has been significant debate on sustainable landscape management and agricultural
practices, and many positive examples already exist in the Czech Republic.

Keywords Land collectivization, Pesticides, Soil compaction, Soil erosion, Soil
sealing, Wild fires, Wind erosion

1 Introduction

The Czech Republic is a landlocked country with an area of 78,887 km2. Its relief is
moderately hilly, with most of the area (78.6%) lying at an elevation between 200 and
600 m a. s. l. The climate is classified as warm temperate humid continental Cfb [1],
with predominantly western circulation and mean annual precipitation around 600 to
800mm. Themost intensive rainstorms and peak surface runoff events usually occur in
the late spring and early summer months. In general, the climate is rather dynamic, and
the weather may change quickly. Moreover, several exceptionally wet and dry years
have been recorded in the last two decades, resulting in local floods and droughts [2].

In comparison with other EU countries, the Czech Republic has a high percentage
of arable land. Agricultural lands cover 42,002 km2, which is approximately 53% of
the total land area (arable land 42.2%), and forests cover 26,773 km2, which is 34%
of the total land area. Most of the agricultural lands are arable and grasslands (Fig. 1).
Farmlands are typically found in less favorable soils and climatic conditions from the
production perspective, and the conditions are classified as a submontane type of
agriculture [3]. The soil profiles are usually deep, i.e. 40% are deeper than 60 cm,
and 54% are between 30 and 60 cm, with soil profile depth considered as a soil layer
with stoniness below 50% [4]. In some parts of the country, specifically in Southern

Fig. 1 Ratios of agricultural land use (left), and the temporal evolution of the arable area per capita
(right)

36 D. Zumr



Moravia and in Northwestern Bohemia, high-quality (and endangered) Chernosols
can be found. The most abundant soil types in the Czech farmlands are Cambisols,
followed by Luvisols, Chernosols, Stagnosols, and Fluvisols. The fields are pre-
dominantly rainfed, and only 0.6% of the agricultural area is irrigated. Agricultural
lands were extensively evaluated during the extensive national mapping campaign of
agricultural soils in Czechoslovakia (1961–1971), and in the 1970s and 1980s the
lands were classified according to their productive capacity and economic value into
Evaluated Soil-Ecological Units (ESEU, in Czech so-called BPEJ) [5]. The Soil-
Ecological Units and the official soil prices have been gradually updated [6]. The
Soil-Ecological Unit is assessed on the basis of the climatic region in which the
parcel is located, the main soil unit, slope, exposure, soil stoniness, and soil profile
depth. The State Land Office distributes the soil value map (1:5,000), which is
spatially the most detailed resource, e.g., for USLE-based soil erosion modelling [7].

The arable land area decreased significantly between the 1950s and the 1970s,
when agricultural fields were transformed to civil infrastructure and mines. In recent
years, the area of arable land has decreased slowly and steadily at a rate of
approximately 100 km2 per year, mainly due to the conversion of arable lands to
permanent grasslands and to urban uses, especially residential and industrial zones
[8]. The farmland area ratio has been declining significantly faster than in the
neighboring countries, although the market prices of farmland have been rising
[9]. The forests, grasslands, and pasture areas keep increasing slightly [10]. A typical
feature of farming in the Czech Republic is that a relatively small number of farms
account for a substantial majority of the agricultural area. The average agricultural
holding size of a farm is 152 ha [10], which is by far the largest among the EU
countries [11]. Farming in the Czech Republic can therefore be characterized, to a
considerable extent, as industrial farming.

In the Czech Republic, as in other countries in Central Europe, forestry and
agriculture utilize a major portion of the land area, with both positive and negative
impacts on the soils and on the environment. Because of the intensive management,
the landscape maintains its land use diversity in terms of economical and cultural
functions. However, overexploitation causes severe soil degradation resulting in
lower soil fertility, soil and water contamination, loss of biodiversity, and changes
in land use and in the landscape matrix. Most of the soil-related degradation
processes are in line with the general trends in Central Europe. However, there are
a few specific issues in the Czech Republic which are related mainly to the abrupt
changes in agricultural management in the second half of the twentieth century
[12]. Former privately-owned small arable parcels were merged into large soil
blocks (through the process of collectivization), balks were ploughed, small land-
scape features were removed, subsurface tile drainage and systems of surface ditches
were introduced into the landscape to extend the arable parcels in occasionally
flooded areas (this process had already started at the beginning of the twentieth
century), and fertilization and crop production were intensified [13]. As a result,
fields have very large size (often over 30 ha), soils are currently threatened mainly by
water- and wind-induced soil erosion, the soil organic matter quality has been
deteriorating, soils have low hydraulic conductivity, and the subsoil is often

Agricultural Land Degradation in the Czech Republic 37



compacted [14]. These conditions further lead to unfavorable changes in the phys-
ical, chemical, and biological properties of the soil [15].

The effects of past mismanagement of soils have not been eliminated until now,
and the long-term trend of unsustainable agricultural land management is still clearly
visible on arable soils. The average size of land parcels has not decreased dramat-
ically (although it has been recognized that the extreme size is one of the main
reasons of soil degradation and low biodiversity [16]), crops selection and crop
rotation are driven by economic rather than by environmental concerns, soil pro-
ductivity is maintained with the use of mineral fertilizers instead of organic amend-
ments such as manuring, and mostly large agricultural enterprises farm on leased
soils, often in an unsustainable manner (only 16% of farmland is owned by farmers
who indeed manage the land). In addition, there is an increased pressure on new
building plots around the agglomerations. These factors are causing sealing of the
most fertile soils in the lowlands [13]. Kozák et al. [17] have identified soil sealing as
the main current problem. They have also pointed out the loss of agricultural land
due to open-cast mining, though some of this land has already been recultivated.

Acid deposition in the twentieth century and unfavorable forest management
based on spruce monocultures have led to forest degradation in some areas in the
Czech Republic. There had also been some concerns about the acidification of arable
soil, as lower pH could mobilize hazardous trace elements, especially cadmium.
Fortunately, however, no extensive acidification has been measured [18]. Saliniza-
tion of soils is not an extensive problem in the Czech Republic and may occur only
locally around roads treated with salt during winter, or in irrigated greenhouses
[17]. There is serious concern about soil quality among land managers, academia,
and also in the general public. Quantitative assessments are already available such as
the study by Šarapatka and Bednář [19] that constructed a PCA (principal compo-
nent analysis)-based model to estimate the vulnerability of Czech soils to degrada-
tion. The results were published in the form of a soil degradation threat map.

2 Soil Erosion

In comparison with the rest of the world, the Czech Republic has relatively low soil
erosion potential, as it lacks high mountains and heavy convective rainstorms, and a
considerable part of the area is covered by forests [17]. Nevertheless, soil erosion
(especially by water) is the most frequently highlighted soil degradation process. A
total of 43% of the arable land is on slopes ranging from 3° to 7°, and 10% of the
land is on slopes exceeding 7°. Wind erosion occurs mainly, but not exclusively, in
the south-eastern part of the Czech Republic, where the climate is warmer and the
soils are generally lighter. The estimated annual soil loss from agricultural land for
the whole country is estimated to be 21 million tons, which represents an economic
loss of up to CZK 4.3 billion [20]. Soil translocation due to tillage operations has
also been studied [21, 22]. Up to 16% of arable land is negatively affected by the
tillage operations, especially in the most fertile regions of south and northeast
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Moravia [23]. Soil erosion has been a prominent topic of national research in the last
20 years. According to the Central Register of Research & Development projects
(https://www.isvavai.cz/cep, as of March 2021), 47 out of 116 grant-funded projects
related to soils have dealt with the problematics of soil erosion.

2.1 Soil Erosion by Water

More than 55% of agricultural land in the Czech Republic is potentially threatened
by surface runoff and subsequent soil erosion by water and out of this percentage,
over 17% is extremely threatened [24, 25]. Similar or slightly lower values have
been reported during the last 20 years [26], which indicates that the situation has not
improved. The permissible soil loss limit on moderately deep to deep soils in the
Czech Republic is 4 t ha-1 year-1, but some argue that the real soil formation
processes in the Central European region are even slower (estimated to be 1 cm of
soil in approximately 100 years), and that the permissible soil loss limits should be
reduced by at least a half. Single erosion events often lead to irreversible topsoil
losses of several centimeters locally [14].

The Czech Republic contains densely populated areas where soil erosion is
usually accompanied by the off-site negative impacts of considerable economic
damage to water structures (e.g., ditches, rivers, and reservoirs affected by siltation
and consequently by eutrophication) or to the civil infrastructure (local flash floods,
mud flows into villages and gardens) [27–29]. Over 40% of reported erosion cases
end up with damage to roads, over 30% with damage to the civil infrastructure, and
more than 17% with damage to water bodies [24]. Eroded soils in the Czech
Republic produce lower crop yields per hectare. The reported yields are lower by
15–20% on moderately eroded soils and by as much as 75% on heavily eroded soils
[24]. Agriculture is the main non-point pollution source of surface waters and
groundwater. Surface runoff containing detached soil particles introduces consider-
able loads of adsorbed pollutants, mainly phosphorus [28, 30] and nitrogen [30]. Soil
erosion also has a significant influence on the price of affected parcels [31, 32].

The unsatisfactory present-day situation is connected with mass production in
agriculture and with extreme changes in land use (the so-called collectivization
process in the 1950s), when large units of arable land were consolidated and the
soil degradation process accelerated dramatically in some areas (Fig. 2) [16]. Dostál
et al. [33] identified the following dominant factors which have contributed to a
dramatic increase in soil erosion:

– Establishment of very large fields (on an average 20 ha, but there are even parcels
of 200 ha [34])

– Removal of the dense network of linear features and spot elements in the
landscape (such as dirt roads, paths, ridges, grass belts, groves, etc.) which
could potentially prevent or terminate surface runoff
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– Extensive soil amelioration with introduction of dense networks of tile drains,
straightening and deepening of streams

– Transformation of grasslands and pastures into arable areas in morphologically
unfavorable landscape areas (foothills, slope areas).

– Drainage of inundation areas, leading to more arable land but to lower water
retention capacity of the landscape.

– Utilization of heavy machinery, which has resulted in soil compaction and
reduced soil infiltration capacity

– Planting of wide row crops (e.g., corn, potatoes)
– A drastic reduction in organic matter inputs, due to reduced livestock production

since the 1990s.
– Increased application of mineral fertilizers since the 1970s
– Insufficient use of modern technologies, lack of knowhow, and a lack of political

support for soil protective cultivation of the land

Since as early as the 1960s, severe erosion events have been reported, especially
in the highlands [36, 37]. The reporting strategy has improved since then. The
Research Institute for Soil and Water Conservation and the State Land Office have
introduced an online tool for soil erosion event monitoring (accessible from https://
me.vumop.cz/app/), which visualizes the spatial and temporal distribution of severe
water soil erosion events on agricultural land in the Czech Republic [38]. The
increased rates of erosion events, which are observed every year in May and June,
are related to a combination of the rainfall pattern and the undeveloped vegetation,
which provides insufficient cover for the soil surface at that time of the year (Fig. 3).
Erosion events have recently also been recorded in the autumn and increase in the
areas where oilseed rape is grown. Most of the erosion events occur on Cambisols
(over 40% of the events), which are predominantly located in the hilly regions.
Chernozems, which are in general susceptible to water erosion, do not exhibit an
extreme number of events in the Czech Republic, as they are located in flatter parts
of the country and cover a comparatively small area (7% of the events) [38].

Fig. 2 An example of the change in the landscape pattern between 1954 (left) and 2020 (right) due
to the collectivization of agriculture (vicinity of the Nučice experimental catchment [35]) (source of
the historical orthophotograph CENIA 2010, current situation ČÚZK, available from: http://
geoportal.gov.cz)
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The most widespread crops in the Czech Republic are wheat, barley, and oilseed
rape (the sowing areas vary annually between 40% and 65%), followed by fodder
crops and maize. The diversity of agricultural crops has decreased in the last 25 years
[39]. In the long term, maize has been the most problematic crop from the soil
erosion perspective, with approximately one half of significant erosion events
occurring on maize fields, followed by winter oilseed rape, winter cereals, and
potatoes. By contrast with most other crops, soil erosion events on maize fields
have been observed even when the canopy is already closed [38] (Fig. 4).

Fig. 3 Ratio of recorded water erosion events in the Czech Republic during a year (based on a
monitoring from 2012 to 2015). This figure is based on data retrieved from the soil erosion event
monitoring of the Research Institute for Soil andWater Conservation and the State Land Office [24]

Fig. 4 Sheet and rill erosion development near Přestavlky (left), to formation of gullies at Vlkov
(right) (photographed in June 2020, courtesy of Josef Krása)
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2.2 Soil Erosion by Wind

Approximately 10% of the area of the Czech Republic (23% of the arable land in
Bohemia and 40% of the arable land in Moravia) is threatened by wind erosion, and
5% of the farmland is severely threatened [33]. The most-affected areas are the Elbe
plain in Bohemia, the spoil heaps, and the open pit brown coal mines in NW
Bohemia, and the southern part of Moravia, where the climate is warmer and the
generally dry Chernozem soils are more susceptible to detachment by wind than in
the rest of the country [40]. Recent weather extremes, with warm winters with
reduced amounts of precipitation and almost no snow, have stimulated the erosion
processes, as the bare soil surface dries quickly in spring [41].

Wind erosion events have occurred even in the 1950s, before the arable land
collectivization process started [42], but in the long term the disruptive effects did
not exceed the limits of natural erosion [43]. However, after small plots were merged
into large arable blocks, the semi-natural wind barriers and shelterbelts were
destroyed and were later replaced by quickly growing trees and often poorly
maintained. The crop diversity was dramatically reduced, and the impact of wind
erosion on soil degradation increased. In general, the danger of wind erosion was
underestimated. In Southern Moravia, the mean topsoil loss due to wind erosion is
currently estimated to be 0.4 mm of the plough layer per year, and locally up to
4–5 mm per year. In the case of severe dust storms, even 20 mm of topsoil loss have
been reported [33].

2.3 Soil Erosion Measures and Policy

Effective measures against soil erosion are well known and they have been increas-
ingly applied on a number of fields in the Czech countryside. Unfortunately,
effective measures have usually been carried out on a local scale, and either on
fields that have already been repeatedly affected by erosion or by a limited number of
progressive farmers and land owners. Nevertheless, the ongoing process of land
consolidation (aimed at reducing the high ownership fragmentation caused by the
restitution of confiscated land in the 1990s) provides a great opportunity to reshape
the rural landscape matrix, to introduce stabilizing elements, e.g., pathways, grass
strips, alleys, ditches, green vegetation, among others [44], and to improve the
resistance of the soil to degradation [45, 46].

The main policy tools implemented by the Ministry of Agriculture are the
standards of Good Agricultural and Environmental Condition (GAEC), which
support agricultural management in compliance with environmental protection
[47]. Farmers and smallholders are motivated to take care of the soil. The Ministry
of Agriculture, together with the Research Institute for Soil and Water Conservation,
established, among others, a website (http://eagri.cz/public/web/mze/puda) with up-
to-date information, guidelines, and interactive tools (an erosion calculator, soil

42 D. Zumr

http://eagri.cz/public/web/mze/puda


maps, contaminated sites, etc.). In most cases, the goal is to apply a set of erosion
measures to protect the soil. The set of anti-erosion measures includes organizational
changes, such as proper crop distribution, strip tillage, and complex landscape
consolidation. Agrotechnical measures include contour tillage and conservation
tillage. Leveling, field balks, and terracing are some of the technical measures.
Further measures are aimed at reducing erosion and transport in streams and rivers
[48]. The amount of measures required by Cross Compliance is carefully balanced
with the available funding (which comes in the form of subsidies to farmers) and the
required measures and tolerable limits are therefore in general underestimated, and
effective soil conservation would require more effort. However, best management
and soil conservation practices, conservation tillage, mulching, direct seeding, and
other practices are being implemented on larger and larger areas. Further positive
development can be expected with the anticipated ban on glyphosates, which will
bring fundamental changes in farming practices [49].

3 Changes in Soil Properties, Soil Compaction

Soils on farmlands are losing their structure, mostly due to intensive tillage and soil
compaction. Soil compaction, caused by overuse of heavy machinery, intensive
cropping, and inappropriate soil management, has been recognized as one of the
major problems of modern agriculture [50]. Compaction results not only in soil
aggregates deformation, but also in changes in the conductivity and connectivity of
the pores. One can commonly observe the formation of dense soil layers with very
low macroporosity and hydraulic conductivity in the shallow soil profile [51]. Con-
sequently, water infiltration is reduced, and in addition this situation causes reduced
gas and heat fluxes within the soil profile. In a global perspective, this can influence
the global carbon and nitrogen cycles [52, 53].

3.1 Soil Structure Loss

The soil structure of arable land has a significant impact on water and soil air
availability, nutrient uptake, and leaching [54]. Thereby, the soil structure indirectly
affects the ground and surface water supply and water quality. The aggregation of
soil particles and interconnected large pores increase the bypass flow in the soil.
Healthy structured soils exhibit increased infiltration rates, reduced surface runoff,
water percolating deeper into the soil profile, and usually, but not necessarily, also
higher yields.

Agricultural management practices (the tillage system, crop rotation, fertilizers,
etc.) can significantly impact the stability of the topsoil aggregates and soil hydraulic
properties [55]. Growing crops, tillage, and subsequent reconsolidation due to
natural wetting and drying cycles cause changes in the soil bulk density and porosity,
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the ratio of macropores, the soil hydraulic properties, the surface roughness, or the
depression storage of rainwater. The stability of soil aggregates is maintained mainly
by the organic matter content, the clay content, iron oxides, and biological
activity [56].

A decline in the soil organic matter (SOM) and the microbial biomass in the
topsoil has been considered a major agronomic and environmental problem, mainly
due to its negative impact on soil properties [17, 57]. Several studies based on long-
term monitoring of SOM on various soil types in the Czech Republic indicate a
lower current SOM content with worse qualitative parameters than decades ago [58–
61]. The SOM decline is attributed mainly to tillage, to the intensification of farming,
and to reduced application of manure due to the reduced numbers of livestock
(as shown in Fig. 6 in the next section). Bednář and Šarapatka (2018) showed high
SOM losses on drained fields and on parcels affected by water erosion [62]. Soil type
and the farmer’s attitude are also significant factors for loss of SOM, as shown by
[63]. Farmers often do not treat soil in a sustainable manner, because they usually do
not own the parcels nor have a long tenure contract. As was noted earlier, farming of
leased farmland is widespread in the Czech Republic, and a lack of a sense of
responsibility for the soil is therefore often a problem.

There have been several research activities related to the soil physical properties
of farmed soils in the Czech Republic. The effects of different soil and agricultural
management on soil structure and soil hydraulic properties were analyzed by means
of long-term monitoring and numerical modelling on Luvisol at the Hněvčeves
experimental station (maintained by the Crop Research Institute in Prague)
[55]. These studies showed that land use significantly influences the soil hydraulic
properties in the upper part of the soil profile (A and Bt1 horizons, down to a depth of
approximately 60 cm). Soil water retention and near-saturation hydraulic conduc-
tivity were higher in a soil profile with grassland compared to a soil with periodic
tillage. Seasonal variability of soil bulk density, saturated water content, and unsat-
urated hydraulic conductivity were analyzed by Zumr et al. [64] on the Nučice
experimental site. The soil water holding capacity generally decreased during the
vegetation season as a result of the rainfall kinetic energy, poor soil structure
stability, and a compacted shallow plough pan which caused frequent topsoil
saturation.

A study by Podrázský et al. [65] proves a positive effect of the minimum tillage
system on the soil aggregate stability, especially in the case of maize. A change of
land use, such as afforestation or conversion of farmlands to grasslands, is a way to
improve the soil water regime of degraded soil. However, the previous land use
continues to affect the soil properties for many years, and the imprint of arable soils
can prevail even 30 years after a change [44].

A poor soil structure accelerates other soil degradation processes. Agricultural
uplands are very susceptible to soil water erosion when they are tilled repeatedly and
are left without a protective cover. Erosion tends to preferentially remove low
density or light particles, including both clay and soil organic carbon, which are
two of the primary bonding agents in the aggregation process [66].
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3.2 Soil Compaction

Approximately 38–45% of the Czech farmlands are negatively affected by topsoil
and subsoil compaction [67]. This makes compaction, together with soil erosion,
loss of organic matter and soil sealing, one of the most prominent soil degradation
processes. The consequences of excessive soil compaction are very serious, as the
most-affected soils are very fertile [68].

Less than 30% of the threatened soils are vulnerable to the so-called pedogenetic
compaction, and more than 70% are vulnerable to the so-called technogenic com-
paction (VÚMOP 2021). Pedogenetic compaction arises during the formation of
whitish illuvial or gley layers and is therefore typical for soil profiles with a
comparatively high clay content. Technogenic soil compaction, resulting from
mechanical pressure caused by field trafficking by agricultural machines, is danger-
ous mainly due to the possibility that it can occur in soils of any textural composition
[69]. Current over-compaction has been caused mainly by excessively intensive
farming in recent decades, mainly disproportionate doses and an incorrect assort-
ment of mineral fertilizers, an insufficient supply of organic matter, and the use of
heavy machinery. Conservation and minimum tillage technologies are the main
practices in the Czech Republic, while direct seeding is marginal. Livestock tram-
pling causes problems only locally on pastures. Kroulík et al. [70] showed that the
ground area percentage that is trafficked at least once in a year is almost 90% for
conventional tillage and 72% for conservation tillage [70]. Direct seeding technol-
ogy requires approximately one half of the trafficked area. Controlled traffic farming
with a fixed track system, which has been introduced on many farms, reduces the
trafficked area to nearly 30% [71].

In general, soil compaction tends to be a more serious problem for soils with a
high clay content [62]. At present, the situation is more complicated, as the long-
term degradation has resulted in compaction in subsoil horizons which is very
persistent and cannot be removed easily. So far, only minimal attention has been
paid to finding an effective solution to this serious issue in agricultural enterprises.
Compacted soils exhibit low infiltration capacity and water retention, reduced
biological activity due to worse aeration and thermal regimes, higher bulk density,
limited effective depth of the soil profile, fast soil drying, fast runoff, and often
waterlogging. The direct consequences are increased power consumption during
tillage, impaired nutrient utilization by plants, lower quality and a lower amount of
yields [68].

A comprehensive study of the compacted subsoil layer and its spatial homoge-
neity was carried out by Jeřábek et al. [51] at the Nučice experimental catchment.
The research was based on a combination of direct soil sampling, mechanical
penetration resistance monitoring, geophysical methods (shallow electrical resistiv-
ity tomography), and remote sensing (delineation of wheel tracks). The measure-
ments showed that the plough pan was homogeneous in a large part of the catchment,
and its mean depth was between 11 and 14 cm (Fig. 5). Zumr et al. [72] showed by
means of rainfall runoff monitoring and numerical modelling that the shallow plough
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pan can explain immediate response to intense rainfall and the low soil water
retention capacity of the Nučice catchment [73].

4 Soil Contamination

Pollution by various contaminants may cause disturbances in the functioning of the
soil ecosystem and presents a risk to humans and to the environment. The main
contaminants in the Czech soils are potentially toxic elements (PTASs) and
man-made organic chemicals (xenobiotics), such as synthetic pesticides, dissolving
agents, hydrocarbons, and drugs. The chemical elements of greatest concern are
arsenic, cadmium, nickel, lead, and chromium. In most cases, soil contamination
does not cause diffuse pollution, and the contaminated sites are usually small and
disconnected. The most-affected areas are those with heavy industry and mining
activities (West Bohemia, North Moravia) [17] and areas with high transportation
(Prague and its surroundings) [74, 75]. Soils are locally also contaminated in the
alluvial plains, due to occasional inundations containing wastewater [76]. Sewage
sludge has only rarely been deposited or added to arable soils, as there are strict
limits on its chemical composition. Contamination of the surrounding soils from
modern landfills has also not been a serious problem [77].

The maximum tolerable values of risk elements and persistent organic pollutants
are set in the Czech legislation [17, 78]. Since 1992, arable soils have been regularly
tested for agrochemicals and hazardous substances within the Basal Soil Monitoring
System organized by the Central Institute for Supervising and Testing in Agriculture
(UKZUZ). The results of the monitoring, which has taken place within the area of

Fig. 5 Mechanical resistance against penetration at one of the observation points in the Nučice
catchment. The red dots represent single measured values, and the black line shows the average
resistance depth profile (left). The map of the plough pan position was reconstructed on the basis of
over 100 measured soil profiles. The lines represent the wheel tracks which are mostly followed
during trafficking (right), based on [51]
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the whole Czech Republic, show that the limiting values are only rarely
(in approximately 1% of the samples) exceeded for cadmium and for arsenic [79],
while the remaining tested elements exceed the limits even less often. The limits for
the tested organic pollutants (mono and polyaromatic hydrocarbons, PCB, HCB,
DDT, styrene, PCDD, and PCDF) were also exceeded only in exceptional cases
[18, 78]. Long-term monitoring has not proven any significant temporal trends in soil
contamination [66, 80, 81]. Nevertheless, a small number of hotspots remain where
soils are strongly contaminated, mainly due to mining activities, industry, or histor-
ical landfills [82].

A present-day problem of Czech arable soils is insufficient manuring and
unsustainable overdosing of agrochemicals, namely pesticides, herbicides, and min-
eral fertilizers. The main reason for the manure deficit is a dramatic decrease in
livestock production, especially of cattle (Fig. 6). Central Institute for Supervising
and Testing in Agriculture of the Czech Republic estimates that due to the lack of
organic matter in arable soils, which is being recompensed with fertilizers, the soils
will require at least 30 years to recover their function in the ecosystem [83]. In recent
years, the average annual fertilizers consumption has been around 130–140 kg ha-1

of mineral fertilizers (approximately 75% of which is nitrogen, 15% is phosphorus,
and 10% is potassium) and 2 kg ha-1 of pesticides (Czech Statistical Office). The
statistical data show that the consumption of plant protection products has been
declining in recent years, mainly due to lower application of glyphosates [84]. Nev-
ertheless, pesticide residues in arable soils continue to pose an environmental threat,

Fig. 6 A decline in numbers of livestock and available barnyard manure has resulted in increased
application rates of mineral fertilizers (mainly N, P, K). Data for pesticides is not available for the
period before 2006. The consumption of pesticides has decreased slightly in recent years (source of
data, Czech Statistical Office, UKZUZ)
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especially in the case of triazine and conazole fungicides [85]. In addition, residues
of organochlorinated pesticides, which have not been applied since the 1990s, still
persisted in the topsoil layers [86]. Pesticides can be transported by infiltrating water
into deeper horizons, especially in soils with a heterogeneous structure with the
presence of preferential flow [87].

A comprehensive analysis of the current situation and spatial and temporal trends
of pesticides in the topsoil has been presented by Kodeš [88]. The study is based on
the monitoring period of 2014–2017. Samples from 34 different localities with
various soil types were analyzed for 64 currently-used fungicides and insecticides,
including conazole and triazines, and recently-banned pesticides (e.g., atrazine,
acetochlor, and linuron). The intensive use of protecting agents has resulted in
their frequent and widespread occurrence in soils, both for currently-used products
and for recently-banned products (and their transformation products). The highest
numbers of pesticides have been observed on fields where rapeseed and wheat were
cultivated (these are the most widely-grown crops in the Czech Republic). Kodeš
[88] pointed out that glyphosate, which is of environmental concern and is applied in
large doses, has not been evaluated within this study. In 2014–2019, monitoring
performed by the Czech Hydrometeorological Institute detected above-limit con-
centrations, mostly of metabolites of herbicides, in approximately 30% of ground-
water samples. Most of the affected samples were collected in the vicinity of fields
with rapeseed planted for biofuels [89–94].

The problematics of veterinary and human pharmaceuticals in soils, their sorption
characteristics, degradation rates, leakage to groundwater and root uptake by crops
has been studied on Cambisols, Chernozems, and Luvisols [91]. The results show
that the pharmaceutical persistence is mostly dependent on the soil type and that the
sorption of pharmaceuticals generally decreases with depth [89]. Lower dissipation
rates were calculated for soils with a well-developed structure, a high nutrient
content, and good biological activity, such as Chernozems [95, 96].

5 Microplastics in Soils

The degree of contamination of soils by microplastics (MPs) is comparable to that in
neighboring countries, but there has yet not been any published research that pro-
vides a quantitative analysis of the amount of microplastics in the Czech soils. The
main sources of plastics on agricultural soils in the Czech Republic are most likely
transportation (abrasion of tires) and plastic wastes from agriculture activities
(remains of plastic bags, foils, straps, etc.). On some farmlands, where plastic
mulching and protection nets are being applied, typically in vegetable or potato
production, or in orchards, degraded plastic particles and macroplastics can be found
in higher quantities, but this has been evaluated only visually so far.

Microplastics have been found in sludge from wastewater treatment plants and
even in treated water. Pivokonsky et al. [97] analyzed water samples of untreated and
treated water and showed that the concentration of MPs was approximately 83%
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lower in the treated water compared to the raw wastewater [97]. Interestingly, even
treated potable water had a rather high MPs concentration of 338 to 628 particles per
liter. It should be pointed out that MPs from 1 μm in size were counted, which
explains why such a large number of particles were observed. Further relevant
research on MPs in the aquatic environment has been carried out by a team from
the Institute of Hydrodynamics of the Czech Academy of Sciences. The research has
been focused on drinking water and has produced promising results which indicate
that the current treatment technology is capable of removing most of the MPs
[98, 99]. It can therefore be concluded that a considerable proportion of the trapped
MPs (difference between the microplastics amount in the raw and the treated water),
which were mostly PET, PP, and PE fibers and fragments below 10 μm in size, most
likely ends up in the sludge. Fertilization with sludge is currently not widespread,
due to current legislation which sets strict limits on the composition of sludge.
However, there is a prospect that sludge will soon be utilized more often as a way
to enrich soils with organic matter. Sludge will then become another potential source
of microplastics in soils.

Currently, a new research project is starting within the framework of the EU ITN
Marie Sklodowska-Curie program entitled “Macro and microplastics in agricultural
soil systems.” The Czech Technical University in Prague will be evaluating MP
fluxes from arable fields into surface waters.

6 Effects of Fires

Although wildfires are a natural phenomenon, their main cause in populated land-
scapes is human activity [100–102]. In Europe, 97% of forest fires of known origin
within the period from 2006–2015 were directly or indirectly caused by humans.
Similarly, the majority of recent wildfires in the Czech Republic were caused by
humans [103]. The distribution of wildfires in the landscape is influenced by ignition
triggers and also by environmental factors of both anthropogenic and natural origin.
The presence of humans in the landscape usually serves as an ignition trigger, while
environmental factors influence the probability that a wildfire will occur (Table 1).
The environmental factors can be biotic, such as the vegetation cover influencing the
fuel type, load and flammability, or abiotic, such as climate, topography, or soil
types, which influence the moisture of the fuel and the spread of the fire. Anthropo-
genic factors influencing fire occurrence can be socio-economic, such as population
density or the rate of unemployment, as well as socio-environmental, such as land
use [104]. However, the effect of each of these factors on fire incidence varies among
habitat types and depends on the temporal and spatial scale, as, for example, climatic
variables usually operate on a scale that is broader than regional [105].

In the Czech Republic, the issue of wildfires and their influence on the soil, on
human health, and on ecosystems is likely to grow in importance due to the climate
change. The Czech Republic has a fragmented terrain and a dense network of forest
paths, making it an area where forest fires seldom cause catastrophic damage.
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Because of this, the role of forest fires in local ecosystems was marginal in Central
Europe in the past [106]. However, it has been proved that wildfires have affected the
long-term development of forests even in the area of the Czech Republic [100]. The
causes of forest fires in the Czech Republic have been analyzed by a small number of
authors. The number of forest fires varied between 444 and 1,398 per year in the
period from 2006–2018, with an average number of 725 per year. The burned area is
usually not large, usually around 0.35 ha, and about 70% of all forest fires affect an
area smaller than 0.05 ha. The incidence of forest fires in the Czech Republic is not
uniform. In some municipalities no single forest fire was reported within a one-year
period, while other municipalities reported more than ten forest fires [107].

Although forest fires are usually emphasized in the scientific literature and in the
media, fires on agricultural fields have had a higher economic impact in recent years
in the Czech Republic. The fires mostly occur during the hot and dry summer months
during the harvest, and the fire is usually caused by contact between the harvester
and stones on the soil surface. The fires damage the crops and reduce the yields
significantly. In addition, expensive machinery is often damaged beyond repair in
the fire. According to the Fire Rescue Service Statistical yearbook, there were over
600 fires in agricultural areas and nearly 2,000 fires in forest areas in 2019.
Approximately 60 major fire events were recorded in 2019, which caused damage
exceeding 10 million Czech crowns (EUR 400,000). One of the fires broke out on
grassland, 11 in forests, and five were related to agricultural activities. 140 cases of
self-ignition of agricultural crops occurred in 2019 [108].

Until now, little has been known about the consequences of fires on tilled soils
and on the water regime, including the transport characteristics of various chemical
components (such as PTEs, pesticides, fertilizers) in Czech conditions. The
increased fire risk highlights the need to understand the processes occurring after a
fire in terms of the changes to vegetation dynamics, soils, and water. In the Czech
Republic, there is no data on post-fire contaminants and little attention has been paid
to the long-term effects of fire, especially the effects on solutes and associated

Table 1 Statistics on forest fires in the Czech Republic in the last 10 years, which shows a
generally positive correlation between the occurrence of wildfires and the mean temperature [107]

Year
Mean annual
temperature (°C) No. of forest fires Burned area (ha) Casualties Injuries

2010 7.2 732 205 1 21

2011 8.5 1337 337 1 27

2012 8.3 1549 634 2 30

2013 7.9 666 92 0 7

2014 9.4 865 563 2 10

2015 9.4 1748 344 1 33

2016 8.7 892 141 0 6

2017 8.6 966 170 2 9

2018 9.6 2033 492 0 35

2019 9.5 1963 NaN 0 32
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pollutants. The effectiveness of post-fire rehabilitation treatments is highly relevant
in this context. Research projects funded by the Ministry of Youth and Education
and by EU COST Action have recently started to study the effects of wildfires on
agriculture soils and grasslands (Fire effects on soils, https://starfos.tacr.cz/cs/
project/LTC20001, viewed December 2022).

The risks related to fires in forests, grasslands, shrublands, and croplands are
expected to increase due to key factors: (i) the expansion of forests as a result of land
abandonment and afforestation; (ii) the increase in fuel load and fuel continuity due
to reduced land management; (iii) greater ignition potential due to population growth
at the urban/rural interface; (iv) climate change, which will induce higher tempera-
tures, increased wind speeds, an increased probability of prolonged dry periods
affecting vegetation flammability [108]; (v) the growth of urban areas located closer
to the land; and (vi) intensification of agriculture and harvesting during very dry
conditions.

7 Conclusions

Overall, soil degradation is usually a result of more than one degradation process. It
is often not possible to assess what degradation factor is the primary cause and what
is the consequence, e.g., in the case of soil erosion and low organic matter content.
The impacts of unhealthy soils are vast, ranging from biodiversity issues to ground-
water quantity and quality. Soil sealing is another important problem for which
inappropriate urban and landscape planning is mainly responsible. Soil degradation
must therefore be regarded as a complex problem with multiple variables that
involve many disciplines (including economics and ecology).

Farmers in the Czech Republic are aware that degraded soils pose a long-term
threat to their livelihood. Many farmers have already encountered problems such as
reduced yields due to lower amounts of precipitation, and decreased soil water
retention capacity, difficult soil tillage and manuring, higher wear of machinery
during dry soil cultivation, pests, water and wind erosion, difficulties in estimating
the dosage of fertilizers and pesticides in uncertain weather conditions, etc.

The literature review presented here and also many research project reports,
guidelines, methodologies, tools, NGO initiatives and politically-oriented activities,
which are not fully listed in this chapter, suggest the following specific measures
(in line with best management practices), which have a strong potential to slow down
soil degradation and result in a more sustainable way for farming in the Czech
Republic:

– To increase the soil organic matter (SOM) content in soils. SOM improves the
soil structure and the stability of soil aggregates, and therefore reduces the
vulnerability of the soil to erosion and improves the soil water regime. The
optimal solution is high-quality barnyard manure. Compost, crop residues, and
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green manuring are also very beneficial. First and foremost, however, the existing
SOM must not be depleted.

– Providing support for small farms with sustainable livestock breeding.
– To change the landscape pattern toward higher spatial fragmentation, with

smaller fields and with more small-scale landscape features to increase the
ecological stability and the biodiversity of the landscape. A functional landscape
will provide ecosystem services such as protection against wind and water
erosion, better soil health, rainwater retention and purification, groundwater
recharge, and many others.

– Seed catch crops and apply mulching.
– Using soil conservation tillage with a reduced number of passes, controlled

trafficking and working soil at the optimal soil moisture. Apply occasional deep
soil ripping to at least 40 cm to remove subsoil compaction. Reduce the use of
pesticides.

– Providing support for organic farming and agroforestry, which usually results in
higher biodiversity and more sustainable agriculture providing beneficial ecolog-
ical services.

– To ensure sustainable urban growth

Although the current soil status may not look optimistic, there have been many
examples of positive practices and trends. The public is aware of the situation and is
concerned not only about food quality, but also about the impacts of agriculture on
the environment. Organic food and products of local sustainable agriculture are
becoming more and more popular. The state legislation follows the European
agriculture framework, and stricter limits are expected on pesticide application and
on large monoculture fields. We may therefore hope that the trend in the soil quality
indicators will follow the air and surface water markers, which have been improving
in recent decades.
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Abstract Agricultural soil degradation is a global phenomenon that is expected to
increase in the future due to agricultural intensification and climate change. In Baltic
states (Estonia, Latvia and Lithuania), after the Soviet Union fall, the impacts of
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agriculture on the ecosystems decreased. However, soil compaction, erosion, pollu-
tion and acidification are critical threats that hurt the environment. Unsustainable
practices are responsible for increasing compaction, erosion, pollution and acidifi-
cation. Often, they have dramatic impacts on water resources. The most important is
the increased eutrophication in lakes and coastal areas. Nowadays, the Baltic sea is
one of the most polluted seas in the world. Therefore, it is essential to halt the
agriculture intensification in Baltic countries and establish more sustainable prac-
tices to reverse this trend. This book chapter aims to study the most important
impacts of agriculture practices on soil degradation in Estonia, Latvia and Lithuania.

Keywords Agriculture, Baltic countries, Eutrophication, Intensification, Soil
degradation

1 Background

Soils are the base of life and supply many ecosystem services (e.g., carbon seques-
tration, water purification, nutrient cycling, food, raw material, archaeological
archive) essential for humans. Nevertheless, due to human activities’ expansion
and intensification, degradation has increased [1, 2]. According to FAO, “Soil
degradation is defined as a change in the soil health status resulting in a diminished
capacity of the ecosystem to provide goods and services for its beneficiaries 1

”. For
instance, it is estimated that 33% of the soils are already degraded, and 90% can be
degraded by 2050. These numbers are especially dramatic since 95% of the food that
we eat comes from soil. 2 In agricultural areas, soil degradation is a global problem
produced by high food demand [3]. Soil degradation in agricultural areas occurs due to
unsustainable practices (e.g., tractor trafficking, tillage, short rotation periods, appli-
cation of pesticides and herbicides, pollution, and overgrazing) and climate change. In
the long term, it is expected to threaten food security. Normally degradation is
perceived when there is a decrease in soil biodiversity and soil fertility [4, 5]. There
are a large number of works that highlight the perverse impacts of agriculture
intensification in compaction (e.g., [6]), acidification (e.g., [7]), pollution (e.g., [8]),
erosion and water losses (e.g., [9]). Overall, it is widely known that agricultural
intensification has a dramatic impact on soil functions and ecosystem services, and
sustainable practices are needed to reverse this trend [2]. Different initiatives at the
global level were conducted to halt and reverse soil degradation such as United
Nations Decade on Ecosystem Restoration, 3 Land Degradation Neutrality 4 or the

1https://www.fao.org/soils-portal/soil-degradation-restoration/en/.
2https://www.fao.org/about/meetings/soil-erosion-symposium/key-messages/en/.
3https://www.decadeonrestoration.org/.
4https://www.unccd.int/land-and-life/land-degradation-neutrality/overview.
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Sustainable Development Goals (SDGs). 5 Soil conservation practices are key to
achieving this. They are mostly related to SDG 6, 13 and 6 [10]. In Europe, soil
degradation is a major problem, as highlighted in different works (e.g., [11, 12]). Major
initiatives are being conducted to decrease human footprint and make agriculture more
sustainable (e.g., Green Deal 6) due to the negative impacts of agriculture intensifica-
tion on soil degradation [13]. Soil-sustainable practices are key to achieving green deal
targets [14]. Although soil degradation has not been addressed in the Baltic countries
(e.g., Estonia, Latvia and Lithuania), the impacts on the economic losses are very high
[15]. Therefore, this chapter aims to assess agriculture’s impacts on soil degradation in
Estonia, Latvia and Lithuania.

2 Study Area

Estonia, Latvia and Lithuania are known as the Baltic countries. They are located in
the eastern part of the Baltic sea. Lithuania is the country with the largest area, and
Estonia is the one that has the lowest. The region is relatively flat and does not have a
high orography (Fig. 1). Estonia, Latvia and Lithuania are included in the boreal/
hemiboreal bioclimatic zone. In 2018, forest and seminatural areas covered most of
the areas, while wetlands covered less. Regarding Estonia and Latvia, forest and
seminatural areas covered most of the areas as well. The areas that had the slightest
land use were artificial surfaces. Lithuania showed a different dynamic compared to
the previous countries. Agricultural areas covered most of the territory and wetlands
were the less common land use (Table 1). Agricultural areas occupied a larger area in
Lithuania compared with the other countries. In all Baltic countries, from 1990 to
2000, there was a decrease in the agricultural areas. An increase followed this
decrease in 2006. In the following years (2012 and 2018), the agricultural area
stabilised (Fig. 2). According to the Eurostat, 7 in January of 2021, there were
1,330,068 inhabitants in Estonia, while in Latvia and Lithuania were 1,893,233
and 2,795,680 inhabitants, respectively.

3 Soil Compaction

Soil compaction affects approximately 33 million hectares in Europe. 20 million
hectares are located in Eastern Europe. Soil compaction is a highly variable problem,
and agriculture depends essentially on soil susceptibility to compaction, tractor
traffic intensity and tillage practices [16]. The implications of compaction are

5https://sdgs.un.org/goals.
6https://www.switchtogreen.eu/the-eu-green-deal-promoting-a-green-notable-circular-economy/.
7https://ec.europa.eu/eurostat/cache/digpub/regions/#total-population.
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reduced soil water infiltration, aeration, porosity [17], biota, root development,
structure stability, cultivation, yield, plant germination and nutrient uptake [16, 18,
19], fertiliser efficiency and increased overland flow, erosion, nutrient losses, soil
density, greenhouse gases emission and tractor fuel demand [19–21]. Previous
works highlighted that soil compaction was a concern in the three Baltic states
[12]. In this region, agricultural soils have a high susceptibility to compaction,
especially in some areas in the south of Latvia. Lithuania’s susceptibility is lower
than the two other countries (Fig. 3). In agriculture areas, the soil compaction
problem is very great in Lithuania and Latvia but less in Estonia. On average, the
bulk density in agricultural lands in Estonia, Latvia and Lithuania is 1.28 (±0.158),
1.38 (±0.106) and 1.38 (±0.099), respectively (Fig. 4). In some areas of the Baltic
countries (e.g., central and southwest of Lithuania), the soil has a reduced suscep-
tibility to compaction (Fig. 3). However, the same areas have high compaction
(Fig. 4). This may be due to the unsustainable practices related to agriculture
intensification in these areas.

In Estonia, soil compaction in agricultural areas is a recognised problem [22]. Sev-
eral works were developed to assess the impacts of soil compaction. Krebestain et al.
[23] found that tractor trafficking increased topsoil (Cambisol) compaction in a
Lucerne (Medicago sativa L.), decreasing soil air capacity, plant-available water,
saturated hydraulic conductivity, and air conductivity. Khut et al. [24] found that
penetration resistance increased significantly compared to the non-compacted soil in
a strongly compacted Haplic Stagnosol. The high soil compaction decreases the
conditions for plant germination. Reintam et al. [25] conducted a 5-year experiment
in a Stagnic Luvisol planted with spring barley (Hordeum vulgare L.) monoculture.
Two treatments were considered compacted (MTZ-82 tractor; total weight 4.84 mg)
and non-compacted. During the experiment, tractor trafficking decreased grain yield
(80%), barley shoots quantity, phytomass, and aboveground biomass. The most
damaging impact was detected in the 2 initial years of the experiment. Also, in a
Stagnic Luvisol, Kuht and Reintam [26] found that heavy compaction significantly
decreased spring barley and wheat nitrogen, phosphorus, calcium and magnesium
uptake. Trukmann et al. [27] identified that soil compaction decreased a spring
barley monoculture’s roots and shot weight in a Stagnic Luvisol. On the other
hand, oilseed rape and narrow-leafed lupine shoot and root weight increased with
soil compaction, showing that these species are more adapted to compacted soils. In
Latvia, few international literature studies focused on the impacts of agriculture

Table 1 Land uses in Baltic countries according to Corine Land Cover (2018) in %. Source:
https://land.copernicus.eu/pan-european/corine-land-cover/clc2018

Land use All countries Estonia Latvia Lithuania

Artificial surfaces 2.43 2.10 2.03 3.04

Agriculture areas 42.11 31.60 39.57 58.84

Forests and seminatural areas 50.48 56.65 53.73 34.91

Wetlands 2.30 4.61 2.53 0.86

Water bodies 2.67 5.04 2.11 1.99
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intensification on soil compaction. However, a report delivered by the Ministry of
Agriculture [28] highlighted the importance of soil compaction in the degradation of
agrochemical properties. In Lithuania, several experiments were conducted to study
the impact of agriculture on soil compaction. Previous works also observed that soil
compaction induces enormous losses related to yield, greenhouse gases emission,

Fig. 3 Soil susceptibility to compaction in Estonia, Latvia and Lithuania. Data from: https://esdac.
jrc.ec.europa.eu/themes/soil-susceptibility-compaction
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erosion, flooding, fuel demand, nitrogen, phosphorous and potassium and water
pollution; approximately 27 million Euros per year [29]. Šarauskis et al. [30]
observed in experiments conducted in several parts of Lithuania that tillage practices
reduced soil compaction. Non-tilled soils have the highest soil compaction. Never-
theless, although tillage decreases soil hardness, high soil tillage intensity reduces
topsoil moisture and the conditions for plant germination. Also, Šarauskis et al. [31]
after applying different tillage methods (deep cultivation, shallow cultivation, deep
ploughing, shallow ploughing and no-tillage) found that autumn soil tillage by
shallow cultivation effects on topsoil compaction was lower than the identified
deep ploughing. Experiments carried out by Feiziene et al. [32] in an Epihypogleyic
Cambisol found that conventional tillage practices had improved soil properties (low
bulk density and high air permeability). Also, Romaneckas et al. [33] recorded that
deep tillage decreased soil mesopores. Overall, the studies performed in the Baltic
countries highlighted that soil compaction decreases substantially soil quality and
food production.

4 Soil Erosion

In European Union, approximately 2.46 t/ha of soil is lost annually. Also, 12.7% of
European arable lands have an extremely high soil loss (>5 t/ha) and need to be
restored. Soil erosion has tremendous impacts on the environment, society and
economy. A soil affected by erosion has difficulty storing water and nutrients,
making them more vulnerable to droughts and reducing its fertility, biodiversity,
functions substantially, and ES supplied (e.g., floods and erosion regulation) [2, 35,
36]. Therefore, crop growth and yield will negatively affect farmers’ income
[37]. Wind erosion also decreases soil fertility and increases dust storms that harm
the environment and human health (e.g., respiratory diseases) [38, 39]. Compared to
southern European mountainous areas, soil losses in the Baltic countries are reduced
[34]. Soil water erosion in these countries is not severe (Fig. 5). On average,
annually, Estonia soil losses are 0.48 t/ha (±0.50), in Latvia 0.54 t/ha (±0.68) and
in Lithuania 0.75 t/ha (±0.73). All the countries have a reduced agricultural area
affected by severe erosion [40]. This confirms the idea that water erosion in the
Baltics is minimal compared to other European countries. According to Panagos
et al. [40], between 2010 and 2016, soil water erosion in arable lands decreased in
Estonia (-11%) and Lithuania (-0.6%), while in Latvia increased slightly (1.6%).
The crop yields and economic losses in agricultural areas due to soil erosion are
higher in Lithuania (0.079 million Euros) than in Latvia (0.019 million Euros) and
Estonia (0.006 million Euros) [41]. This represents a land productivity loss of
0.006%, 0.009% and 0.0018% in Estonia, Latvia and Lithuania, respectively.
Land productivity loss causes Estonia a GDP decrease of -0.049 million Euros,
Latvia -0.095 million Euros and Lithuania -0.179 million Euros [41]. Regarding
wind erosion, in Estonia on average the losses in agricultural areas are 0.25 t/ha
(±0.46), in Latvia are 0.071 t/ha (±0.27) and in Lithuania 0.097 t/ha (±0.28) (Fig. 6).
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Fig. 5 Agricultural soil water erosion (t/ha) in Estonia, Latvia and Lithuania (100 m resolution).
Below the soil erosion histograms for each country. Data from: https://esdac.jrc.ec.europa.eu/
content/soil-erosion-water-rusle2015
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Fig. 6 Agricultural soil wind erosion (t/ha) in Estonia, Latvia and Lithuania. Below the soil erosion
histograms for each country (1,000 m resolution). Data from: https://esdac.jrc.ec.europa.eu/themes/
wind-erosion
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Although these values are not high, the soil cover factor index is high in some areas
of Lithuania and south of Latvia (Fig. 7), meaning the soil is unprotected against
erosion agents. The average cover factor is 0.152 (±0.063), 0.144 (±0.074) and
0.184 (±0.069) in Estonia, Latvia and Lithuania. However, there are many pixels,
mainly in Lithuania, where the cover factor is high. Therefore, the averages
abovementioned are not representative of reality. A closer look confirms this idea.
Bare soil index analysis conducted at a better resolution in Lithuania shows that in
agriculture fields, bare soils are common (Fig. 7).

Since Estonia is flat, water and wind erosion is not considered one of the most
relevant natural hazards [42]. Nevertheless, some studies highlight that 40% of
agricultural areas are at risk of water erosion [43], and some works identified erosion
associated with tillage practices [44]. Regional-focused works (southeast) showed
that 6–37% are affected by erosion [45]. Another evidence of the active soil erosion
from agricultural lands is the sediments and nutrients transported into water bodies.
Previous works recognised that there are very few field experiments in Estonia to
assess the transport from agricultural areas into water bodies [46]. In our search, we
only found the work of Laas and Kull [47], which found in a small catchment that a
high amount of sediments and nitrogen was transported from agricultural areas. In
Latvia, soil erosion is considered the most critical form of degradation (Fig. 8). It is
estimated that 20.8% of the agricultural area is affected by erosion [48]. The main
causes for soil degradation in agricultural areas are drainage system management,
not appropriated rent-tenure relationships, rare use of soil conservation measures,
lack of crop residues management, short crop rotations and a high cover of annual
crops (e.g., [49]). Soms [50] found that agricultural practices coupled with intensive
rainfall and spring snow melting contributed to gullies development in southeastern
Latvia. Also, Lagzdins et al. [51] recorded that in agricultural catchments, the
nutrient concentrations in water increase with agriculture intensification increase.
However, due to land abandonment and the decrease in agricultural intensification8

in some areas of Latvia, several nutrients such as phosphorus and nitrogen are
decreased in water bodies [52]. In Lithuania, soil erosion in agricultural areas is
considered a matter of concern. For instance, 17% of agricultural land is eroded. The
soil types most affected by water erosion are Regosols, Luvisols, Cambisol and
Albeluvisol. The soils most affected by wind erosion (especially after tillage and
dried) are Histosols and Arenosols. The major cause of erosion in Lithuanian
agriculture is the tillage practices [53]. Several works conducted in Lithuania
focused on soil erosion in agriculture in different types of soils. Jarasiunas and
Kinderiene [53] studied the impact of different land (e.g., grain–grass and grass–
grain crop rotations) established in Eutric Albeluvisols and found that under erosion
rates could reach 1.38 (grain–grass) and 0.11 (grass–grain) m3 ha–1 year-1.
Jankauskas and Fullen [54] investigated spring barley yields planted in Dystric
Albeluvisols and found a strong negative relation between crop yield and erosion
severity. There was a considerable decrease in spring barley yields in slopes (-

8https://www.eea.europa.eu/soer/2010/countries/lv/land-use-state-and-impacts-latvia.
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Fig. 7 Agricultural soil cover factor in Estonia, Latvia and Lithuania (100 m resolution). Below the
soil erosion histograms for each country. Data from: https://esdac.jrc.ec.europa.eu/content/cover-
management-factor-c-factor-eu
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17.7–26.3%) with an inclination between 10 and 15°. Kinderiene and Karcauskiene
[55] established numerous field rotations (Field crop rotation; Field crop rotation
with black fallow; Erosion-preventive grain–grass crop rotation; Erosion-preventive
grass–grain crop rotation; Not fertilised and not used (not mown) grassland;
Fertilised and mown grassland) in an eroded Eutric Albeluvisol and found that
erosion processes were accelerated under reduced vegetation cover and intense
rainfall. The highest levels of soil erosion were identified in Field crop rotation
with black fallow (13.21 t ha-1 year-1). Also, in Eutric Albeluvisol, Jankauskas
et al. [56] found high erosion rates in winter rye (3.2–8.6 m3 ha-1 year-1) and spring

Fig. 8 Bare soil index (BSI) in an agricultural field located in Lithuania. Data from Sentinel
2 (10 m resolution) (2018–2022 median). BSI was calculated according to the formula
BSI = ((RED+SWIR) – (NIR + BLUE))/((RED+SWIR) + (NIR + BLUE)). RED is the red band,
SWIR is the short-wave infrared band, NIR is the near-infrared band and BLUE is the blue band.
Data from Sentinel 2: https://scihub.copernicus.eu/
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barley (9.0–27.1 m3 ha-1 year-1). They were especially very high under potatoes
(24.2–87.1 m3 ha-1 year-1). Jarasiunas et al. [57] studied the long-term effects
(1995–2012) of different field crops (Winter crops; Potatoes; Spring barley + under
crop; Red clover + timothy perennial + Spring barley and Black fallow) planted in
Luvisols. During the studied period, the erosion was especially high in Black fallow
(89.34 ± 121.29 t ha-1 year-1).

5 Soil Pollution

Soil pollution is a global problem that dramatically affects food security and human
health since it reduces crop yields and makes food unsafe for consumption. The most
significant contributors to soil pollution in agriculture are pesticides, amendments
with solid waste, livestock wastes, irrigation with poor quality water, over
fertilisation and irrigation with untreated wastewater. Agriculture is one of the
main sources of soil and diffuse pollution. The diffuse pollution increase is usually
connected to the increase of heavy metals, pesticides, persistent organic pollutants or
other inorganic pollutants. Contrary to soil erosion or sealing, soil contamination is a
degradation process that is difficult to assess [1, 58]. In the Baltic countries, soviet
agricultural management was highly intensive, based on high agrochemical use
leading to very high soil pollution. After the independence, Estonia, Latvia and
Lithuania were facing several environmental problems, among them soil and water
contamination from agricultural areas [59, 60]. After the regime transition and the
decrease in agriculture intensification, the environmental impacts decrease impor-
tantly. However, they remain a problem [61, 62]. After the independence, several
agricultural fields were developed in former military fields with high soil contami-
nation [63, 64]. Although it is recognised that the situation is better than during
soviet times, the agriculture sector is still an important source of pollutants in Baltic
countries [65–67].

5.1 Heavy Metals

Agrochemicals [68, 69] and other products/compost used in soils, such as sewage
sludge [70], manure [71], or fly ash [72], are responsible for the release of numerous
heavy metals into the environment. Baltic countries are not an exception. Using as an
example Cadmium (Fig. 9), on average, the concentration of this element in Estonian
agriculture soils is 0.97 mg/kg (±0.02), while in Latvia and Lithuania was 0.97 mg/
kg (±0.01), respectively. In some agricultural areas of the Baltic countries, there are
also concerns regarding copper accumulation [73]. In Estonia, Reintam et al. [74]
highlighted that heavy metal pollutant in agricultural areas is a serious problem.
Lepane et al. [75] found that one of the main source’s metal (lead, copper, zinc and
mercury) pollution in lake Liinjarv were the agricultural areas. Roots and Roose [76]
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Fig. 9 Agricultural soil
cadmium (mg/kg) in
Estonia, Latvia and
Lithuania. Below the soil
cadmium histograms for
each country. Data from:
https://esdac.jrc.ec.europa.
eu/content/maps-heavy-
metals-soils-eu-based-lucas-
2009-hm-data-0
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reported that there were high levels of nickel, cadmium and lead in areas with
intensive agricultural practices near water bodies. In Latvia, Karklins [48] observed
that in agricultural soils, the levels of chromium, nickel, cadmium, lead, zinc and
copper were not different from those observed in the parent material. Therefore, it
could be considered natural. Consistent with the previous work, Klavins et al. [77]
found that rivers’ heavy metal contents were similar to regional background levels.
However, a report conducted by the World Bank [78] observed that soil pollution
with toxic metals was high in major agricultural exploitations. Also, Vincevica-Gaile
et al. [79] identified a high concentration of cadmium, copper, nickel and selenium in
vegetables grown in farmlands. Overall, the results are not consistent and likely are
site-specific. Marcinkonis et al. [80] found that long-term liming of acid soils
increased manganese, strontium, boron and copper levels in Lithuania. Also,
Petraitis et al. [81] found that in soils treated with liquid swine waste, the levels of
copper, zinc, chromium and lead increased dramatically. Gregorauskiene and
Kadunas [82] identified that agricultural practices (e.g., fertilisation) increased
molybdenum, titanium and strontium in topsoil. The heavy metals in soils are likely
to be transported to water bodies. Valskys et al. [83] found that the bottom sediments
of the Sventoji River were rich in arsenic, likely due to pollution from agricultural
areas. In the Curonian lagoon and Lithuanian coast, Remeikaitė-Nikienė et al. [84]
found sediments with high concentrations of lead, copper, cadmium and zinc
attributed to the application of agrochemicals in agriculture areas.

5.2 Nitrogen and Phosphorus

According to Eurostat9 (Fig. 10), among the Baltic countries, Lithuania is the
country that uses more inorganic nitrogen in agriculture, followed by Latvia and
Estonia. In all the countries, between 2012 and 2020, there was an increase in the use
of this fertiliser in agriculture. High levels of inorganic nitrogen application on soils
have detrimental impacts on other nutrients plant (e.g., calcium, magnesium) uptake
[85], water repellency [86], bacterial richness [87] and affect nitrogen cycling (e.g.,
denitrification) [88]. Also, excess inorganic nitrogen and phosphorous fertilisers are
dramatically impacting surface and groundwater pollution. Aquatic ecosystems may
promote (1) acidification, (2) eutrophication, and (3) increased toxic water levels.
High inorganic nitrogen contents may also cause negative impacts on human health
and the economy [89]. In the Baltic region, nitrogen and phosphorus applied in
agricultural areas have a dramatic impact on the Baltic sea, one of the most polluted
seas in the world.10 Among the Baltic states, Lithuania is the one where nitrogen
leaching is high, increasing Baltic Sea eutrophication [90]. In the Baltic states, few

9https://ec.europa.eu/eurostat/.
10https://www.euronews.com/green/2021/09/28/europe-starts-cleaning-up-its-act-to-save-the-bal
tic-sea.
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works focus on the impacts of inorganic nitrogen and phosphorus on soils. However,
research was conducted on the impacts on water resources. Overall, there has been a
reduction in phosphorus and nitrogen loading into the water resources since the end
of the Soviet Union due to agriculture intensification decrease and land abandon-
ment increase [91–93]. In Estonia, Mander et al. [94] found that agricultural inten-
sification was responsible for groundwater pollution in the Selja River catchment.
Several streams were nourished by groundwater, polluted with high levels of mineral
nitrogen. Nõges et al. [91] observed that although phosphorous loads in two large
lakes (Võrtsjärv and Peipsi) have decreased with time, climate change may reinforce
eutrophication. Therefore, it is key to use fewer mineral fertilisers in agriculture.
Also, in lake Peipsi, Kangur and Mols [95] found different phosphorous dynamics in
the north and south of the lake. In the north, it was identified a reduction between
1970 and 2005. In the south, an increase was identified due to anthropogenic
activities, including agriculture. A great part of the discharges of phosphorus and
nitrogen into the lake are due to rivers. Buhvestova et al. [96] found that between
1992 and 2007 were discharged annually in lake Peipsi 5,600 tonnes of nitrogen and
179 tonnes of phosphorus. Also, Nõges et al. [97] found that in lake Võrtsjärv,
nitrogen and phosphorous concentration depended on agriculture management and
climate change (temperature and precipitation). In Latvia, Jansons et al. [98]
observed that nitrogen and phosphorous dynamics in small catchments depended
on agriculture intensity and climate and soil conditions. Although farmers applied
several mitigation measures to reduce nitrogen and phosphorous losses, time is
needed to improve water quality. Siksane and Lagzdins [99] investigated the trends
of total and mineral nitrogen in small agricultural catchments. They found that

Fig. 10 Inorganic nitrogen used for agriculture (toons) in Estonia, Latvia and Lithuania. Source:
https://ec.europa.eu/eurostat/
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between 1995 and 2018, there was an increase in the variables studied (subsurface
drainage field) in 5 out 6 monitoring stations. Overall, there is a need to reduce
fertiliser applications in the studied areas. Also, Jansons et al. [100] observed that in
areas where high doses of pig manure were applied in the soil and where soviet style
animal production farms, water pollution (phosphorus and nitrogen) is still a serious
problem. Finally, poor application of fertilisers in the soil can induce losses to
farmers. In Berze and Mellupite research sites, Siksane and Lagzdins [101] found
that, on average, 13.2% and 15.4% of the nitrogen applied is lost through subsurface
drainage. This implies to the farmers an average loss of 61.13 EUR ha-1 year-1.
Finally, in Lithuania, the dynamic is similar to that observed in the other Baltic
countries. For instance, Povilaitis [102] identified a decrease in phosphorous con-
centration in rivers between 1991 and 2002. Also, Tumas [103] found a substantial
decrease in nitrogen in rivers after 1991 (independence from the Soviet Union). In
Susve River, Aksomaitienė and Berankienė [104] observed that between 1960 and
2000, that nitrogen and phosphorous used in agriculture were the most important
polluters. Česonienė et al. [105] studied nitrogen and phosphorus in 10 ponds and
26 rivers across Lithuania. They found that 20% of these water bodies did not have a
good or very good ecological status. The agricultural areas were the ones that
contributed more to the pollution identified. Finally, Sileika et al. [106] found that
the amount of phosphorous exports in the Nevezis River is related to the number of
livestock in agricultural areas.

5.3 Organic Pollutants

Agriculture intensification is also responsible for the increase of other pollutants,
such as persistent organic pollutants (e.g., pesticides, herbicides, fungicides [107],
polycyclic aromatic hydrocarbons [108], pharmaceuticals, antibiotics [109] and
microplastics [110]). The presence of these pollutants degrades soil status. For
instance, persistent organic pollutants negatively affect soil microbiology [111]
and biodiversity [112] and can be uptaken by plants [113]. Previous works observed
that persistent organic pollutants were identified in high quantities in Baltic countries
[114]. In Estonia, the use of pesticides contributes to environmental degradation.11

Kumar et al. [115] found residues of organochlorine pesticides in agricultural areas
due to intensive management. Also, Truu et al. [116] identified that applying
pesticides in Calcaric Regosols, Calcaric Cambisols and Stagnic Luvisols negatively
impacts soil microbial biomass and respiration. In an experiment conducted in a
sandy loam Albeluvisol, Järvan et al. [117] found that dehydrogenase activity and
microbe number were negatively affected by pesticides. Pesticides were also found
to be present in beehive matrices [118] and honey [119] located near agricultural
fields (oilseed rape). Some (tebuconazole) may affect bee development

11https://www.fao.org/3/ad238e/ad238e0d.htm.
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[120]. Another important concern in agriculture is the use of sewage sludge and its
use as an agricultural compost. For instance, Haiba et al. [121] found that ciproflox-
acin, norfloxacin, ofloxacin, sulfadimethoxine and sulfamethoxazole were present in
sewage sludge that could be used in agricultural management. These pharmaceuti-
cals inhibit microbe development and reduce compost quality [122]. In Lithuania, a
high amount of pesticides is used in agriculture [123]. For instance, Balezentiene
[124] found that applying different chemical fertilisers and pesticides reduced plant
biodiversity. Finally, Barčauskaitė et al. [125] identified that municipal composts
had a high content of PAHs, which could be harmful to soils.

6 Acidification

Soil acidification is a natural process that can be accelerated by some plants or
human management [126]. In this process, soluble organic and inorganic acids
accumulate faster than they can be neutralised. When these acids are ionised, there
is the creation of free H+ in the soil solution [126]. Under acid conditions, several
elements, mainly aluminium, are more soluble and negatively impact plant roots
[127]. In humid climates, the leaching of basic cations (e.g., calcium, magnesium,
potassium or sodium) due to abundant rainfall is a natural cause of soil acidity
[128]. Soils developed on acid parent material, such as granite, may also be acid
[129, 130]. Other drivers of soil acidity are related to acid rain due to the release of
pollutants into the atmosphere (e.g., sulphur dioxide and nitrogen oxides) [131],
intensive crop exploitation or grazing [132], root nutrient uptake [133] and the
application of mineral fertilisers [134]. Soil acidification is a critical problem due
to agriculture intensification in Baltic countries. For instance, in Estonia, Sutri et al.
[135] found that the application of some surface residues and nitrogenous fertilisers
in a Stagnic Luvisol increased soil acidity. Ivask et al. [136] observed that soil
acidification was a cause of the earthworm population decrease. In Latvia, approx-
imately 63% of the agricultural soils are vulnerable to acidification [137]. Latvian
agricultural soils tend to acidify [138] and must be limed [139]. Like the other Baltic
countries, soil acidification is a severe problem in Lithuania. One of the major
constraints to agricultural production is soil acidification. Approximately 16% of
the soils are in accelerated acid conditions, and this number is increasing [140]. How-
ever, it is recognised that this is a natural process in the territory [141], although
previous works identified that management practices increase soil acidification
[142, 143].
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7 Conclusion

Soil agricultural degradation is a pervasive phenomenon with negative impacts on
food production and the environment. After the disintegration of the Soviet Union,
the impacts of agriculture decreased in all the Baltic states. Nevertheless, the impacts
of agriculture practices are still a concern, especially in soils with a high vulnera-
bility to compaction and acidification. As observed in different works, unsustainable
practices can accentuate these natural conditions. Soil water is not a relevant problem
when compared to mountainous and semi-arid countries. However, intensive agri-
cultural practices may trigger this problem. Pollution is a paramount concern, mainly
because of the use and abuse of agrochemicals that harm soil and water. These
pollutants are then transported and accumulated in the Baltic sea, one of the most
polluted in the world. Overall, reducing agriculture intensification and establishing
more sustainable practices to reduce soil degradation are important.
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Abstract Germany is a densely populated and highly developed country with
multiple threats on soils still causing their degradation. Soil erosion by wind and
water has been the most important process in Germany, which has been studied since
the end of the nineteenth century. Soil erosion starts with the Neolithic Revolution.
But erosion rates were in general low, even during Roman times. They increased
during medieval times due to the strong expansion of agriculture and deforestation.
Nowadays, at least 19% of Germany’s agricultural land is affected by very high soil
erosion, which reaches values higher than tolerable. Intensification of agriculture and
the use of heavy machinery have led to this substantial increase in the most evident
and widespread soil degradation process. Soil erosion by wind is mainly found in
northern Germany and is the result of the interaction of flat topography, sandy to
loamy soils, and large agricultural fields.

In modern times additional threats contribute to soil degradation. Pollution by
pesticides or heavy metals is ubiquitous and endangers soil health and agricultural
land use. Microplastics are reaching the soils by multiple pathways. The main
problems here are the lack of knowledge on a methodology for quantification and
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on the effect of microplastics in soils. Additionally, one of the major threats to
German soils is the destruction by sealing of settlements and infrastructure. Despite
having knowledge of soil, the different threats on soils, the pressure on them, and the
dynamics of degradation are still high on Germany’s agricultural soils.

Keywords Microplastics, Soil erosion, Soil sealing

1 Introduction

Despite being a highly industrialized land, more than half (52.3%) of Germany’s
surface is agricultural land, 30.2% under forest use, and 13.4% is covered by
settlements and traffic infrastructure [1]. But there is an intense conflict of interest
in these activities in how to use land and the functions of soil [2, 3]. As a
consequence, there is a rapid trend to an increase in sealed soil surface (14% on
31.12.2020) in detriment of agricultural land (50.6%) and, on a minor way, forests
(29.8%) [4]. There has been a substantial reduction in the daily land consumption
between the year 2000 (129 ha day-1) and 2019 (52 ha day-1) [5], but the target has
been missed to reduce the soil sealing to 30 ha a-1. Data shows that especially the
increase rate of industrial and commercial spaces has been lowered substantially [6],
but the author emphasizes the fact that the data is only of weak quality, due to an
ongoing change in the methodology of data collection. Nevertheless, it is interesting
to see that in the last years land consumption has increased substantially (up to 12%
of the overall land cover) due to the implementation of renewable energy production
[6]. As these include biomass production, areas covered for photovoltaic sources,
and wind farms the effect on soil quality and the degradation processes will be highly
variable and different from the uses known until now and are an emerging subject of
research. However, the dimension of the changes in soil use shows that sealing is one
of the biggest threats on soils in Germany. Assessing the degradation intensity of
soils needs a well-established and comprehensive system for evaluating the quality
status of soil. The estimation of soil quality is regulated in Germany by the
“Ackerzahl,” which was established first in 1934 for tax purposes (revised last as
[7]), based on the methodology proposed by [8]. This is used, e.g., for evaluation of
the soil degradation by erosion (see below).

Anyhow, awareness and research on soil degradation status and processes have a
long tradition in Europe and Germany [9, 10, see, e.g., 11]. As we will see in the
following chapters, soil degradation is highly related to soil management practices.
The intensification of agricultural practices has led to a substantial increase in soil
erosion and degradation in Germany [12] is any more an issue in Germany
[13]. However, the effects of the actual changes in soil management are still not
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known in the long term. We will address here most of the common agricultural soil
degradation processes in Germany.

2 Soil Compaction and Erosion (Water and Wind)

2.1 Soil Erosion by Water

Physical degradation of soil by compaction and especially erosion was identified
early as a major threat to soil resources, and thus, has been the focus of international
and German research. Especially soil erosion has been in the focus of research,
leading to early empirical and long-lasting soil erosion measurements [9, 14–16]. An
exhaustive review of many of the plot measurements performed in Germany can be
found in [17].

Regarding soil degradation by soil erosion by water, the maximum tolerable
amount has to be established. For sustainable soil conservation, erosion rates should
not exceed soil formation rates. These equilibrium rates have been estimated as
ranging between 0.3 and 1.4 t ha-1 a-1 [18] for Europe, or 0.5 and 8.8 t ha-1 a-1 for
Alpine grasslands [19], depending on soil age, type, and stability. However, limiting
soil erosion to these values is unsuitable for agricultural land, as any kind of removal
of vegetation or soil management leads generally to a loss of protective cover and
reduction of aggregate stability, infiltration capacity, and other soil characteristics,
consequently to soil erosion rates higher than the values mentioned above. There-
fore, 20 proposed to relate tolerable soil erosion rates to the soil quality index,
assuming a sustainability of the soils’ agricultural productivity should not be sub-
stantially reduced within the upcoming 300–500 years. This would lead to a
maximum tolerable erosion rate of around 10 t ha-1 a-1 on soils with very high
soil quality identified in Germany. But to estimate locally the tolerable erosion rate,
this is then inverse linear correlated to the German soil quality index [7, 20]. There-
fore, the risk of soil degradation is not only depending on erosion intensity, but also
on initial soil quality, especially the possible rooting depth.

As soil degradation is in general a slow process directly linked to human activity,
a historical view on soil erosion is extraordinarily important, as it is the most relevant
degradation process. There are several investigations on historical and even older
soil erosion rates in Germany [12, 21–23]. A comprehensive reconstruction of soil
erosion rates in Germany throughout the Holocene was compiled by analyzing lake
and alluvial sediments as well as slope deposits [24]. It is clear that increased soil
erosion became evident with the start of the Neolithic [25] but kept constant with
very low rates <1 t ha-1 a-1. Afterward, in the transition to the Bronze Age (and
later to the Iron Age), soil erosion rates started to oscillate substantially between 0.4
and 7 t ha-1 a-1, but with a clear trend to increase Contrasting with the intense land
use during Roman times, the erosion intensities were only very low then
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(0.4–0.7 t ha-1 a-1). Extreme high erosion rates (10–19 t ha-1 a-1) as reported by
26 are locally limited and related to scarce gully erosion events. During the transition
to the Middle Ages, the amount of sheet erosion decreased even further. However, at
the end of the Medieval Times, they increase both, sheet and gully erosion. The first
one ranged between 3.3 and 7 t ha-1 a-1, and the gully erosion up to more than
220 t ha-1 a-1. The high level of erosion (2.5–5.5 t ha-1 a-1) was still active since
the beginning of modern times. This shows that soil degradation by water erosion
has been an important and still ongoing issue and that human impact is the cause of
most of it. Anyhow, the impact of climate patterns cannot be denied, as it is
responsible for the large gullying events identified and reported during climate
transition periods [26, 27]. From this very short analysis, we can see that soil erosion
has been an important process in forming landscapes in Germany. However, soil
erosion is still a present-day problem.

The Soil Atlas of Germany [28] focuses an extensive chapter on actual soil
threats. The maps are also accessible online [29]. Here, potential susceptibility for
soil erosion has been defined for Germany by applying the ABAG [30], which is the
adapted version of USLE [20] for Germany. Soil erosion risk of agricultural land is
classified into seven classes, ranging from extremely low (≤1 t ha-1 a-1) to
extremely high (≥55 t ha-1 a-1). Approximately 9.5% of the total surface of
Germany is classified as at least highly endangered (≥15 t ha-1 a-1) by soil erosion,
which corresponds to approximately 19% of the agricultural surface. On the other
hand, low soil erosion risk (<10 t ha-1 a-1) affects 24% of Germany’s surface
(respectively 48% of the agricultural surface). Older estimations of soil erosion reach
8 t ha-1 a-1 as a long-term average for Germany but emphasizing the large regional
variability [31, 32]. The results showed that a closer look at these regional disparities
and process intensities is needed.

The facts presented until now are the result of modeling or evaluation of sediment
records. Direct measurement of soil erosion is difficult due to the high spatial
variability of soil erosion, but also due to the erratic relation of magnitude and
frequency of erosion events [17, 33]. Fiener et al. [17] evaluated a large amount of
plot measurements in Germany and corrected the measurements to obtain standard-
ized values of soil erosion. These reached an average of 15.2 t ha-1 a-1 on arable
land, whereas it increases up to 88.6 t ha-1 a-1 for row crops. But the authors
criticize the experimental setup of the soil erosion plots, as well as the standardiza-
tion procedure of the measurements, indicating that both assume higher slope
gradients than can be found in average throughout Germany. In consequence, the
authors estimate an average soil loss of 2.7 t ha-1 a-1 when correcting the data to
real slope gradients and the contribution of the different land use systems to overall
erosion in Germany.

The map of Germany of soil erosion (by water) on agricultural land (Fig. 1) shows
all over northern Germany low erosion rates. This is due to the low slopes predom-
inant there. Moderate to high soil erosion rates are modeled by the ABAG [28]
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throughout the mid-mountain ranges. The highest values are related to the intensive
agricultural areas established on the rolling hills of loess deposition landscapes.
These are also the areas with the soils of the highest quality, so the on-site damage is
relevant for agriculture.

Besides this, the presented data, and new measurements and evaluation of
pre-existing studies show that a more differentiated look is needed. Bug and
Mosimann [34] showed that in 11 years of observations, rill erosion dominated the
processes on agricultural soils of Lower Saxony, and thus, the corrections applied by
[17] to the plot measurements are not valid for all the area of Germany’s agricultural

Fig. 1 Soil erosion by water as modeled by ABAG [29]. Map generated by original WGS data
source. Source: BGR Bodenatlas Deutschland
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soils. The long-lasting measurement period on the Mosel vineyards [14–16, 35–37]
showed clearly that almost all overall soil erosion within 25 years was caused by
very few events. Nevertheless, the extensive study leads to the recommendation and
the nowadays widespread implementation of the greening of the driving lanes in
steep sloping vineyards [16, 38], which is crucial for the prevention of erosion
(Fig. 2) as well as for nutrient management. Conventional wine growers usually
keep green cover on alternating lanes, while organic wine growers usually keep all
lanes vegetated. Here we can see how the results of empirical studies on soil
degradation processes may lead to changes in traditional soil management strategies.

Fig. 2 Soil erosion on a conventional vineyard in the Mosel Area after a single rainfall with
~90 mm in 8 h (1.5.2018). Rills develop on compacted wheel tracks with very low vegetation cover.
The lanes with vegetation cover remained considerably more stable
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Recent studies showed the effect of soil and vineyard management on soil erosion
[39–44]. Organic vineyard management leads to a substantial reduction of runoff
generation and soil erosion rates, even during high-intensity precipitation events. A
combination of several positive effects could be identified as the cause of it: gener-
ally increased earthworm activity in the topsoil as well as in the subsoil, higher
accumulation of organic matter and the consequent increase of both, infiltration
capacity and aggregate stability. All these indicators show an increase in soil health
status, and thus, soils less susceptible to degradation. However, it is also evident that
land use changes have also a high impact on erosion intensity. Climate change and
economic pressure are forcing different changes on agricultural lands, but especially
on steep-sloping vineyards. Seeger et al. [39] showed with rainfall simulation
experiments that the extraction of the grapevines, as it is needed for re-plantation,
or required for abandonment, leads to the highest erosion rates. They observed also
that the erodibility experiences a considerable reduction within 5 years. Therefore,
the intensified dynamics of changes in cultivation, abandonment, and re-activation
of vineyards demand the development of new management strategies. Diversifica-
tion shows here promising results, even on steep vineyards with only little-
developed soils [43, 44].

2.2 Soil Erosion by Wind

As soil degradation by wind erosion is related in general to semi-arid or even dryer
landscapes, this process has not been the focus of soil erosion research in Germany.
However, wind erosion is not considered to be the cause of severe soil degradation in
Europe [45]. Also in Germany, wind erosion is not considered a big problem when
compared with soil degradation by water [46]. Only when the off-site damage is
obvious, like a large accident with numerous fatalities [47, 48], the concern grows. It
affects only 15% of the entire agricultural surface endangered by soil erosion
[49]. The soil atlas of Germany published a map of soil erosion risk by wind erosion
(Fig. 3). Here we observe, contrasting with the previous map of soil erosion by water
a considerably higher risk in northern Germany. The main causes are the relatively
flat topography, a high proportion of sandy soils from Pleistocene glacial till and
fluvioglacial sediments and, especially in eastern Germany, large agricultural fields.
Consequently, measurements of wind erosion are still scarce [50]. They have shown
the effectiveness of single wind erosion events, reaching soil losses >100 t ha-1.
Recently, monitoring sites for soil development are analyzed for understanding wind
erosion in Germany, and for generating the needed database for correct model
application [51].

Some studies point toward soil management as a large source of dust emissions in
Germany [52, 53]. Quantification of dust transport, as well as its seasonality, indicate
that dust emissions, this is Aeolian soil erosion, is likely to be up to 6.6 times higher
than the one caused by erosive wind events [52]. Recent studies show even a
mobilization higher by at least three orders of magnitude [53]. Therefore,

Agricultural Soil Degradation in Germany 93



conservation agriculture is proposed as a methodology to apply for the reduction of
soil degradation by wind (and water) erosion [49]. This agricultural practice sum-
marizes all known methods of reduced tillage, like strip tillage, mulch, and direct
seeding, etc.

Within the last decades, research on the combined effect of rainfall with wind has
emerged [54–57]. They showed that for a proper prediction of soil erosion, and the
resulting soil degradation, the combined effect of wind and rainfall needs to be taken

Fig. 3 Map of potential soil erosion by wind in Germany [29]. Map generated from original data
source. Source: BGR Bodenatlas Deutschland
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into account. The effect is especially high on sandy soils, where short-range detach-
ment and transport of soil particles is increased by up to one order of magnitude.

3 Soil Compaction

Physical degradation of soils is especially an issue of concern in Europe [58] due to
the high level of mechanization of agriculture. The newest surveys showed a high
awareness at the farmer’s level on soil degradation by compaction and destruction of
the soil’s physical structure [59]. The soil atlas of Germany (Fig. 4) shows a
predominance of moderate to high bulk densities (>1.6 g cm-3) of soils on vast
areas of the low mountain ranges. Also, large parts of the highly productive
agricultural areas in the floodplains of the big streams (Rhine, Elbe), as well as the
loess areas are characterized by these elevated bulk densities. Besides lithological
reasons for elevated bulk densities, three mention soil compaction as one of the most
relevant degradation types related to conventional soil management. Moreover, it
has become an increasing threat of modern agriculture on soil due to the increasing
size and weight of agricultural machinery, which has increased the overall economic
efficiency on one hand but adds big loads on the soil. As with most of the
degradation processes, its intensity and typology depend on the land use type: on
agricultural land, compaction occurs mainly directly below the plowing depth. Sugar
beet and maize are most vulnerable to compaction due to high frequency of driving
on the fields, the increased weight of machinery, and the intense topsoil disturbance
[60–63]. However, soil compaction is not only limited to agriculture or grassland.
Modern forest management with heavy machinery has also been identified as the
cause for soil compaction in forests [64–66], in general with different effects on soil
functions and vegetation structure [67]. Recent works have also shown the impact of
soil compaction on other soil degradation processes, mainly soil erosion [68]. The
authors reveal the fundamental impact of highly compacted tramline structures on
agricultural fields on soil erosion intensity.

The susceptibility of soils to compaction depends not only on the wheel load of
the machinery and the tire pressure [69], but is highly dependent on the actual soil
conditions, like moisture content at the time of overpassing, soil texture, and
structural stability. This means that a precise planning of the work intensity may
help to reduce soil compaction in agricultural fields. Therefore, different tools have
been developed to help farmers to identify times with a lower risk of compaction
[70], depending on their own needs and applied machinery. In addition, accurate
knowledge on the spatial distribution and frequency of machinery passes on indi-
vidual fields [71] adds valuable information to reduce the impact of heavy-load
machinery on soils.
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4 Soil Pollution

As Germany is a country with high industrial development, high population density,
and intense land use, soil contamination by heavy metals is also a process of soil
degradation. The main pathways into the soils are dry and wet deposition from
air-transported heavy metals [1, 72]. With this, soil contamination reaches very high
levels in areas far away from industrial emitters, such as the low and mid-mountain
ranges, where high precipitation rates lead to high concentrations. This is the case,

Fig. 4 Bulk density at 35 cm depth of soils in Germany [29]. Map generated from original data
source. Source: BGR Bodenatlas Deutschland
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e.g., for Pb, where its concentrations are up to the limits established by the EU (up to
300 ppm). The origin of the contaminants is highly variable. Due to the
geo-tectonical history of Central Europe, in many areas, there can be found high
background values of heavy metal concentrations. Especially the varistic
morphotectonic unit, comprising the Rhenish slate mountain range, and the crystal-
line Saxothuringicum and Moldanubicum show, e.g., Pb-concentrations far beyond
60 ppm. Industrial emissions are, of course, the source of most of the dry and wet
deposited materials, and the nuclear accident of Tchernobyl added radionuclides. In
addition, the application of sewage sludge or irrigation with sewage effluents has
also caused an increase in heavy and precious metals in soils [73]. Fluvial sediments
are often highly contaminated with heavy metals, especially in the low mountain
ranges, as the result of former mining and industrial activities [72]. This may
constitute a severe threat to soils in the alluvial plains when devastating, and highly
erosive rainfall-runoff events may increase their frequency and lead to a more
frequent remobilization of these sediments. These phenomena have been observed
after the flood mid-July 2021 in the Ahr and neighboring valleys.

Being aware of the widespread problem, monitoring of these contaminants started
in 1998. Observations have shown since then a decrease in the concentration of most
of the monitored contaminants, except Cu and Zn [1]. Within the last decades, new
issues have emerged on soil and environmental contamination. On one hand,
harmful chemical compounds have been banned. But many of them, such as DDT,
may still persist in soils. The introduction of highly efficient and more complex
agrochemicals may show non-desired interactions with the former ones, such as
enhancing their mobilization [74, 75].

5 Microplastics

The research on microplastics in soils, this is plastic particles with a size<5 mm, has
emerged late, mainly due to important methodological issues [76]. The author
laments a severe lack of knowledge on quantitative evidence of their occurrence in
soils, even though the knowledge on their existence in soils is not new. The sources
and pathways of microplastics into the environment and soils have been identified by
now [77–79], as well as their ubiquitous occurrence in soils [80, 81]. However, there
is still only little empirical and quantitative research available on the immission of
particular plastics into soils. The actual knowledge is based mainly on estimations
and models [82]. These authors generated a first systematic approach for the
classification and quantification of plastics into the environment. They identified
two main types of sources: littering and plastics with intended use. In addition, there
is still a strong inconsistency in definition and analytics of this environmental
problem [83]. In general, particles smaller than 5 mm are defined as microplastics,
those between 5 and 25 mm as mesoplastics, and those >25 mm as macroplastics.
When regarding the smallest fraction, there is also an additional differentiation
possible. Sources of microplastics may be primary: these are products used in
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cosmetics, cleaning products, etc., but also from abrasion of wheels and washing of
synthetic tissues. Secondary ones are those coming from degradation and fragmen-
tation of macroplastics in soils [77, 79, 83, 84]. The authors of the studies demon-
strate also, that the pathways are similar variable as their sources [85]. First overall
estimations indicate that the highest amount, by far, comes from tire abrasion
[79, 82, 85], showing a high seasonal and geographical variability, but mainly
close to the roads and highways. Only a small amount (and smaller than 10 μm)
are transported airborne.

Anyhow, being Germany a highly industrialized country with intensive high-
input agriculture, another important source of microplastics arriving in the soils is by
application of sewage sludge, plasticulture and compost. Taking into account the
land surfaces, a modeling approach [83] shows that the cumulated input into soils
during the last decades reached 1.34 kg ha-1 (sewage sludge), 0.32 (compost), 0.07
(plasticulture). However, the spatial heterogeneity is considered as very high. Any-
how, there is experimental evidence of other input pathways, as areas show also
detectable amounts of microplastics where these agricultural practices are absent
[80, 81, 86] or demonstrating the transport as aerosols [79].

To understand the effects of microplastics in soils and the environment, there is
still a lack in knowledge on their behavior in the environment. They can be defined
as extremely persistent in the soils. And MP accumulate substantially within the
upper cm of the soil. But there is evidence of vertical transport, e.g., by bioturbation
[86]. However, MP are prone to be translocated within landscape compartments.
Rainfall simulations have shown that small particles (between 53 and 300 μm) reach
an enrichment ratio within the transported material higher than 3 [87]. Especially the
coarse particles are transported with erosion processes. These results match with the
results published previously which found higher concentration on grasslands and
riparian vegetation, showing with this the transport by flooding [86]. They found
there up to two pieces per kg soil, which is high above amounts detected in other
land uses.

6 Conclusions

Nowadays, there exist several processes of soil degradation in Germany. Soil erosion
has been since the Neolithic the most important process, but with very variable
intensities. However, the widespread introduction of intensive agriculture has led to
a shift in degradations processes, adding a level of complexity, which makes it
difficult to find comprehensive soil protection and degradation mitigation strategies.

On one side, we could observe an intensification of wind erosion processes,
related to land-use strategies, especially in the north. In addition, the introduction
of efficient machinery has caused a substantial damage of soil structure, which
requires now advanced management strategies to minimize this soil threat.

On the other side, competing land and soil use requirements have increased
pressure on agricultural and forestry soils. Their complete destruction by spreading
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of settlements and infrastructure, and nowadays energy production technology is an
issue, which is still not under control. Germany has issued ambitious plans to reduce
surface consumption but has failed by now its own plans.

In addition, new soil threats, or better, the awareness about them, have emerged
during the last decades. Chemical time bombs and residues of soil treatments may
contribute to soil degradation in future, especially with the introduction of new
technologies. In addition, the ubiquitous spreading of plastic particles, which have
reached now all compartments of the ecosystems, even in remote areas, seem to add
to the processes of soil degradation, which we still do not understand in any way. But
the latter one is, as mentioned, not only a problem of soil degradation in Germany.

References

1. Marahrens S, Schmidt S, Frauenstein J et al (2015) Bodenzustand in Deutschland. https://www.
umweltbundesamt.de/publikationen/bodenzustand-in-deutschland

2. Saggau P, Kuhwald M, Duttmann R (2019) Integrating soil compaction impacts of tramlines
into soil erosion modelling: a field-scale approach. Soil Syst 3:51. https://doi.org/10.3390/
soilsystems3030051

3. Kuhwald M, Saggau P, Augustin K (2020) Konflikte um Flächennutzung und Bodenfunktionen
in Agrarlandschaften. In: Duttmann R, Kühne O, Weber F (eds) Landschaft als Prozess.
Springer Fachmedien Wiesbaden, Wiesbaden, pp 657–688

4. Statistisches Bundesamt (2021) Bodenfläche insgesamt nach Nutzungsarten in Deutschland.
https://www.destatis.de/DE/Themen/Branchen-Unternehmen/Landwirtschaft-Forstwirtschaft-
Fischerei/Flaechennutzung/Tabellen/bodenflaeche-insgesamt.html. Accessed 9 Nov 2021

5. Statistisches Bundesamt (2021) Flächenindikator “Anstieg der Siedlungs- und Verkehrsfläche”.
https://www.destatis.de/DE/Themen/Branchen-Unternehmen/Landwirtschaft-Forstwirtschaft-
Fischerei/Flaechennutzung/Tabellen/anstieg-suv2.html. Accessed 9 Nov 2021

6. Penn-Bressel G (2017) Flächenverbrauch durch Siedlungen und Verkehr (Trends) und
Flächenrucksäcke von Komponenten deutscher Energiesysteme. In: Meinel G,
Schumacher U, Schwarz S et al (eds) Flächennutzungsmonitoring, vol 73. Rhombos-Verlag;
Sächsische Landesbibliothek – Staats- und Universitätsbibliothek Dresden, Berlin, Dresden, pp
31–40

7. BodSchätzG (2019) Gesetz zur Schätzung des landwirtschaftlichen Kulturbodens. http://www.
gesetze-im-internet.de/bodsch_tzg_2008/BJNR317600007.html. Accessed 11 Nov 2021

8. Rothkegel W (1930) Handbuch der Schätzungslehre für Grundbesitzungen
9. Wollny E (1879) Forschungen auf dem Gebiete der Agrikultur-Physik, 1–20. Carl Winter’s

Universitätsbuchhandlung
10. Richter G (1965) Bodenerosion: Schäden und gefährdete Gebiete in der Bundesrepublik

Deutschland: Gutachten im Auftrag des Bundesministeriums für Ernährung, Landwirtschaft
und Forsten. Bundesanstalt für Landeskunde und Raumforschung, Selbstrverlag

11. Batjes NH, Bridges EM (1993) Soil vulnerability to pollution in Europe. Soil Use Manage 9:
25–29. https://doi.org/10.1111/j.1475-2743.1993.tb00923.x

12. Emadodin I, Reiss S, Mitusov AV et al (2009) Interdisciplinary and multidisciplinary
approaches to the study of long-term soil degradation: a case study from Schleswig-Holstein,
Germany. Land Degrad Dev 20:551–561. https://doi.org/10.1002/ldr.941

13. Techen A-K, Helming K (2017) Pressures on soil functions from soil management in Germany.
A foresight review. Agron Sustain Dev 37:64. https://doi.org/10.1007/s13593-017-0473-3

14. Richter G (1980) Three years of plot measurements in vineyards of the Moselle region some
preliminary results. Zeitschrift fur Geomorphologie, Supplementband 35:81–91

Agricultural Soil Degradation in Germany 99

https://www.umweltbundesamt.de/publikationen/bodenzustand-in-deutschland
https://www.umweltbundesamt.de/publikationen/bodenzustand-in-deutschland
https://doi.org/10.3390/soilsystems3030051
https://doi.org/10.3390/soilsystems3030051
https://www.destatis.de/DE/Themen/Branchen-Unternehmen/Landwirtschaft-Forstwirtschaft-Fischerei/Flaechennutzung/Tabellen/bodenflaeche-insgesamt.html
https://www.destatis.de/DE/Themen/Branchen-Unternehmen/Landwirtschaft-Forstwirtschaft-Fischerei/Flaechennutzung/Tabellen/bodenflaeche-insgesamt.html
https://www.destatis.de/DE/Themen/Branchen-Unternehmen/Landwirtschaft-Forstwirtschaft-Fischerei/Flaechennutzung/Tabellen/anstieg-suv2.html
https://www.destatis.de/DE/Themen/Branchen-Unternehmen/Landwirtschaft-Forstwirtschaft-Fischerei/Flaechennutzung/Tabellen/anstieg-suv2.html
http://www.gesetze-im-internet.de/bodsch_tzg_2008/BJNR317600007.html
http://www.gesetze-im-internet.de/bodsch_tzg_2008/BJNR317600007.html
https://doi.org/10.1111/j.1475-2743.1993.tb00923.x
https://doi.org/10.1002/ldr.941
https://doi.org/10.1007/s13593-017-0473-3


15. Richter G (1979) (Soil erosion in vine growing areas of the Mosel region: the results of
quantitative research, 1974-77). Forschungstelle Bodenerosion der Universitat Trier,
Mertesdorf, (Ruwertal) 3

16. Richter G (1991) Combating soil erosion in vineyards of the Mosel-region. Forschungsstelle
Bodenerosion – Universitat Trier 10

17. Auerswald K, Fiener P, Dikau R (2009) Rates of sheet and rill erosion in Germany – a meta-
analysis. Geomorphology 111:182–193. https://doi.org/10.1016/j.geomorph.2009.04.018

18. Verheijen F, Jones R, Rickson RJ et al (2009) Tolerable versus actual soil erosion rates in
Europe. Earth Sci Rev 94:23–38. https://doi.org/10.1016/j.earscirev.2009.02.003

19. Alewell C, Egli M, Meusburger K (2015) An attempt to estimate tolerable soil erosion rates by
matching soil formation with denudation in Alpine grasslands. J Soil Sediment 15:1383–1399.
https://doi.org/10.1007/s11368-014-0920-6

20. Schwertmann U, Vogl W, Kainz M (1987) Bodenerosion durch Wasser. Ulmer Verlag. 64 p
21. Dreibrodt S, Bork H-R (2005) Historical soil erosion and landscape development at Lake Belau

(North Germany) – a comparison of colluvial deposits and lake sediments. Zeitschrift fur
Geomorphologie, Supplementband 139:101–128

22. Reiß S, Dreibrodt S, Lubos C et al (2009) Land use history and historical soil erosion at
Albersdorf (northern Germany) – ceased agricultural land use after the pre-historical period.
Catena 77:107–118

23. Bork H-R, Schmidtchen G (2001) Soils: development, destruction, and conservation in Ger-
many. Geogr Rundsch 53:4–9

24. Dreibrodt S, Lubos C, Terhorst B et al (2010) Historical soil erosion by water in Germany:
scales and archives, chronology, research perspectives. Quat Int 222:80–95. https://doi.org/10.
1016/j.quaint.2009.06.014

25. Dotterweich M, Haberstroh J, Siegmüller A et al (2003) Frühgeschichtliche Boden-und
Reliefentwicklung am Talrand der Regnitz bei Altendorf (Oberfranken). Die Erde 134:4

26. Schmidtchen G, Bork H-R, Dotterweich M (2001) A case of severe gully erosion in eastern
Brandenburg (Germany). Petermanns Geogr Mitt 145:74–82

27. Bork H-R (1998) Landschaftsentwicklung in Mitteleuropa: Wirkungen des Menschen auf
Landschaften

28. BGR (ed) (2016) Bodenatlas Deutschland. Schweizerbart Science Publishers, Stuttgart
29. BGR (2014) Potentielle Gefährdung. https://www.bgr.bund.de/DE/Themen/Boden/

Ressourcenbewertung/Bodenerosion/Wasser/Karte_Erosionsgefahr_node.html;jsessionid=
ED60CE5DA43B8C1BBC8792E1133B0BC5.1_cid321. Accessed 8 Nov 2021

30. DIN 19708 DIN 19708:2017-08, Bodenbeschaffenheit_ – Ermittlung der Erosionsgefährdung
von Böden durch Wasser mit Hilfe der ABAG

31. Auerswald K, Schmidt F (1986) Atlas der Erosionsgefährdung in Bayern. Karten zum
flächenhaften Bodenabtrag durch Regen. GLA-Fachberichte, München

32. Auerswald K (1998) Bodenerosion durch Wasser. In: Richter G (ed) Bodenerosion: Analyse
und Bilanz eines Umweltproblems; mit 38 Tabellen. Wiss. Buchges, Darmstadt, pp 33–42

33. Stroosnijder L (2005) Measurement of erosion: is it possible? Catena 64:162–173. https://doi.
org/10.1016/j.catena.2005.08.004

34. Bug J, Mosimann T (2012) Lineare Erosion in Niedersachsen–Ergebnisse einer elfjährigen
Messreihe zu Ausmaß, kleinräumiger Verbreitung und Ursachen des Bodenabtrags. Die
Bodenkultur 63:2–3

35. Richter G, Negendank JFW (1977) Soil erosion processes and their measurement in the German
area of the Moselle river. Earth Surf Process 2:261–278. https://doi.org/10.1002/esp.
3290020217

36. Stehling E, Schmidt RG (2017) Das Datenarchiv der Forschungsstelle Bodenerosion in
Mertesdorf (Ruwertal): Eine Dokumentation über 25 Messjahre (1974-1999);
Informationszusammenstellung zum Gebrauch der Daten-CD, vol 16, Trier

37. Hacisalihoglu S (2007) Determination of soil erosion in a steep hill slope with different land-use
types: a case study in Mertesdorf (Ruwertal/Germany). J Environ Biol 28:433

100 M. Seeger

https://doi.org/10.1016/j.geomorph.2009.04.018
https://doi.org/10.1016/j.earscirev.2009.02.003
https://doi.org/10.1007/s11368-014-0920-6
https://doi.org/10.1016/j.quaint.2009.06.014
https://doi.org/10.1016/j.quaint.2009.06.014
https://www.bgr.bund.de/DE/Themen/Boden/Ressourcenbewertung/Bodenerosion/Wasser/Karte_Erosionsgefahr_node.html;jsessionid=ED60CE5DA43B8C1BBC8792E1133B0BC5.1_cid321
https://www.bgr.bund.de/DE/Themen/Boden/Ressourcenbewertung/Bodenerosion/Wasser/Karte_Erosionsgefahr_node.html;jsessionid=ED60CE5DA43B8C1BBC8792E1133B0BC5.1_cid321
https://www.bgr.bund.de/DE/Themen/Boden/Ressourcenbewertung/Bodenerosion/Wasser/Karte_Erosionsgefahr_node.html;jsessionid=ED60CE5DA43B8C1BBC8792E1133B0BC5.1_cid321
https://doi.org/10.1016/j.catena.2005.08.004
https://doi.org/10.1016/j.catena.2005.08.004
https://doi.org/10.1002/esp.3290020217
https://doi.org/10.1002/esp.3290020217


38. Richter G (1991) Erosion control in vineyards of the Mosel-region, FRG. Soil erosion protec-
tion measures in Europe. Proc EC Workshop Freising 1988:149–156

39. Seeger M, Rodrigo-Comino J, Iserloh T et al (2019) Dynamics of runoff and soil erosion on
abandoned steep vineyards in the Mosel area, Germany. Water 11:2596

40. Kirchhoff M, Rodrigo-Comino J, Seeger M et al (2017) Soil erosion in sloping vineyards under
conventional and organic land use managements (Saar-mosel valley, Germany) Erosión del
suelo en viñas cultivadas en pendiente bajo sistemas de gestión convencional y orgánica (valle
de Saar-mosela, Glemania). Cuadernos de Investigacion Geografica 43:119–140

41. Rodrigo Comino J, Brings C, Lassu T et al (2015) Rainfall and human activity impacts on soil
losses and rill erosion in vineyards (Ruwer Valley, Germany). Solid Earth 6:823–837. https://
doi.org/10.5194/se-6-823-2015

42. Kirchhoff M, Rodrigo-Comino J, Seeger M et al (2017) Soil erosion in sloping vineyards under
conventional and organic land use managements (Saar-Mosel Valley, Germany). Cuadernos de
Investigación Geográfica 43:119–140

43. Seeger M, Dittrich F, Iserloh T et al (2020) Diversifying steep slope viticulture – towards a
sustainable intensive agriculture? Proceedings 30:51. Multidisciplinary Digital Publishing
Institute

44. Dittrich F, Iserloh T, Treseler C-H et al (2021) Crop diversification in viticulture with aromatic
plants: effects of intercropping on grapevine productivity in a steep-slope vineyard in the Mosel
area, Germany. Agriculture 11:95

45. Richter G (1998) Bodenerosion: Analyse und Bilanz eines Umweltproblems. Wissenschaftliche
Buchgesellschaft

46. Fiener P, Wilken F (2021) 3.2 Bodenerosion in Mitteleuropa-Auswirkungen des Klima-und
Landmanagementwandels

47. Welle D (2022) Sandsturm löst Massenunfall bei Rostock aus | DW | 09.04.2011. Accessed
18 Jan 2022

48. Mangler J (2015) Unfall nach Sandsturm auf der A19: Verursacherin verurteilt. WELT
49. Mal P, Hesse JW, Schmitz M et al (2015) Konservierende Bodenbearbeitung in Deutschland als

Lösungsbeitrag gegen Bodenerosion. Journal für Kulturpflanzen 67:310–319
50. Deumlich D, Funk R, Frielinghaus M et al (2006) Basics of effective erosion control in German

agriculture. Z Pflanzenernähr Bodenk 169:370–381. https://doi.org/10.1002/jpln.200621983
51. Nerger R (2020) Detection of changes in soil using the long-term soil monitoring network

Boden-Dauerbeobachtung Schleswig-Holstein (BDF-SH), Germany
52. Goossens D, Gross J, Spaan W (2001) Aeolian dust dynamics in agricultural land areas in lower

saxony, Germany. Earth Surf Process Landf 26:701–720
53. Marzen M, Porten M, Ries JB (2022) Quantification of dust emissions during tillage operations

in steep slope vineyards in the Moselle area. Agriculture 12:100
54. Goossens D, Poesen J, Gross J et al (2000) Splash drift on light sandy soils: a field experiment.

Agronomie 20:12. https://doi.org/10.1051/agro:2000126
55. Fister W, Schmidt R-G (2008) Concept of a single device for simultaneous simulation of wind

and water erosion in the field. In: Gabriels D, Cornelis W (eds) Proceedings of conference on
desertification, vol 13. Gent, Belgium, pp 106–113

56. Marzen M, Iserloh T, Fister W et al (2019) On-site water and wind erosion experiments reveal
relative impact on total soil erosion. Geosciences 9:478

57. Marzen M, Iserloh T, Casper MC et al (2015) Quantification of particle detachment by rain
splash and wind-driven rain splash. Catena 127:135–141. https://doi.org/10.1016/j.catena.2014.
12.023

58. Richter G (ed) (1998) Bodenerosion: Analyse und Bilanz eines Umweltproblems; mit
38 Tabellen. Wiss. Buchges, Darmstadt

59. Ledermüller S, Fick J, Jacobs A (2021) Perception of the relevance of soil compaction and
application of measures to prevent it among German farmers. Agronomy 11

Agricultural Soil Degradation in Germany 101

https://doi.org/10.5194/se-6-823-2015
https://doi.org/10.5194/se-6-823-2015
https://doi.org/10.1002/jpln.200621983
https://doi.org/10.1051/agro:2000126
https://doi.org/10.1016/j.catena.2014.12.023
https://doi.org/10.1016/j.catena.2014.12.023


60. Augustin K, Kuhwald M, Brunotte J et al (2020) Wheel load and wheel pass frequency as
indicators for soil compaction risk: a four-year analysis of traffic intensity at field scale.
Geosciences 10:292. https://doi.org/10.3390/geosciences10080292

61. Duttmann R, Schwanebeck M, Nolde M et al (2014) Predicting soil compaction risks related to
field traffic during silage maize harvest. Soil Sci Soc Am J 78:408–421. https://doi.org/10.2136/
sssaj2013.05.0198

62. Horn R, Fleige H (2009) Risk assessment of subsoil compaction for arable soils in Northwest
Germany at farm scale. Appl Vis Soil Eval 102:201–208. https://doi.org/10.1016/j.still.2008.
07.015

63. Pulido-Moncada M, Munkholm LJ, Schjønning P (2019) Wheel load, repeated wheeling, and
traction effects on subsoil compaction in northern Europe. Applications of Visual Soil Evalu-
ation 186:300–309. https://doi.org/10.1016/j.still.2018.11.005

64. Dambeck R, Skrybeck C, Thiemeyer H (2015) Bodenphysikalische Untersuchungen zur
Bewertung der Bodenverdichtung durch Forstmaschineneinsatz auf Lössstandorten im
Marxheimer Wald (Hofheim a. Ts)

65. Hümann M (2010) Auswirkungen von Tieflockerung auf erstaufgeforsteten Ackerflächen. AFZ
65, H. 5:8

66. Hümann M, Schüler G, Müller C et al (2011) Identification of runoff processes – the impact of
different forest types and soil properties on runoff formation and floods. J Hydrol 409:637–649.
https://doi.org/10.1016/j.jhydrol.2011.08.067

67. Mercier P, Aas G, Dengler J (2019) Effects of skid trails on understory vegetation in forests: a
case study from northern Bavaria (Germany). For Ecol Manage 453:117579

68. Saggau P, Kuhwald M, Hamer WB et al (2022) Are compacted tramlines underestimated
features in soil erosion modeling? A catchment-scale analysis using a process-based soil erosion
model. Land Degrad Dev 33:452–469. https://doi.org/10.1002/ldr.4161

69. Alakukku L (1999) Subsoil compaction due to wheel traffic. AFSci 8:333–351. https://doi.org/
10.23986/afsci.5634

70. Kuhwald M, Dörnhöfer K, Oppelt N et al (2018) Spatially explicit soil compaction risk
assessment of arable soils at regional scale: the SaSCiA-model. Sustainability 10. https://doi.
org/10.3390/su10051618

71. Augustin K, Kuhwald M, Brunotte J et al (2019) FiTraM: a model for automated spatial
analyses of wheel load, soil stress and wheel pass frequency at field scale. Biosyst Eng 180:
108–120. https://doi.org/10.1016/j.biosystemseng.2019.01.019

72. Völkel J (2000) Bodenbelastung durch Schwermetalle. In: Leibnitz-Institut für Länderkunde
(ed) Nationalatlas Bundesrepublik Deutschland. Spektrum, Akad. Verl., Leipzig, Heidelberg [u.
a.], pp 112–113

73. Lottermoser BG (2012) Effect of long-term irrigation with sewage effluent on the metal content
of soils, Berlin, Germany. Environ Geochem Health 34:67–76. https://doi.org/10.1007/s10653-
011-9391-5

74. Neitsch J, Schwack W, Weller P (2016) How do modern pesticide treatments influence the
mobility of old incurred DDT contaminations in agricultural soils? J Agric Food Chem 64:
7445–7451. https://doi.org/10.1021/acs.jafc.6b03168

75. Weller P, Neitsch J (2017) Führt der Einsatz moderner Pflanzenschutzmittel zur Mobilisierung
alter DDT-Rückstände in landwirtschaftlichen Nutzflächen? Mitteilungen der Fachgruppe
Umweltchemie und Ökotoxikologie 2017:40–42

76. Rillig MC (2012) Microplastic in terrestrial ecosystems and the soil? Environ Sci Technol 46:
6453–6454. https://doi.org/10.1021/es302011r

77. Leifheit EF, Rillig MC (2020) Mikroplastik in landwirtschaftlichen Böden - eine versteckte
Gefahr? Berichte über Landwirtschaft - Zeitschrift für Agrarpolitik und Landwirtschaft,
Aktuelle Beiträge https://doi.org/10.12767/BUEL.V98I1.279

78. Bertling J, Bertling R, Hamann L (2018) Mikro- und Makroplastik. Kurzfassung der
Konsortialstudie. UMSICHT, Ursachen, Mengen, Umweltschicksale, Wirkungen,
Lösungsansätze, Empfehlungen

102 M. Seeger

https://doi.org/10.3390/geosciences10080292
https://doi.org/10.2136/sssaj2013.05.0198
https://doi.org/10.2136/sssaj2013.05.0198
https://doi.org/10.1016/j.still.2008.07.015
https://doi.org/10.1016/j.still.2008.07.015
https://doi.org/10.1016/j.still.2018.11.005
https://doi.org/10.1016/j.jhydrol.2011.08.067
https://doi.org/10.1002/ldr.4161
https://doi.org/10.23986/afsci.5634
https://doi.org/10.23986/afsci.5634
https://doi.org/10.3390/su10051618
https://doi.org/10.3390/su10051618
https://doi.org/10.1016/j.biosystemseng.2019.01.019
https://doi.org/10.1007/s10653-011-9391-5
https://doi.org/10.1007/s10653-011-9391-5
https://doi.org/10.1021/acs.jafc.6b03168
https://doi.org/10.1021/es302011r
https://doi.org/10.12767/BUEL.V98I1.279


79. Sommer F, Dietze V, Baum A et al (2018) Tire abrasion as a major source of microplastics in
the environment. Aerosol Air Qual Res 18:2014–2028. https://doi.org/10.4209/aaqr.2018.03.
0099

80. Piehl S, Leibner A, Löder MGJ et al (2018) Identification and quantification of macro- and
microplastics on an agricultural farmland. Sci Rep 8:17950. https://doi.org/10.1038/s41598-
018-36172-y

81. Harms IK, Diekötter T, Troegel S et al (2021) Amount, distribution and composition of large
microplastics in typical agricultural soils in northern Germany. Sci Total Environ 758:143615.
https://doi.org/10.1016/j.scitotenv.2020.143615

82. Jepsen D, Zimmermann T, Spengler L et al (2020) Kunststoffe in der Umwelt – Erarbeitung
einer Systematik für erste Schätzungen zum Verbleib von Abfällen und anderen Produkten aus
Kunststoffen in verschiedenen Umweltmedien. Texte, 198/2020, Dessau

83. Brandes E, Henseler M, Kreins P (2021) Identifying hot-spots for microplastic contamination in
agricultural soils-a spatial modelling approach for Germany. 16:104041. https://doi.org/10.
1088/1748-9326/ac21e6

84. Bertling J, Zimmermann T, Rödig L (2021) Kunststoffe in der Umwelt: Emissionen in
landwirtschaftlich genutzte Böden. Fraunhofer-Gesellschaft

85. Schneider I, Scholz K-N, Biegel-Engler A et al (2021) Kunststoffe in Böden, Dessau
86. Weber CJ, Opp C (2020) Spatial patterns of mesoplastics and coarse microplastics in floodplain

soils as resulting from land use and fluvial processes. Environ Pollut 267:115390. https://doi.
org/10.1016/j.envpol.2020.115390

87. Rehm R, Zeyer T, Schmidt A et al (2021) Soil erosion as transport pathway of microplastic from
agriculture soils to aquatic ecosystems. Sci Total Environ 795:148774. https://doi.org/10.1016/
j.scitotenv.2021.148774

Agricultural Soil Degradation in Germany 103

https://doi.org/10.4209/aaqr.2018.03.0099
https://doi.org/10.4209/aaqr.2018.03.0099
https://doi.org/10.1038/s41598-018-36172-y
https://doi.org/10.1038/s41598-018-36172-y
https://doi.org/10.1016/j.scitotenv.2020.143615
https://doi.org/10.1088/1748-9326/ac21e6
https://doi.org/10.1088/1748-9326/ac21e6
https://doi.org/10.1016/j.envpol.2020.115390
https://doi.org/10.1016/j.envpol.2020.115390
https://doi.org/10.1016/j.scitotenv.2021.148774
https://doi.org/10.1016/j.scitotenv.2021.148774


Agricultural Land Degradation in Portugal
and Greece

Carla S. S. Ferreira, António C. Duarte, Anne K. Boulet, Adélcia Veiga,
Giorgos Maneas, and Zahra Kalantari

C. S. S. Ferreira (✉)
Department of Physical Geography and Bolin Centre for Climate Research, Stockholm
University, Stockholm, Sweden

Navarino Environmental Observatory, Costa Navarino, Navarino Dunes Messinia, Greece

Research Centre for Natural Resources, Environment and Society (CERNAS), Polytechnic
Institute of Coimbra, Coimbra Agriculture School, Coimbra, Portugal
e-mail: carla.ferreira@natgeo.su.se

A. C. Duarte
Research Centre for Natural Resources, Environment and Society (CERNAS), Polytechnic
Institute of Coimbra, Coimbra Agriculture School, Coimbra, Portugal

School of Agriculture/Polytechnic Institute of Castelo Branco, Castelo Branco, Portugal
e-mail: acduarte@ipcb.pt

A. K. Boulet and A. Veiga
Research Centre for Natural Resources, Environment and Society (CERNAS), Polytechnic
Institute of Coimbra, Coimbra Agriculture School, Coimbra, Portugal
e-mail: anne.karine@esac.pt; adelcia.veiga@esac.pt

G. Maneas
Department of Physical Geography and Bolin Centre for Climate Research, Stockholm
University, Stockholm, Sweden

Navarino Environmental Observatory, Costa Navarino, Navarino Dunes Messinia, Greece
e-mail: giorgos.maneas@natgeo.su.se

Z. Kalantari
Department of Physical Geography and Bolin Centre for Climate Research, Stockholm
University, Stockholm, Sweden

Navarino Environmental Observatory, Costa Navarino, Navarino Dunes Messinia, Greece

Department of Sustainable Development, Environmental Science and Engineering, KTH Royal
Institute of Technology, Stockholm, Sweden
e-mail: zahrak@kth.se

Paulo Pereira, Miriam Muñoz-Rojas, Igor Bogunovic, and Wenwu Zhao (eds.),
Impact of Agriculture on Soil Degradation II: A European Perspective,
Hdb Env Chem (2023) 121: 105–138, DOI 10.1007/698_2022_950,
© The Author(s), under exclusive license to Springer Nature Switzerland AG 2023,
Published online: 8 February 2023

105

http://crossmark.crossref.org/dialog/?doi=10.1007/698_2022_950&domain=pdf
mailto:carla.ferreira@natgeo.su.se
mailto:acduarte@ipcb.pt
mailto:anne.karine@esac.pt
mailto:adelcia.veiga@esac.pt
mailto:giorgos.maneas@natgeo.su.se
mailto:zahrak@kth.se


Contents

1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 107
2 Soil Erosion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 108

2.1 State of the Problem for Agricultural Land in Portugal and Greece . . . . . . . . . . . . . . . . . 109
2.2 Consequences of Soil Erosion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 111
2.3 Soil Conservation Practices . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 112

3 Soil Compaction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 114
3.1 Causes of Soil Compaction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 114
3.2 Current Status of the Problem in Portugal and Greece . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 115
3.3 Environmental Consequences of Soil Compaction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 117
3.4 Examples of Management Practices to Prevent Soil Compaction . . . . . . . . . . . . . . . . . . . 117

4 Soil Contamination . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 119
4.1 Causes of Contamination in Agricultural Soils . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 119
4.2 Soil Contamination with Heavy Metals and the Current Situation in Portugal

and Greece . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 121
4.3 Soil Contamination with Pesticides and the Current Situation in Portugal and Greece 122
4.4 Agricultural Soil Contamination with Microplastics . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 123

5 Soil Salinity and Sodicity . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 124
5.1 Causes of the Problem . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 124
5.2 Salinity and Sodicity Situation in Portugal and Greece . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 125
5.3 Consequences for Crops . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 126

6 Final Considerations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 127
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 129

Abstract Agricultural land degradation is a global problem affecting food produc-
tion and other ecosystem services worldwide such as water regulation. It is driven by
unsustainable land use and management practices (e.g. intensive tillage, overuse of
agrochemicals) and can be aggravated by future climate change. Land degradation is
particularly problematic in arid and semi-arid areas of southern Europe, and distinct
soil degradation processes impair agricultural areas in Portugal and Greece. This
chapter aims to improve understanding of various degradation processes affecting
agricultural land, including soil erosion, compaction, contamination, and salinity and
sodicity. It summarises the scientific literature on the current status of these degra-
dation processes in agricultural areas of Portugal and Greece and their main causes
and consequences. Moreover, it provides examples of best management practices
implemented to mitigate agricultural land degradation. Some degradation processes
are relatively well documented (e.g. erosion), while knowledge of the spatial extent
of others such as soil compaction is still limited. A better understanding of soil
degradation processes and of the counter-impacts of improved agricultural manage-
ment practices is critical to support decision-making and ensure long-term fertility
and productivity, thereby maintaining the sustainability of agriculture.

Keywords Agricultural land degradation, Compaction, Contamination, Greece,
Portugal, Salinity and sodicity, Soil erosion

106 C. S. S. Ferreira et al.



1 Introduction

Agricultural land supports crop and livestock production, as well as multiple eco-
system services of vital importance for local and global societies, and thus sustain-
able management of agricultural land is of paramount importance [1]. However, the
importance of agricultural land for food security and the multitude of environmental
services it provides are not always recognised by the public, while many stake-
holders (e.g. policy-makers, land managers) are poorly involved in management
strategies [2]. This is leading to diversified forms of land degradation, which are
often ignored due to their gradual development over time and impacts on soil
resources that are often neglected [3]. Land degradation encompasses an array of
biophysical processes which result in reductions in land quality and is defined by
loss of production [4]. In recent decades, it has been exacerbated by various factors
including human activities and climate change [5]. Land degradation is an active
process in arid, semi-arid and dry sub-humid areas [6], such as those found in
Portugal and Greece.

Soils in southern Europe have been identified as particularly vulnerable to soil
degradation [7], and at high or very high risk of desertification [8], in part favoured
by the abundance of shallow soils [9]. Typically, these soils have high erosion rates
[10], low levels of soil organic matter [11] and salinisation problems [12] and are
threatened by compaction, contamination and loss of biodiversity [13, 14]. Such
degradation processes are particularly problematic for agricultural land, given the
negative impacts on soil fertility and crop yields [15]. It is estimated that land
degradation leads to annual losses of six million ha of productive land globally
[16]. On agricultural land, degradation has been aggravated in recent decades by
rapid land use changes and intensive management practices [2]. The negative
impacts on production often lead to land abandonment or are partly overcome by
compensation through artificial provision of nutrients and increased use of
irrigation [17].

Portugal, in the western European Mediterranean region, occupies an area of
about 92,212 km2 and has a population of 12 million [18]. Like many other
countries, Portugal has experienced negative changes in its cropping systems over
recent decades. Rainfed cereal, the main land use until the middle of the twentieth
century, gradually became unprofitable in most marginal areas of Portugal due to
decreasing crop prices driven by opening up to international markets [19]. This
contributed to abandonment of marginal, mountainous or semi-mountainous areas
and a decrease in the area of arable land where low-intensity management practices
were used [20]. Implementation of the European Union (EU) Common Agricultural
Policy (CAP) in 1992 led to afforestation of former agricultural land, intensification
of production practices in more fertile areas (mainly lowlands), accelerated aban-
donment of marginal land and the collapse of traditional farming systems [20]. From
1999 to 2009, the area of total arable land in mainland Portugal decreased by 30%
(from 1.7 to 1.2 million ha), associated with a similar area increase in pasture land
(from 1.3 to 1.7 million ha) [21]. Utilised Agricultural Area (UAA) in Portugal is
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currently 3.641.680 ha [22], mainly comprising permanent grassland (52%),
followed by arable land (29%) and permanent crops (19%) [23]. Between 2010
and 2020, the most relevant harvested crops in Portugal were grapes, permanent
crops, olives, cereals and maize [24]. The agriculture sector represents 5% of total
employment [22].

Greece, in the eastern European Mediterranean, occupies an area of about
132,000 km2 and has a population of 11 million, mainly residing in coastal regions
and on the islands [25]. Agriculture in Greece is a vital sector in terms of economic
activity and employment (11% of total employment), contributing one-third of total
national exports [22]. The agriculture system is characterised by small or average-
sized farms [26], mainly located in lowlands (57%) but also extending into moun-
tainous or semi-mountainous areas (43%) [27]. The UUA in Greece is 3591.42
million ha, comprising 39% arable land, 41% permanent grassland and 20% perma-
nent crops [23]. Nearly 45% of the total cultivated area in Greece is irrigated [27]. A
significant part of the arable land is intensively cultivated with tree and/or annual
crops [26] and the dominant crops include olive, permanent crops, grapes, cereal,
wheat and spelt [24].

This chapter describes the current status of agricultural land degradation in
Portugal and Greece, focusing on soil erosion, compaction, contamination and
salinity and sodicity degradation processes as well as their causes, environmental
consequences and possible solutions to mitigate these processes. Although land
degradation is an age-old problem, there is a new urgency in addressing and
managing it in order to guarantee food security and safety for a growing global
population and to ensure sustainable development of the agriculture sector.

2 Soil Erosion

Soil erosion is one of the most widespread forms of soil degradation in Europe
[28]. Although a natural process, it has been largely accelerated by human activities,
especially those associated with land use and management and in particular those
linked with intensive tillage and ploughing in agricultural areas [29]. In the EU, 24%
of soils are affected by erosion rates higher than the soil formation rate, driven by
weathering and pedogenesis, which is estimated to be on average 1.4 t ha-1 year-1

[30]. Higher erosion rates (>2 t ha-1 year-1) occur on most of Greece’s territory and
on a significant proportion of Portugal’s territory (Fig. 1). The rainfall regime,
associated with short but intensive storm events, is an important driver of soil
erosion in both countries and across the Mediterranean region [31]. In Portugal,
the main causes of soil erosion include inappropriate management practices,
overgrazing, deforestation, land abandonment, wildfires and construction activities,
but agricultural land uses are reported to generate the highest soil erosion rates
[20]. In Greece, the high susceptibility to soil erosion is driven by the combined
impact of agriculture and site-specific conditions such as high susceptibility of most
soils to erosion, the predominance of mountains and hilly landscapes (80%, one of
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the highest rates in Europe), erodible bedrock characterised by low permeability
material favouring runoff (e.g. limestone, volcanic and transformed formation) and
climate conditions [32, 33].

Between 2001 and 2012, there was a slight decrease in soil erosion in both
Portugal and Greece, due to increased vegetation cover associated with farm aban-
donment caused by the global economic crisis [29]. This tendency became stronger
in Portugal in 2010–2016, due to increasing use of soil conservation practices on
arable land, but was reversed in Greece, where an increasing proportion of farmland
is affected by high erosion rates due to unsustainable management practices [10].

2.1 State of the Problem for Agricultural Land in Portugal
and Greece

Agricultural land is generally characterised by the highest erosion rates, due to
intensivemanagement practices and typical lack of vegetation cover [1, 20]. Intensive
management is practised on about one-third of UAA in Europe and on a slightly
higher percentage area in Portugal than Greece (Fig. 2). The average soil erosion rate
for arable land in Portugal and Greece is ~2.75 t ha-1 year-1 and ~ 2.90 t ha-1 year-
1, respectively [10]. The Portuguese rate for farmland is higher than the average soil
erosion rate for all Portuguese land (~2.17 t ha-1 year-1), but the Greek rate for
farmland is lower than the Greek national average (~4.19 t ha-1 year-1) [10]. It is
estimated that severe soil erosion affects 5.8% and 11.8% of total agricultural area in
Portugal and Greece, respectively [35].

Agricultural mechanisation has enabled great advances in crop management and
productivity, but locally it can trigger soil compaction and decrease infiltration,
favouring runoff and soil erosion [36]. To reduce soil compaction and improve

Fig. 1 Estimated water-driven soil erosion rates (t ha-1 year-1) in NUTS 3 level administrative
areas in Greek and Portuguese territories, 2016. Values based on the Revised Universal Soil Loss
Equation (RUSLE) (adapted from [34])
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soil conditions for root development, tillage and particularly ploughing (a highly
intense form of tillage since it involves inverting the soil) has been intensively used
in Portugal and Greece [37]. Studies performed in Portuguese vineyards report high
sediment yields after tillage, even when little runoff is generated, since disturbed
sediments are readily available to be transported [38]. Water is the most prevalent
eroding agent, with sheet, rill and pipe erosion found in many farm fields in both
Portugal and Greece. These can evolve into more severe forms such as gully erosion
when fragile and bare soils are subject to intensive rainfall. Figure 3 shows the
magnitude of soil erosion recorded in a small Portuguese kiwi plantation (1 ha)
during the first storms after field preparation, which left the soil surface bare and
totally exposed to erosive agents [39]. Other studies examining different land uses in
Portugal have shown that soil transport by runoff peaks during autumn/winter
coincides with the highest and most erosive rainfall [20]. This is associated with
the typical seasonal pattern of the Mediterranean region, characterised by intense

Fig. 2 Share of Utilised
Agricultural Area (UAA)
under low-, medium- and
high-intensity management
in Portugal (PT) and Greece
(GR) in 2019, and average
values for the 28 countries
belonging to the European
Union (EU28) [51]

Fig. 3 Soil erosion caused by the first rainstorms in a newly established kiwi plantation in central
Portugal: (a) rill erosion in the upper part of the field, and (b) gully erosion in a downslope area
(photo by Ferreira 2012)
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rainfall after a dry summer, with rainfall being concentrated in the autumn and winter
months [40]. Gully erosion is particularly common in Greece and is responsible for
erosion rates of up to 455 t ha-1 year-1 [41].

Soil erosion on Portuguese and Greek farmland is also driven by other inappro-
priate farming techniques such as monoculture (which favours depletion of nutri-
ents), limited use of organic fertilisers (which accelerates depletion of already
limited organic matter), burning of crop residues (which leaves the soil surface
bare and unprotected), cultivation on mountain slopes (e.g. for vineyards) and
overgrazing [14, 33]. In intensively grazed areas, there is a significant reduction in
vegetation cover and soil compaction due to trampling, which accelerates soil
erosion [6]. Overgrazing is of particular importance in Greece since grazing land
now comprises more than 40% of total land use in that country, following an
increase in the number of grazing animals from 0.78 million in 1960 to 2.51 million
in 2010, despite the estimated pasture carrying capacity being only ~0.65 million
[6]. The increasing grazing pressure in Greece emerged particularly after the
mid-1980s, driven by farm subsidies [6]. Around 71% of grassland in Greece is
grazed for more than 10 months, so Greece has one of the highest grazing intensities
in the EU in terms of duration and proportion [42].

Crop harvesting may also trigger soil losses, due to particles adhering to roots and
tuber crops (e.g. carrots, potatoes). This form of soil loss depends on the type of crop
and harvesting techniques (e.g. effectiveness and velocity of the technology used), as
well as soil properties such as structure and texture and soil moisture content. Crop
harvesting can make a relevant contribution to total soil losses (up to 28%),
particularly in some regions of Greece due to the extent of tuber crops grown [28].

2.2 Consequences of Soil Erosion

Over time, soil erosion leads to several environmental impacts, at both on-site and
off-site locations. The on-site reduction in soil depth caused by erosion restricts crop
rooting space and the ability to store water. This may be particularly relevant in
southern European countries typically characterised by high abundance of shallow
soils [9], and in areas where water scarcity is a relevant problem during the driest
periods [43]. Soil erosion affects biogeochemical processes, such as the soil carbon
cycle, due to changes in nutrient mineralisation rates, and is often associated with a
decreasing carbon sink [44]. These changes, coupled with losses of topsoil (the most
fertile soil layer), cause on-site decreases in organic matter and nutrients and pose a
threat to soil fertility and long-term productivity [45]. This can be especially relevant
in southern European countries, where soils typically have low organic matter
content (<2%) due to accelerated soil respiration and mineralisation driven by the
regional climate (i.e. high soil temperature and moisture) [14]. Low organic matter
content hinders the formation of stable soil aggregates that are resistant to the
shearing forces of rainfall and runoff and reduces soil infiltration and water-holding
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capacity [33]. The depletion of nutrients and soil fertility caused by erosion and
associated soil degradation lead to abandonment of agricultural land [20].

According to Bakker et al. [46], there is a 4.3% decline in crop yield for each
0.1 m of soil loss. Severe soil erosion in the EU is responsible for annual decreases of
3 and 0.6 million tonnes of wheat and maize, respectively, with the highest losses in
countries such as Greece where extensive areas are occupied by these crops [35]. In
2010, it is estimated that the impact of soil erosion on Portuguese gross domestic
product (GDP) was -€ 2.8 million but it reached -€12.6 million in Greece, based on
the loss of crop productivity [35]. Apart from the relevant economic impacts of soil
erosion, the loss of productivity also raises important concerns for food security and
achievement of some of the United Nations Sustainable Development Goals
(SDGs) [10].

Off-site impacts of soil erosion are linked to siltation of streams and reservoirs,
reducing their drainage/storage capacity, which can increase the flood hazard [39]. It
can also potentially impair water quality [38], leading to ecological disturbance of
aquatic ecosystems and affecting recreational activities [29]. Soil erosion can also
damage or destroy transportation networks such as roads and railways, and other
public assets such as hydraulic infrastructure [47].

Sediments caused by erosion processes in agricultural areas may contribute to
increasing concentrations of nutrients such as nitrogen [48], but also heavy metals
[39] and pesticides [49] in the receiving water bodies. In Greece, several water
bodies show moderate or high heavy metal contamination in sediments [26]. The
impacts on water quality may impede achievement of some SDGs, e.g. SDG6: Clean
water and sanitation and SDG14: Life below water.

2.3 Soil Conservation Practices

Soil erosion from agricultural land can be controlled by changing management
practices and increasing the ground cover [20]. Increasing concerns regarding
agricultural sustainability, partly triggered by EU guidelines and subsidies under
the CAP and growing demand from consumers, have led to the adoption of improved
management practices by farmers [14]. Most of these practices involve reduced-
tillage intensity and/or enhanced soil cover. In 2016, arable land occupied 29% and
39% of Portuguese and Greek UAA, respectively [50]. On arable land, conventional
tillage is widespread in Greece, being applied on 82% of the area, whereas in
Portugal it is applied on 33% of the total area. In Portugal, 37% of arable land is
managed using conservation tillage and 30% using no-tillage (Fig. 4a). In Portu-
guese vineyards located in the centre of the mainland, conservation tillage has led to
runoff coefficients of 11–19%, which are much lower than those reported in nearby
vineyards managed using conventional practices (42%) [38]. However, although
conservation tillage has led to erosion rates (7–16 t ha-1 year-1) of about half those
recorded in conventional vineyards [38], it is not enough to prevent land degradation
considering the estimated 1.4 t ha-1 year-1 soil formation rate [30].
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Soil conservation practices focusing on enhancing soil cover to protect against
erosion largely involve leaving crop residues in the field (Fig. 4b). This is a
widespread practice on arable land under soil conservation in Greece (81%), but
less so in Portugal (44%). Grassland and intercropping (e.g. growing wheat together
with clover-grass leys) are also used to reduce runoff and soil erosion, particularly in
Portugal. In semi-arid areas, these measures are reported to reduce runoff by 34–89%
and soil erosion by 45–94% [52]. Studies carried out in Mediterranean environments
have shown that below 30% vegetation cover, soil erosion and runoff increase
dramatically [53]. Unprotected soil surfaces may lead to erosion rates 100–1,000
times higher than in fields with permanent vegetation cover [20]. Vegetation protects
the soil, e.g. by intercepting rainfall, which reduces the erosive power of impacting
raindrops, and by reducing the volume of water reaching the soil surface, and is
considered one of the basic approaches to control soil erosion [20].

Growing a cover crop is suggested to be one of the most promising measures to
prevent erosion and soil degradation [54]. Cover crops are a specific form of mixed
cropping in which a secondary crop is planted and grows after the main crop is
harvested, thus protecting the soil between crop seasons, reducing runoff and soil
erosion [37]. Field experiments performed in central Portugal have shown that
leguminous cover crops reduce the risk of nutrient leaching during the rainy period
and avoid groundwater pollution, by taking up and immobilising water-soluble
nutrients in their roots and aerial parts [55]. Cover crops can also be used as green
manure, for gradual release of nutrients to the subsequent main crop, which allows a
reduction in at least 40% of nitrogen, 30% of phosphorus and 100% of potassium
supplied by mineral fertilisers, while they also compete with weeds, limiting their
growth [55].

Although vegetation cover can be a good strategy to prevent erosion, the dry
conditions of the Mediterranean countries make it challenging to maintain soil cover.
This leads to reduced vegetation cover during the summer and lower effectiveness in
preventing soil erosion driven by the first autumn storms [56]. Other soil conserva-
tion practices such as application of plant residues (e.g. straw mulching, pruning
wastes) can be more relevant to prevent land degradation in semi-arid and arid

Fig. 4 Percentage cover of soil conservation practices in Portugal and Greece based on (a) tillage
practices and (b) soil cover practices (data source: [51])

Agricultural Land Degradation in Portugal and Greece 113



regions [57]. Incorporation of organic amendments (e.g. manure, green manure,
compost) has been also found to improve soil properties and reduce erodibility, but it
must be compliant with crop nutrient requirements and managed together with
mineral fertilisation rates applied to avoid nutrient and heavy metal leaching and
contamination of groundwater [58]. Widespread adoption of measures to reduce
erosion and other degradation processes on agricultural land is critical for achieving
food security [59].

3 Soil Compaction

Soil, a porous medium, tends to compress and increase its bulk density when
subjected to pressure, and thus it can become compacted. The persistence of soil
compaction, in surface and/or subsurface layers (i.e. below tillage depth, ~0.25 m), is
one of the most important soil threats in Europe [60] and represents a great concern
in some regions of Portugal and Greece [61].

3.1 Causes of Soil Compaction

Soil compaction is caused by exposure to pressure greater than the soil’s strength,
typically exerted by machinery and/or livestock [62]. The susceptibility of the soil to
compaction depends on many factors, including natural and man-induced factors, or
a combination of both if they occur simultaneously. Climate and soil properties such
as soil texture, initial bulk density, water content and organic matter content largely
determine the natural susceptibility of soil to compaction [63, 64]. Man-induced soil
compaction is associated with land management [12], and tillage practices and high
grazing intensity are among the land management practices with the greatest impacts
on agricultural soil compaction [65]. In fire-affected areas in particular, traffic by
heavy machinery is a major cause of soil compaction [66].

Although compaction is a major threat to soil quality, little has been done to
reduce compaction of agricultural soils. Intensive mechanisation of crop production
activities, particularly in developed countries, associated with high machine traffic in
fields to perform multiple tillage operations and heavy machinery associated with
powerful tractors are the main cause of soil compaction [67]. Despite the use of
wider and more voluminous tyres, the changes in farm machinery have not been
sufficient to compensate for the increasing weight of machinery and impacts on soil
compaction [62]. Tillage, harvesting and application of chemicals and fertilisers are
common operations affecting soil compaction on farms [1]. Tillage operations are
widely reported to cause soil compaction at different depths [68]. In a modern drip-
irrigation citric plantation located in the Mediterranean region, Cerdà et al. [69]
found a rapid increase in bulk density from 1.05 to 1.33 g cm-3 over 13 years of
machinery use. Schjønning et al. [70] reported increasing subsoil compaction, by a
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factor of 1.9, 3.0, 3.9 and 4.6 at 0.25, 0.50, 0.75 and 1.00 m depth in agricultural soils
after 50 years of machinery use (e.g. mouldboard ploughing).

The pressure of animal traffic on the soil (overgrazing livestock) can result in soil
compaction similar to that caused by machine traffic, depending on animal type, age
and pressure exerted by the animals on the soil [63, 71, 72]. According to Taboada
et al. [73], under the same set of soil conditions, the stress exerted by a cow in
movement (98–192 kPa) can be twice the static pressure caused by a typical tractor
(27–68 kPa), because of the angle of the force applied and the concentration of
weight on a smaller area of hooves [71].

3.2 Current Status of the Problem in Portugal and Greece

Based on soil properties recorded in the European soil database, such as texture,
relative proportion of fine particles, organic matter, level and type of aggregation,
water regime and depth, and the dominant and secondary land use [74], Portuguese
soils have lower susceptibility to soil compaction than Greek soils (Fig. 5). A
relatively small part of mainland Portugal has high or very high susceptibility to
soil compaction, whereas Greece has a large area with high susceptibility and a large
area with medium susceptibility. Soils with lower susceptibility to compaction,
mainly in the north of both Portugal and Greece, are mostly located in forestry and
some are associated with extensive grazing systems. However, in the south of
Portugal and centre and south of Greece, some regions of high and very high
susceptibility of soil compaction are under intensive agricultural systems, most of
them managed by conventional practices and without soil conservation measures,
which can exacerbate the problem.

Increasing use of irrigation leads to higher soil moisture content, which favours
compaction [12]. In Portugal, several irrigation projects (e.g. Alqueva which
includes 69 dams, reservoirs and weirs over an extension of 120,000 ha, and
considered the largest irrigation project in Europe) have been implemented in recent
decades to enhance productivity in rainfed areas (Fig. 5b). Agricultural areas have
expanded with the plantation of, e.g., new olive and almond orchards, managed
under intensive practices. Thus, in the medium to long term, if improved soil
management practices are not implemented, these areas can be affected by soil
compaction and other soil degradation processes, with negative impacts on land
resources and ecosystem sustainability. In Greece, the area under intensive farming
is less extensive than in Portugal (Fig. 5b), but the soil is more susceptible to
compaction than in Portugal (Fig. 5a). In Greece, around 71% of grassland is
occupied by animals for 10 months of the year, which is one of the most intensive
grazing rates of all European countries, both in duration and intensity [76].
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Fig. 5 (a) Natural susceptibility of soils in Portugal and Greece to compaction, and (b) change in
land use between 2012 and 2018 (adapted from [74, 75])
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3.3 Environmental Consequences of Soil Compaction

Soil compaction causes several environmental consequences on global farmlands,
including those in Portugal and Greece. The compaction process primarily reduces
the size and volume of pores, particularly macropores, decreasing the bulk density
and negatively affecting several essential soil properties, such as hydraulic conduc-
tivity and infiltration capacity, which increases surface runoff and contributes to
waterlogging during precipitation events [67]. With the application of compressive
stress the soil can easily approach saturation. The compression of soil under satu-
rated conditions is known as consolidation [77]. The reduction in soil water storage
capacity driven by compaction also has consequences in terms of depletion of water
resources [6]. In addition, increasing surface runoff from compacted soils, especially
from soil surfaces lacking a protective cover, such as those where overgrazing is
permitted, leads to a reduction in vegetation, increases erosion rates and, in extreme
precipitation events, may trigger landslides and flooding [14]. A complete review of
the effects of grazing animals on soil physical properties can be found in [78].

Some pollutants, like phosphorus and pesticides, are preferentially attached to
fine soil particles and easily transported during erosion, which can have negative
impacts on aquatic ecosystems, resulting, e.g., in eutrophication [79]. The transport
of sediments to the natural drainage network, where the flow loses energy and
deposits material, increases sedimentation effects, reducing the water storage capac-
ity of dams and the flow capacity of natural streams (Fig. 6). This in turn increases
flood susceptibility [39].

Soil compaction (in unsaturated soil) reduces diffusion of oxygen into soil,
affecting microbial activity, and increases penetration resistance for roots and thus
root growth [70]. The constraints imposed by soil compaction on the availability of
air and water, and on uptake of nutrients by plants, lead to decreasing yield capacity
[80]. In Europe, soil compaction leads to crop yield reductions ranging from
2.5–15% [15] to 25–50% [81].

3.4 Examples of Management Practices to Prevent Soil
Compaction

Conservation agriculture is considered to be a good solution to prevent soil com-
paction. It includes a combination of several agricultural practices based on minimal
soil disturbance, e.g. in seedbed preparation, retention of crop residues on the soil
surface and use of combined management operations to minimise machine traffic in
fields [82]. In Portugal, long-term research has shown that conservation agriculture
can increase soil organic matter and improve aggregate stability and porosity
throughout the soil profile, helping to prevent soil compaction [83]. Adoption of
no-tillage or reduced-tillage systems, besides preventing soil compaction, also pre-
vents mineralisation of stable components of soil organic matter and thus contributes
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to sequestration of organic carbon in the soil [82]. As shown in Fig. 4, the Greek
arable land managed under no-tillage or conservation tillage practices is
nonrepresentative. In contrast, these management practices are implemented in the
majority of Portuguese arable land. In fact, Portugal is the European country
showing the greatest decrease in conventional tillage practices [23].

In grazing livestock systems, maintenance of vegetation cover on the soil lessens
the direct impact of rainfall drops and decreases water erosion, reducing the effect of
external forces on the soil. In conditions of extensive grazing, some studies report
benefits of animal manure in increasing soil organic matter concentration and
resilience to soil compaction [77].

Fig. 6 Environmental impacts of soil compaction on soil on water resources, aquatic ecosystems
and crop productivity
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4 Soil Contamination

Soil contamination refers to the presence of physical, chemical and/or biological
substances causing temporary or permanent loss of one or several soil functions
[64]. In recent decades, soil contamination has become one of the major concerns for
developed and developing countries, particularly in agricultural soils since it impairs
food safety [84]. Soil contamination affects, e.g., crop yields by lowering the activity
of soil biota and reducing biodiversity, with negative impacts on nutrient cycling and
soil structure. The changes in soil physical properties driven by inappropriate
management practices enhance the susceptibility to degradation processes such as
soil erosion, which contributes to the spread of contaminants into downslope areas
[85]. Soil contamination in agricultural areas may pose threats to food safety by
providing a pathway for human exposure to pollutants such as pesticides and heavy
metals [84]. A study by [86] revealed that more than 29% of food samples analysed
across the EU contained multiple pesticide residues. Global concerns have led more
than 170 countries within the United Nations Environmental Assembly (UNEA-3) to
express their willingness to reduce soil contamination [87].

4.1 Causes of Contamination in Agricultural Soils

The intensification of agricultural practices has been associated with increasing use
of agrochemicals to enhance nutrient availability for crops and to control pests and
diseases, in order to improve crop yields, but this is a major cause of soil contam-
ination [49, 68].

Overuse of fertilisers, through excessive inputs of synthetic fertilisers, inappro-
priate management of organic amendments (e.g. manure, sewage sludge) and/or
intensive livestock density, has been identified as a major driver of soil contamina-
tion [87, 88]. Nitrogen-based fertilisers are among the most widely consumed and
manufactured fertilisers worldwide [51]. In Portugal and Greece, average sales of
nitrogen fertilisers between 2010 and 2019 represented 67% and 74% of all fertiliser
sales (nitrogen, phosphorus and potassium), respectively (Fig. 7). Although Portugal
has about half the Greek level of sales of synthetic fertilisers, the rate of application
of inorganic nitrogen and phosphorus fertiliser per unit area of cropland is higher,
although still below the European average in both countries (Fig. 8). A decreasing
tendency in the rate of fertilisation was seen from 1990 to 2009, especially in terms
of phosphorus inorganic fertiliser, possibly due to increasing application restrictions
and the development of the global economic crisis. However, in recent years the
fertilisation rate seems to have increased slightly (Fig. 8).

Fertilisation rates higher than plant nutrient requirements can lead to nutrient
imbalances in the soil, with negative impacts on the ability of plants to absorb some
of the necessary nutrients (e.g. calcium and magnesium), causing nutrient deficiency
in plant tissues or even toxic levels, which increases plant vulnerability to pests and
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diseases and decreases crop productivity [90]. Inefficient management of nitrogen
and phosphorus within agricultural fields may also lead to eutrophication and
acidification of surface waters and contamination of groundwater [38, 88, 91]. In
mainland Portugal, the risk of groundwater contamination driven by nitrogen
fertilisation in agriculture, considering the spatial extent of the agricultural
fertilisation hazard and site-specific aquifer vulnerability, increased in extent from
8,800 to 82,679 ha of the territory between 1999 and 2009 [21]. This was despite
action programmes and mandatory restriction measures associated with fertilisation
rates and animal stocking rates in Nitrate Vulnerable Zones delineated in 2004
(covering 4.4% of the territory), following the European Nitrates Directive, and
the abandonment of grazing practices, particularly in southern regions [21].

Inappropriate management of manure and other organic amendments such as
sewage sludge, which are widely used due to their potential to improve soil prop-
erties and functions, can also contribute to over-fertilisation and soil contamination
[92, 93]. Soil contamination due to organic amendments has been associated with
heavy metals, pathogens and veterinary antibiotic residues [94–96].

Given the positive impacts of sewage sludge on soil properties (e.g. aggregate
stability, organic matter content and biodiversity) [68] and their increasing avail-
ability driven by a growing population, agricultural land can be a useful recipient of

Fig. 7 Total sales of inorganic fertilisers 2010–2019 in (a) Portugal and (b) Greece (data source:
[51])

Fig. 8 Ratio of (a) nitrogen and (b) phosphorus mineral fertiliser in total fertiliser consumption and
area of cropland (including arable land and permanent crops) in Portugal, Greece and Europe in the
period 1990–2018 (data source: [89])
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this type of solid waste. In 2016, 13.89 and 21.53 thousand tons of sewage sludge
were applied to agricultural areas in Portugal and Greece, respectively,
corresponding to ~12% and ~ 18% of national sludge production, respectively
[97]. In order to prevent soil contamination driven by sewage sludge, the
European Council Directive 86/278/EEC regulates sludge application in agriculture.
The implementation of legislation regulating application of sewage sludge in Portu-
gal, which involves regular soil monitoring and a complex permit system, led to
a ~ 57% decrease in land application between 2012 and 2016, whereas in Greece a
slight increasing tendency has been observed [97].

4.2 Soil Contamination with Heavy Metals and the Current
Situation in Portugal and Greece

Heavy metals are among the most toxic, persistent and complex non-biodegradable
contaminants reported in agricultural soils [98]. They are easily accumulated in
tissues and living organisms, representing a threat to the health and well-being of
animals, plants and humans [99]. Although heavy metals may occur naturally in
soils, depending on bedrock properties, concentrations above background levels are
likely to be found in soils receiving intensive applications of synthetic fertilisers,
pesticides, manure and sewage sludge [100, 101].

In general, both Portugal and Greece have higher heavy metal concentrations in
agricultural soil than the average values across Europe (Table 1). This is particularly
the case in terms of copper (Cu), zinc (Zn) and lead (Pb), with concentrations about
twice the European average. This may be due to the high fertiliser doses required to

Table 1 Baseline concentra-
tions (mg kg-1) of heavy
metals (mean and standard
deviation (STD)) in soils in
Portugal, Greece and Europe,
based on pan-European stud-
ies (adapted from ESDA
database: esdac.jrc.ec.
europa.eu)

Portugal Greece Europe

As Mean 13.45 10.18 6.89

STD 5.05 3.41 1.68

Cd Mean 0.20 0.29 0.11

STD 0.10 0.11 0.66

Cr Mean 46.73 26.30 23.77

STD 23.21 7.42 5.17

Cu Mean 22.20 26.97 14.83

STD 6.06 10.29 3.70

Hg Mean 0.05 0.05 0.05

STD 0.02 0.01 0.01

Ni Mean 20.38 56.31 20.43

STD 6.78 44.22 6.95

Pb Mean 31.66 24.78 19.06

STD 14.96 9.18 5.16

Zn Mean 71.28 72.37 58.88

STD 28.95 23.86 14.26

Agricultural Land Degradation in Portugal and Greece 121

http://esdac.jrc.ec.europa.eu
http://esdac.jrc.ec.europa.eu


overcome the relatively low soil organic matter content and low nutrient availability
[38] and high use of pesticides to mitigate the high climate-related susceptibility to
pests and diseases [102].

High soil copper concentrations are often driven by extensive use of copper-based
fungicides [100], particularly in olive and wine-producing regions [75], and by
application of sewage sludge [101]. In fact, vineyards in Central Portugal have
been reported to have copper, lead and nickel (Ni) concentrations exceeding the
legal thresholds [68]. In Greece, particularly high concentrations of nickel have been
reported (Table 1) in the Atalanti [103] and Thessaloniki [104] regions. These high
concentrations have been recorded on maize farms, together with high concentra-
tions of chromium (Cr), molybdenum (Mo), selenium (Se) and antimony
(Sb) [105]. Heavy metals can remain in the environment for many years, and thus
impair water resources [58]. In Greece, heavy metal concentrations exceeding
sediment quality guidelines have been reported in many regions since the
1970s [26].

Relatively high accumulation of heavy metals in agricultural Mediterranean soils
is also favoured by relatively low leaching rates under low precipitation surplus
[106]. To mitigate the impacts of high heavy metal concentrations, the FAO recom-
mends remediation of contaminated agricultural soils and implementation of sus-
tainable soil management practices [87].

4.3 Soil Contamination with Pesticides and the Current
Situation in Portugal and Greece

In agricultural soils, contamination with pesticides is a major concern due to their
high toxicity and persistence [85] and their global use [87]. In Europe, almost
500 active substances are approved for use [49] but less than 0.1% of the pesticides
applied to crops reach the target pest, raising relevant environmental concerns
[85]. Furthermore, pesticides may induce pest resistance and leave pesticide residues
in crops, affecting food safety [49]. Within the EU, 1.7% of food samples analysed in
2015 revealed contamination with pesticides, whereas in Portugal the value reached
2.8% [107].

In Portugal, the average application rate of pesticides per unit cropland area is
slightly lower than the European average, but more than twice the Greek rate
(Fig. 9a). However, between 2011 and 2018 the use of pesticides in Portugal
decreased by ~41%, whereas in Greece it increased by ~21% (Fig. 9b).

A study by [109] found that more than 80% of EU agricultural topsoil is
contaminated with pesticide residues and that Portugal is one of the countries with
more widespread contamination, whereas Greece is among the countries with the
lowest contamination rates. In Portugal, the highest occurrence of pesticide residues
is mostly reported in vineyards, where at least four different compounds have been
detected [109]. Residues of glyphosate and their first-order metabolites are the main
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active substances reported in Portuguese agricultural soils [110]. In Guadiana River
Basin, extending over ~60 km2 in southern Portugal, which is a biodiversity hotspot
highly impacted by agriculture, the most abundant pesticides detected in soil are
bentazone and 2,4-D, the most ubiquitous are terbuthylazine and terbutryn
[49]. Moreover, 18 out of 38 pesticides detected are no longer approved in Europe
and five of these are included in the list of priority substances for elimination. The
highest concentrations of pesticides are in intensively irrigated agricultural plots
such as olive groves and vineyards [49]. These results highlight the need to imple-
ment actions for sustainable use of pesticides in agricultural areas of Portugal.

In Greece, herbicide residues have been reported in soils on maize and tomato
farms [111], while traceable levels of insecticides have been detected in soil samples
from peach orchards [112]. The accumulation of pesticide residues and metabolites
depends on their mobility in the soil, determined by pesticide chemical properties
and several biophysical properties of the soil [113].

4.4 Agricultural Soil Contamination with Microplastics

Microplastics are one of the substances classified as ‘chemicals of emerging con-
cern’ [15], which have been increasingly studied and widely detected in different
environments [114]. In agricultural soils, small fragments of plastics have raised
concerns because of their numerous and uncontrolled sources, although their distri-
bution and abundance are affected by soil texture [115]. In general, microplastics in
agricultural soils are mostly associated with practices relating to fertilisation, such as
application of sewage sludge [116] and manure [117, 118], and mulching [119].

Soil contamination with microplastics has also been associated with other
chemical pollution in agricultural soils. For example, polyethylene films used in
agriculture may be a potential vector of several pesticide residues [119, 120]. In
Greece, it is estimated that total plastic pesticide packaging waste amounts to
0.028 kg 1,000 m-2 farm-1 year-1 [121]. Despite increasing concern about the
environmental impacts of microplastics in agriculture, there is a lack of information

Fig. 9 a) Consumption of pesticides per unit cropland area (including arable land and land under
permanent crops) in Greece, Portugal and Europe 1990–2018, and b) changes over time in the use
of pesticides in Portugal and Greece during the period 2011–2018 (data source: [108])
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in the literature on the quantities of microplastics in Portuguese and Greek agricul-
tural soils. This research gap should be filled in order to develop strategies to support
farmers in mitigating the problem.

5 Soil Salinity and Sodicity

Salinisation refers to accumulation of soluble salts in the soil and comprises one of
the main soil degradation processes in Europe [122]. Salinisation is associated with
accumulation of salts, such as magnesium, potassium, calcium, carbonates and
chorine, leading to electrical conductivity of the saturated soil extract of more than
4 dS m-1 at 25°C [64]. When the soil is affected by accumulation of exchangeable
sodium, the problem is called sodicity. In sodic soils, the percentage of exchangeable
sodium is above 15 [123]. In Europe, salinisation and soil sodisation affect about
30.7 M ha, which represents 3.3%, of all saline and sodic soils worldwide [124]. Soil
salt accumulation affects most plants, leading to decreasing crop productivity and, in
extreme cases, to land desertification [12].

5.1 Causes of the Problem

Salt-affected soils may occur naturally (primary salinisation) or may be caused by
human-induced processes involving incorporation of highly water-soluble salts into
the soil (secondary salinisation). Natural salinisation is of marine origin, driven by
the direct action of the tides in coastal regions, deposition of marine salts transported
by the wind, transfer of saline water to areas with limited drainage or ascending
capillary flow of groundwater due to high evapotranspiration rate in arid and semi-
arid areas [125]. Sodisation results mainly from the meteorisation of rocks with
minerals rich in sodium [126]. The global extent of primary salinisation is estimated
to be slightly under 1 billion ha and it mainly affects coastal areas [127]. This
problem is particularly apparent in coastal southern Europe.

Human-induced salt accumulation is often recorded in agricultural soils receiving
insufficient precipitation and/or with low hydraulic conductivity and weak drainage
capacity, which restricts the leaching of salts. It is associated with inadequate
management practices such as (1) intensive use of fertilisers or corrective agents,
particularly in conditions of limited leaching; (2) inappropriate irrigation practices
including insufficient water provisioning, overexploitation of coastal groundwater
aquifers causing seawater intrusion and use of water rich in soluble salts
(e.g. wastewater) and (3) application of saline products of industrial origin
[128]. Secondary salinisation affects ~77 M ha globally, of which 58% are located
in irrigated areas [127]. It is estimated that 20% of irrigated area worldwide is salt-
affected [129]. Irrigation on drylands sustains crop production, but high evapotrans-
piration rates of water may lead to accumulation of salts in the root zone if not
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enough water is supplied to leach the salt beyond the root zone. Waterlogging
without adequate drainage has also become a serious cause of soil salinisation [12].

5.2 Salinity and Sodicity Situation in Portugal and Greece

In Portugal, an area of 150,000 ha is estimated to be affected by salt accumulation,
two-thirds of which is caused by primary or natural salinisation in low-lying areas
affected by tides, riverbanks and estuaries in coastal areas, and only one-third is of
human-related origin, associated with inadequate irrigation and drainage practices
and irrigation with poor-quality water [130]. In agricultural areas, moderate or high
soluble salt accumulation occurs in some soil layers during certain periods of the
year, namely in summer and/or autumn. It is found in some irrigated agricultural
areas located in semi-arid and arid regions in the interior of the country, such as the
Alentejo. Here, the dry climate conditions co-occur with soils presenting deficient
internal drainage due to low permeability of the clay B-horizon, which impedes
leaching of soluble salts [130].

In Greece, salt-affected soils are found in a large variety of climatic, topograph-
ical and soil conditions, but particularly in the western coastal region, the marine
Mediterranean Ionian islands and the Mediterranean mainland zone, including the
south-eastern region (Aegean) and up to Thessaly [6]. Saline soils develop in
particular in areas with alluvial parent material (lake or wind deposits), and thus
are mainly found on plains or gentle sloping areas or in concavities (Fig. 10), and in

Fig. 10 Soil salinisation in an arable field in Messinia, Greece (photo by Maneas 2021)
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winter-flooded valleys surrounding by mountains. Saltwater intrusion into coastal
agricultural areas and intensive agricultural activities are the main causes of the
bad/poor chemical status of some water bodies in Greece [27].

Although salinisation in agricultural soils in both Portugal and Greece is not a
major concern due to the relatively limited spatial extent, predicted climate change in
coming decades, namely predicted increases in temperature, will increase the area
requiring irrigation, and thus an increase in salt-affected areas and soil degradation
can be expected. Figure 11 shows the current extent of irrigated agricultural areas
and associated crops in Portugal and Greece.

5.3 Consequences for Crops

The accumulation of salts in the soil leads to imbalances in plant nutrition and may
cause plant toxicity, due to excessive absorption of some ions and changes in
regulatory mechanisms, such as increasing osmotic pressure driven by lower water
availability in the root zone [131]. In soils with high sodium concentration, typically
associated with higher pH, there is a decrease in the solubility of some macronutrient
(e.g. Ca, Mg, P) and micronutrients (e.g. Fe, Mn, Zn), and in their availability to
plants [130]. An excess of exchangeable sodium can also cause dispersion of clay
particles, leading to disruption of aggregate stability, decreased permeability to water

Fig. 11 (a) Extent of irrigated area in Portugal and Greece occupied by the main crop types in
2017, and corresponding irrigated area of (b) temporary and (c) permanent crops (data source:
[102])
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and air, greater resistance to root growth and greater susceptibility to surface
crusting, which impedes the emergence of seedlings [126].

The impacts of salinity or sodicity on soil properties and plants are often
associated with decreasing crop yields [64]. But different crops show variable
tolerance to salt accumulation in the soil (Table 2). In terms of crop species, wheat
and sugar beet are more tolerant than maize and vegetable crops, whereas rice and
cotton are more sensitive. In terms of sodium excess tolerance, rice appears to be
tolerant, wheat only moderately tolerant and legume crops such as cabbage and lentil
are relatively sensitive to excess exchangeable sodium (Table 2). Besides, individual
plants demonstrate variable tolerance to salt depending on the growing stage, but are
generally more sensitive during germination [132].

6 Final Considerations

Land degradation, a deleterious form of disturbance driven by human-induced
processes and affected by climate conditions, is a major concern worldwide. It is a
particular concern in agricultural areas due to its impacts in decreasing soil fertility
and productivity, threatening global food security. Land degradation affects a great
area of agricultural land globally, including large areas in Portugal and Greece. In
these countries, agricultural land is exposed to individual degradation processes or a
combination of these. Intensive management practices and rather limited vegetation
cover result in high erosion rates in both countries, although with slightly higher
values recorded in Greece due to more extensive hilly terrain, higher erodibility of

Table 2 Sensitivity of different crop species to excess salt and sodium in soil. T: tolerant; MT:
moderately tolerant; MS: moderately sensitive; S: sensitive (adapted from [133–136])

Crop Salt Sodium

Temporary crops Maize MS S

Cotton S S-MS

Vegetables MS

Rice S T

Wheat T-MT MT

Fodder T-MT T

Leguminous crops S-MS-MT S

Potatoes MS

Sugar beet T T

Sunflower MT

Permanent crops Olives MT S

Citrus S S

Grapes MS S

Other fruits S S

Grass and forage crops MT-MS T
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the soil resulting from bedrock properties and larger areas with overgrazing. Inten-
sive grazing and mechanisation of agriculture (e.g. tillage) cause significant levels of
soil compaction, aggravated by inappropriate irrigation practices (e.g. furrow irriga-
tion), not only at the soil surface but also in the subsoil. Although the real status of
the problem in Greece and Portugal is largely unknown, the natural susceptibility of
the soil to compaction is considerably greater in Greece than in Portugal. However,
highly and very highly susceptible areas should receive particular management
attention in both countries. Intensive agricultural practices are often associated
with overuse of agrochemicals, with concentrations of heavy metals (e.g. Zn, Cr
and Pb) and pesticide residues in the Portuguese and Greek soils being considerably
higher than average values across Europe. Although there are relatively few studies
of soil contamination, some research performed in Portugal and Greece has
highlighted the impact of unsuitable agricultural management practices on degrada-
tion of water resources, including groundwater and surface waters. Overuse of
mineral fertilisers has also led to increasing problems with salinity and sodicity in
agricultural soils, particularly in coastal areas, due to excessive groundwater abstrac-
tion. This problem is more pronounced in Greece than in Portugal due to the longer
coastline in Greece. Other land degradation processes, such as loss of soil organic
matter and biodiversity, are also concerns in southern European countries and should
be considered when addressing agricultural land degradation in Portugal and Greece.
However, these processes were outside the scope of the present review.

The degradation processes affecting agricultural land also result in several on-site
and off-site problems, threatening the productivity of cropping systems and
impairing the quality of the environment, with relevant consequences for society
and the economy. Increasing recognition of these problems has generated awareness
of the need for improved agricultural land management practices to assure the
sustainability of agriculture and ensure land degradation neutrality by 2030. Some
soil conservation practices have been implemented in Portugal and Greece
(e.g. no-tillage, cover crops), but on a rather limited proportion of total arable
land. Approaches to improve soil and crop management are required to prevent
and/or mitigate soil degradation and enable water saving in agricultural fields.
Building dialogue between scientists, policy-makers, decision-makers and farmers
is of utmost importance to ensure effective adaptation and implementation of
management practices to resolve agricultural land degradation and achieve food
security.
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Abstract Soil degradation is a serious phenomenon both in Hungary and world-
wide. Although it may be induced by natural causes, human activity, especially in
the past two centuries has contributed more significantly to soil degradation. There
are many known consequences of soil degradation. Although in the short-term
moderating the rate of deterioration can be acceptable, the impacts of climate change
on soil degradation seem to be a real hindering factor to crop production in the longer
term. In Hungary, soil compaction, water and wind erosion, and water logging may
present difficulties in the future. Based on negative experiences in crop production in
dry and wet seasons, soil management should be used to prevent or alleviate soil
compaction. Landslides, soil contamination, salinity, acidification, and agrochemical
use are likely to be kept within limits by complying with national and EU regulatory
requirements. Limiting soil sealing will be however a difficult issue in the future.
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1 Introduction

The total area of Hungary is 9,303,000 ha, of which 57.1% (or 5,310,000 ha) is
agricultural land, containing 46.4% or 4,318,000 ha as cultivated land. The topsoil
textures of Hungarian soils can be characterized as follows: sand 15%, sandy loam
12%, loam 47%, and loamy clay and clay 26% [1]. Soil tillage is sufficient for crop
cultivation on 59% of the soils, while the remaining 41% needs additional cultiva-
tion management. Várallyay [2, 3] stated that approximately 34.8% of the soils are
sensitive to degradation and compaction (e.g., Solonetz, Gleysols, and Vertisols),
13.9% are non-sensitive (Calcisols), 23.0% are slightly sensitive (Arenosols,
Cambisols, Histosols), and 28.3% have moderate sensitivity (Luvisols, Chernozems)
(Fig. 1).

The Hungarian climate is continental, although extreme phenomena have
occurred more frequently in the last three decades. The average annual precipitation
ranges from 800 mm in the west to 500 mm in the east. During the past decade,

Fig. 1 Vulnerability of Hungarian soils to soil compaction and structural destruction. Source:
Reproduced with permission from [3]
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2 years were dry, 1 year was rainy and 7 years – due to the alternation of the dry and
rainy periods – were extreme.

The major types of soil degradation in terms of the total land area of Hungary are
erosion (24%), physical degradation (14%), acidification (12%), salinization/
alkalization (8%), and extreme drying and water logging (5%) [4]. Overgrazing is
not an assessed type of soil damage in Hungary, because the number of grazing
livestock has steadily declined in Hungary in recent decades. In addition to these
types of soil degradation, this chapter also discusses soil compaction, landslides, soil
contamination, and soil sealing.

2 Soil Compaction

Regarding soil compaction, this chapter is focused on tillage-induced soil compac-
tion, with respect to its formation, prevention, and alleviation, in relation to farming
activities.

In classical Hungarian soil management literature, human-induced compaction is
a soil quality problem frequently referred to as compacted structure; compacted,
dense layer; crust of furrow bottom; dense crust below the tilled layer; smeared layer
or other similar terms.

Soil compaction is a consequence of natural processes and human activity
(farming). Farming-induced soil compaction originates from traffic and tillage
operations. Tillage-induced mechanical stress, in other words, pan compaction, is
a side effect of the parts of tools used in tillage (e.g. ploughshare, or disk plates), and
occurs at the depth of tillage. The plough pan typically forms in the ploughed layer,
depending on the most frequent ploughing depth, which ranges between 22 and
35 cm [5]. The disk pan forms underneath the most frequent disking depth, i.e.,
between 12 and 20 cm [6, 7].

Plough pan compaction is a term that has been used since the 1920s, while disk-
pan compaction was first observed, evaluated, and described by Birkás [6] in
Hungarian and later by Birkás et al. [8] in English language. According to Nyiri
[9], the area of soils affected by natural and human-induced compaction covered 1.4
million hectares. Later, 1.82 million hectares of compacted areas were estimated on
the basis of farm soil monitoring [10]. Table 1 presents measurements of farming-
induced compaction carried out between 1976 and 2019, in 8 time-periods.

Types of tillage-induced soil compaction were grouped according to the depth of
occurrence by Birkás et al. [10]. Seven typical types of compactions caused by
incorrect tillage practices were identified, i.e., compaction below 55 cm, between
35–45 cm, 28–32, 22–25, 18–22 cm, 12–15 cm, and below 10 cm. To date, there are
no similar categorizations carried out in other Hungarian publications. These mea-
surements were conducted on a total area of 28,360 ha under the following crops:
winter wheat (25%), oilseed rape (20%), maize (20%), sugar beet (5%), sunflower
(15%); soybean (3%), and others (alfalfa, peas, winter, and spring barley 12%).
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Non-compacted soil layers to a depth of 28–55 cm had “favorable looseness”
(bulk density not exceeding 1.38–1.48 t m-3 and 2.5–2.8 MPa penetration resis-
tance), which was 52% of the monitored soil area. Less climate damage was found in
deeply loosened soils than in soils that had shallow tillage. Soil looseness to a depth
of 22–25 cm was acceptable for crop production in favorable seasons; however, it
was suboptimal for crop production in years with extreme weather conditions. The
damages on soil compacted below 18 cm were more severe than in soils with a
deeper loosened layer. This type of soil condition covers about 1.12 million ha,
where disk tillage is frequently used. The need of alleviation can be explained by the
wider application of subsoiling (on 25–30% of total cultivated land).

Both the area of the loosened layer and its depth fluctuated strongly during the
eight monitored time periods. The reasons for these variations were the shortcomings
of tillage practices and the use of heavy machinery. Nowadays, because of climate
change, the settling effect of heavy rains on soils must be added to this assessment.
The adverse effects of soil compaction on crop production are well known from
literature [10–13]. In recent years, the restriction of normal water movement has
become the main cause of soil compaction. Soils degraded by any form of compac-
tion have severely suffered from drought damage and persistent water stagnation
above the surface and pan layers. The prevention of compaction is a general
expectation, and management solutions are adapted to mitigate it depending on the
local features of crop production areas [11].

New data from 2019 show that level and extent of soil susceptibility to physical
degradation requires more attention in future landscape management (Fig. 2).

Table 1 Soil compaction observed on 28,360 ha of land during eight examination periods in
Hungary (1976–2019). Soil layer data are presented in percentage values (%). Source [10]

Depth of loosened
soil layer (cm)

1
1976–
1987

2
1988–
1990

3
1991–
1997

4
1998–
2001

5
2002–
2007

6
2008–
2010

7
2011–
2013

8
2014–
2019

≥55 14 4 1 0 11 9 17 3

35–45 22 12 6 2 21 26 33 27

28–32 44 47 42 36 30 34 31 22

22–25 14 22 23 14 21 16 11 22

18–22 6 10 16 22 12 10 7 9

12–15 0 3 7 14 5 5 0.6 12

≤10 0 2 5 12 0 0 0.4 5

Total area (ha) 2,420 2,860 2,580 1,860 4,690 2,870 3,410 7,670
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3 Water and Wind Erosion

Erosion, which is a form of physical degradation, is a major threat to soil resources
and may impair their ability to provide a range of ecosystem goods and services
[15]. Two types of erosions endanger soils, i.e., water and wind. Some of the natural
factors that influence water erosion intensity are rainfall intensity, soil erodibility,
length of slope, slope steepness, and the exposure of the sloped soil. Wind erosion
occurs when strong winds remove the light-textured soil and transport it to unex-
pected areas.

Both types of soil erosion cause damages (soil loss or sedimentation) on-site and
off-site. In the Hungarian context, water and wind erosion phenomena were exacer-
bated in the last two decades, due to climate phenomena and improper farm
management [16]. According to Michéli et al. [4], the size of the eroded area reached
35.3% of cultivated soils in Hungary. Similar data were published by Kertész and
Centeri [17], outlining that over one-third of croplands were eroded (2.3 million ha)
(Fig. 3). Overall, 25% of the total area of Hungary is affected by water erosion and
16% by wind erosion with two-thirds of the area covered by loose sediment
susceptible to soil erosion [18]. As agricultural activity has been extended to the
hilly regions in Hungary, the risk of soil erosion has also expanded and both sheet
and gully erosion occurred [19]. Kertész and Křeček [19] outlined that water erosion
on arable land is especially hazardous to large arable fields created mainly in the
1960s and 1970s. Among the many consequences of water erosion damages, the two

Fig. 2 Areas susceptible to physical degradation in Hungary. White = settlements, areas covered
by water; red = highly susceptible; yellow = susceptible; green = less susceptible areas. Source:
Reproduced with permission from [14]
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most serious ones are the loss of organic matter-rich topsoil and sedimentation, and
the decrease in moisture-storing capacity and biodiversity [4].

Rusco et al. [21] listed the on-site and off-site damages due to soil erosion in
Europe. On-site damages are loss of organic matter, soil structure degradation, soil
surface compaction, reduction of water penetration, supply reduction at the water
table, surface erosion, nutrient removal, increase of coarse elements, rill and gully
generation, plant uprooting, and reduction of soil productivity. Off-site damages
include floods, water pollution, infrastructure burial, and obstruction of drainage
networks, changes in watercourse shape and water eutrophication. Twenty percent
of Hungary is covered by windblown sand, and high wind erosion risk endangers
10% of the surface [19]. Wind erosion risk is expected to increase in Hungary, due to
the growing frequency of windy and dry periods, mainly during the spring and
summer seasons. Farming is an additional influencing factor, via soil tillage and
inappropriate crop residue management. Removing the protective tree lines from the
sides of fields to enlarging the production areas has also increased wind damages
(Fig. 4) [22].

The tolerable rate of soil erosion loss is <1.0 t ha/year [15]. However, Klik and
Rosner [23] found that mean long-term annual erosion loss rates for conventional
tillage ranged between 8.6 and 33.2 t ha-1, for mulch tillage between 3.6 and

Fig. 3 Soil erosion risk map of Hungary. The legend categories (1–9) correspond to the following
tons per ha per year values: 1 = 0.0–0.5; 2 = 0.5–1.0; 3 = 1.0–1.5; 4 = 1.5–2.0; 5 = 2.0–5.0;
6= 5.0–8.0; 7= 8.0–11.0; 8= 11.0–100.0; 9=> 100.0 Source: Reproduced with permission from
[20]
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5.3 t ha-1 and for no-till between 1.9 and 3.0 t ha-1. The long-term results of this
study showed two main benefits with the use of mulch and no-till in well-drained
soils, i.e., improved soil aggregate stability and water contents, and reduction in soil
and nutrient losses.

Hungary has a relatively large agricultural area where wind erosion interacts with
water erosion, displaying a complexity of fluvio-aeolian processes [16]. Avoidance
of damages is a complex task that generally consists of site adopted land use, soil
conservation tillage, and soil preservation crop residue management. In order to
reduce soil loss, land use for soil conservation in endangered areas benefits from
higher surface cover as well as lower flow velocities [23, 24].

4 Flooding and Water Logging

The Carpathian basin includes all of Hungary, parts of Slovakia, the Czech Republic,
Romania, and Croatia, stretching out of the EU into Serbia and Ukraine). Its
geological formation, geographic location, and climate threats is continuously
exposed to water-related phenomena, such as water surplus and deficit [25]. The
Hungarian area that is endangered by excess water covers about 4.4 million ha,
which is 47% of the country’s territory [26]. Figure 5 shows soil vulnerability in

Fig. 4 Categorized wind erosion susceptibility map of Hungarian soils. The five distinct areas with
typically higher wind erosion risk are numbered: Nyírség (1), Danube-Tisza Interfluve (2), Glacis in
the foreground of the Transdanubian Mountains (3), Inner-Somogy (4), Transdanubian loess region
(5). Source: Reproduced with permission from [22]
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Hungarian relation [3]. In particular, high exposures to water hazards occur in
periods following long-term rainfall activity. Natural factors that influence inland
excess water and have been closely investigated are hydrometeorological (e.g.,
abundant rains), topographic (e.g., heterogeneous micro-relief), and hydrogeological
(e.g., impermeability of soil horizons). Regulation of the river Tisza (1846–1908)
has been considered the most effective solution for preventing flooding for decades.
The objective of the regulation was to reduce the Great Plain’s risk of being flooded
and to create a well-defined channel for the river. In addition to floods, inland waters
also pose a serious challenge and the hazards caused by them have risen significantly
due to climate extremes. Removing the water surplus from flooded areas is still
difficult to manage on 2.7 million hectares.

Surplus water in water-logged fields is a factor that practically prevents tillage, so
it needs to be drained and stored in a safe and reliable way [25]. The alleviation of
damage caused by permanent inundation, traffic-induced damage, and the damage
caused by tillage carried out under the force of necessity, should be developed into
an annual program. This remediation program’s tasks pertaining to soils may include
organic matter conservation, the use of tools that avoid damage to wet soils, and the
provision of financial assistance for the purchasing of such tools.

Fig. 5 Vulnerability of Hungarian soils to water logging hazard. Source: Reproduced with
permission from [3]
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5 Landslides

Landslides are widespread in Hungary because of the wide availability of uncon-
solidated sediments (Fig. 6). They occur on hillslopes, piedmonts, mountains, and
basins. Most landslides develop on Oligo-Mio-Pliocene clays, sands, and marls, with
Pleistocene paleosols of high clay content covered by loess mantles of different
thicknesses [19].

Soil structure, relief values, sliced landslides, and intensive rains are the main
reasons for landslide damages [27]. Valleys of rivers on riverbanks and big lake-
shores are endangered areas [19]. Landslide investigations are underway, and the
investigation of hazard sites has been completed, but the size of the endangered area
has not been estimated yet [19].

6 Soil Contamination

Soil contamination from non-point (diffuse) and point sources causes damage to
several soil functions and the contamination of groundwater and surface water
[19]. Kertész and Křeček [19] noted that the main non-point sources of soil contam-
ination are the depositions from runoff, surface waters, and from eroded soil and
atmospheric depositions (acidification and eutrophication compounds, fertilizers,

Fig. 6 Landslide susceptibility choropleth map of Hungary showing the boundaries of micro-
regions affected by mass movements (boundaries after the National Atlas of Hungary, 2018,
126–127.) Source: Reproduced with permission from [27]
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pesticides, sewage sludge, and manure which may contain heavy metals). Contam-
ination from point sources can originate from industrial plants no longer in opera-
tion, municipal and industrial waste disposals, and former industrial accidents
[28]. Operating industrial plants and mining sites are also a contamination risk for
soils and groundwater [19]. Overall, rapid industrialization and urbanization in
Hungary have caused contamination of soils, as soils in these areas are used for
the disposal of waste products [19].

Pollution with heavy metals and radioactive nuclides has only local character, so
large territories of the country are suitable for producing environmentally healthy
products [29]. However, soil and water contamination by chemicals (toxic microel-
ements, pesticides, chlorinated aliphatic hydrocarbons, petroleum derivatives, poly-
cyclic aromatic hydrocarbons, and synthetic detergents) is likely permanent.
Muranyi [30] reported that the obtained results following the monitoring of heavy
metal pollution in Hungary were within harmful limits according to the soil sample
measurements in the topsoil of about 100,000 agricultural fields covering close to
5 million hectares. The surveyed area of the contaminated soils was small in relation,
and the locations also varied. The buffering, filtering, and transforming functions of
soils are mostly affected by local and diffuse contaminates. Soils can absorb toxic
metals without harm up to a critical point but overloading the buffering capacity can
result in a release of the substance back to the environment [31]. Stefanovits [32]
stated three basic factors affecting soil buffering capacity: clay content, humus
content, and presence or absence of carbonates. He outlined that soil buffering
capacity alleviates or eliminates human-induced damages - such as physical, chem-
ical, and biological impacts - to some extent. Publications cited above state that the
level of soil contamination is still under levels considered to be dangerous.

7 Soil Sealing

Soil sealing is the isolation of soil by an impervious material from the atmosphere,
hydrosphere, and biosphere [19]. Kertész and Křeček [19] stated that sealed surfaces
are lost to agricultural land uses and limit or hamper ecological soil functions,
including carbon storage and habitat for unique biota. In addition, they noted that
the total sealed area in Hungary in 2015 covered 3.98% of the country’s surface at
the same time, 5–7 thousand hectares of land are lost from agricultural production
every year. As they compared the percentage of sealed areas in Hungary with that of
other European countries, they concluded that the value may be below average. The
proportion of sealed areas is expected to increase steadily, but at the same time the
proportion of areas that could be reorganized for agricultural activity is quite high
(e.g., areas previously used for livestock or former farm yards and buildings).
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8 Salinity

Salt-induced soil degradation is a major drawback to optimal functioning of soils in
arid and semiarid regions of the Hungarian Great Plain. Salt-affected soils cover
about 600 thousand hectares in Hungary. Considering the saline nature of soil and
the areas degraded by salinization (Solonetzic meadow, deeply saline Chernozems,
among others), according to Micheli et al. [4] salinization occurs in more than one
million hectares (about 10% of the total area) in Hungary. Larger parts of saline areas
are under nature protection due to their special, unique value. Micheli et al. [4]
described that salinity and/or alkalinity and their consequences are significant
limiting factors on soil fertility in the Hungarian Great Plain. They noted that the
“natural” solonchaks, solonchak-solonetzes meadow solonetzes and solonetzic
meadows soils are Gleyic Solonchak and Gleyic Solonetz in World References
Base for Soils.

Saline areas are present in 67 natural micro-regions of the country. The largest
saline areas are in the micro-regions Hortobágy (93,900 ha), Tiszafüred–Kunhegyes
Plain (35,900 ha), Csongrád Plain (29,600 ha), Szolnok–Túr Plain (27,700 ha),
Bihar Plain (27,300 ha) and Dévaványa Plain (26,800 ha) [14].

Salinization occurs in salt-affected soils and it causes a local risk if temporary
water logging occurs and brings excess salt from deeper layers to the surface. The
other cause for salinization is improper irrigation management. According to data
about secondary salinization (Fig. 7) with respect to water depth [14], a 1 m rise of
the level of groundwater would only affect a smaller area (34,000 ha), compared to a

Fig. 7 Extent of areas susceptible to secondary salinization as a function of potential rise of water
level. Source: Reproduced with permission from [14]
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rise by 1.5 or 2 m, where the size of the areas affected by secondary salinization
would be greater than 145,000 ha, and 235,700 ha respectively. Micheli et al. [4]
noted that the presence of shallow (or easily and rapidly rising) groundwater with
high levels of sodium ion compositions represents a potential hazard of further
development of the salinization-alkalization processes in extensive areas of the
Hungarian Great Plain.

9 Acidification

Soil acidification is one of the most significant degradation processes in Hungary.
Forty-six percent of the total area is susceptible to acidification, of which 14% is
highly susceptible, 5% is susceptible, 23% is moderately susceptible, and 4% is
slightly susceptible [30]. Micheli et al. [4] described that 12% of Hungarian soils are
strongly acidic and 43% are slightly acidic. As they noted, acidic soils are mainly
found in West and South Transdanubia, the Transdanubia Mountains, the North
Hungarian Mountains, and the alluvial regions of the Tisza and Rába rivers (Fig. 8).

According to Micheli et al. [4], the major natural cause of soil acidification is the
leaching of neutral or alkaline weathering products including atmospheric deposition
(SOx, NOx). Agricultural practices (harvesting crops, applying acidifying fertilizers)

Fig. 8 Vulnerability of Hungarian soils to acidification. Source: Reproduced with permission from
[3]

150 M. Birkás and I. Dekemati



are also important influencing factors. The improvement of acidic soils with liming
and lime fertilization is a long process. Looking to the future, acidification would
need to be alleviated at 10% of acidic soils per year, and maintenance liming would
have to be carried out every 10 years [33].

10 Agrochemical Use

The efficiency of crop production is influenced by several factors, and yield for each
crop variety and region mainly depends on nutrient supply. The use of agrochem-
icals (e.g., growth regulators, pesticides, and fertilizers) has a positive effect on yield
and increased growth, thereby providing stability for agricultural production
[34]. Thus, agrochemistry is an integral part of the world’s current agricultural
production systems. Intensive agriculture practices rely on the widespread use of
agrochemicals to improve crop productivity by controlling harmful pests, pathogens,
and unwanted weeds (Fig. 9). Given that the world’s population is growing, and
agricultural land is shrinking, it is justified that there is an increased use of agro-
chemicals with the aim of increasing yields to meet food demand. Hungary has been
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Fungicides

Herbicides

Rodenticides
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Simple/straight/
complex/
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Soil conditioner and 
chemicals used in 
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Antibiotics

Hormones

Fig. 9 Classification of agrochemicals (Adapted from: Impact of agrochemicals on soil health)
Source: Reproduced with permission from [34]
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recognized for centuries as a significant and world-renowned agricultural producer
due to its significant natural resources. According to the latest data from KSH [35],
in 2019 it produced a total of 15.6 million tons of cereals, of which there was 5.37
million tons of wheat (Triticum aestivum L.), and 8.23 million tons of maize (Zea
mays L.).

In Hungary, the amount of fertilizer usage is closely related to the changes in the
structure of production units. In the 1950s, about one million small family farms
were forced to merge into a few thousand large farms or cooperatives (collectiviza-
tion) which became state property. The objectives of this merge were to intensify and
strengthen agriculture (e.g., field size and the use of agrochemicals have increased)
[36]. However, in 1989, the socialist regime collapsed which was also of great
influence on agriculture, causing the use of agrochemicals to decline drastically
(e.g., an 80% decrease in fertilizer use) [37].

Compared to the 1980s, the use of nitrogen fertilizer in the early 1990s decreased
by 75%, and the use of phosphorus and potassium by 95%, a trend that had not
changed much until 2000. However, it is important to point out that the use of
organic manure has declined significantly since the early 1970s, while fertilizer use
per hectare has doubled [38].

According to the latest data from AKI [39], the total volume of fertilizer sales
increased by 7% in 2020 compared to the average of the last 5 years. Fertilizer
distributors in 2020 achieved a 4.2% increase in sales compared to 2019 and sold 1.9
million tons of fertilizer directly to farmers. Considering the active ingredients,
farmers purchased 650 thousand tons in 2020, which is 20 thousand tons (+3.1%)
higher NPK (Nitrogen, Phosphorus, and Potassium) fertilizers compared to 2019
(Fig. 10). Also, nitrogen as an active ingredient increased by 6.6%, while phospho-
rus levels and potassium levels were 3 and 4.1% lower than in the base period,
respectively.
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As for consumption, it is important to highlight that the annual fertilizer use and
NPK ratio significantly fluctuate, because in many cases the use of fertilizer does not
depend on actual demand but depends on the current financial situation of the farms.
In addition to the above problem, climate change also contributes to fluctuating yield
averages [40].

In the field of agrochemical inputs, in addition to fertilizers and fertilization,
pesticides occupy a large part and play an important role in intensive production.

Over the past 40 years, data shows that the highest pesticide use was in the 1980s
and 1990s, although the lowest was in 2000 (with a total of 10.9 thousand tons). The
use of pesticides on an annual basis is mainly determined by the weather of a given
vegetation period, more precisely by the size of the infections, the period of the
appearance of pests, and the expected damage. The latest data shows that the volume
of pesticides used in 2019 increased by 2.7% compared to 2018. Within this, the
volume of insecticides marketed increased the most (+23.6%) compared to the
previous year (Fig. 11). On the other hand, it is very important to highlight that in
2019, herbicides were the top consumed pesticide with 8,840 tons [41].

Considering the ratio of pesticide consumption, agriculture is the dominant land
use in Europe, accounting for almost half of the total area of the EU-27. Its effects are
therefore far-reaching and affect areas outside agricultural production
[42]. Two-thirds of the entire territory of Hungary is under agricultural production,
and according to agricultural land per capita, it is among the first in European
countries [43]. The impact of excessive and uncontrolled application of agrochem-
icals is thus huge because the proportion of intensive cultivation branches (arable,
garden, orchard, and vineyard) is the highest in Hungary after Denmark (54.2%). In
the European Union and Central and Eastern European countries, this proportion is
only around 30–40% [44]. Therefore, Firbank [45] points out that the intensification
of agriculture presents the largest challenge to nature conservation, and thus at the
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same time a major threat to European biodiversity [46]. Specifically, increasing
fertilizer input in fields and expanding arable land at the scale of entire landscapes is
considered a key driver of biodiversity loss and declining ecosystem services [47].

With the help of technology and digitalization in agriculture, there is an oppor-
tunity to rationalize the use of agrochemicals, while maintaining the achieved yields,
their quality and safety, and thus increase the productivity of farmers. These
guidelines are an important part of an integrated pest management strategy and the
application of precision technologies.

Integrated crop production is a management system that produces high-quality
food and other products while preserving and improving soil fertility and a diverse
environment while respecting ethical and social expectations. Thus with this
approach, agrotechnical, biological, and chemical methods are carefully balanced
to minimize pollutants and ensure sustainable yet profitable management [48].

Within integrated production, precision farming is even more important in reduc-
ing the amount of pesticide used. Takács and Takács [49] highlighted that precision
technology prioritizes the rational use of agrochemical inputs, thus ensuring an
increase in economic efficiency. Several studies have confirmed the justification
for the application of precision technology [50]. Studies conducted in England have
shown that by applying precision agricultural technologies input costs can be
reduced by 63% [51].

11 Conclusions

Hungarian soils are exceptionally favorable for agricultural production within
Europe. In addition to natural influences and climate phenomena, farming practices
can have also a great impact on soil quality. The application of the suggested
changes of cultivated land use, coupled with rational agricultural and environmental
policies are proposed in hope of limiting the degradation processes and promoting
the quality of Hungarian soils.

We conclude by stating a few observations regarding soil degradation problems
in Hungary:

– Increased presence of farming-induced compaction, the occurrence of water and
wind erosion, floods, and water logging are current problems and also a critical
issue in the future. Moreover, flooding events, including water logging and
landslides will be connected with climate extremes in the future. Complex
prevention methods for these issues are to be applied in endangered areas,
which requires deeper knowledge. The proportion of sealed areas is expected to
increase steadily, however, some areas may be reused for agricultural production.

– Salt-affected soil is found in nature-protected areas for the most part and to a
lesser extent in agricultural areas induced by irrigation (secondary salinization).
Acidification would need to be alleviated at 10% of acidic soils per year, and
maintenance liming would have to be carried out every 10 years. The use of
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agrochemicals, including growth regulators, pesticides, and fertilizers has a
positive effect on yield, thereby providing stability for agricultural production.
However, to avoid environmental pollution, an integrated chemical management
strategy is to be applied using precision technologies.

– Hungarian landscapes - some of the most valuable in Europe- are relatively well
maintained with a low level of soil contamination. Thus, the above-described
processes should be taken into consideration and be addressed accordingly. Soils
are the foundation of agriculture, with an important role in the EU Farm to Fork
Strategy [52]. Therefore, all degradation processes represent important environ-
mental problems, that must be further investigated and analyzed. Results of these
investigations could then be used as the basis of a well-established policy.
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Abstract Iceland is located just south of the Arctic Circle. Its cold climate, volcanic
origin, erodible soils, and relative isolation make it very sensitive to human impact.
Humans arrived in Iceland ~1,150 years ago, bringing with them their pastoral ways
of life, which had large impacts on Iceland’s subarctic ecosystems. The relatively
short history of human land use and the good documentation of this period provide a
unique opportunity to study the drivers of land degradation related to human land use
practices and how the interactions between society, economy, and the natural
environment have changed over time. Centuries of agricultural use in Iceland
under marginal natural conditions have caused severe and large-scale land degrada-
tion, which is a main environmental concern still today. A framework model for land
condition response in Iceland (Ice-LaCoRe) helps separate the underlying reasons,
drivers, processes, states, and consequences of land degradation, where decoupling
mechanisms disrupt the cycle and favour inaction in dealing with the poor state of
the land. Recognition of the poor state of Icelandic ecosystems and the identification
of such decoupling mechanisms is a critical step to the effective implementation of
sustainable land uses and to prevent further land degradation.
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1 Introduction

Land degradation and extensive soil erosion are main environmental concerns in
Iceland. The location of Iceland, its volcanic origin and relative isolation make it
very sensitive to human impacts. The country was settled after 870 AD by people of
Scandinavian and Celtic origin, who arrived to a fragile subarctic environment that
had not been subjected to grazing animals other than birds and insects before the
arrival of man [1]. After settlement, large-scale grazing and woodland clearing,
under cold climatic conditions and frequent volcanic activity, resulted in dramatic
ecosystem degradation throughout much of the country [2]. In this chapter, we
discuss the nature and extent of land degradation in Iceland and why agricultural
uses have had such pronounced effect. We focus on soil erosion and overgrazing, as
these are the main aspects regarding agricultural land degradation in Iceland. Soil
erosion in Iceland is mostly associated with open land or rangelands rather than
cultivated fields [3]. Other aspects, like slash-and-burn agriculture, soil contamina-
tion due to overuse of agrochemicals, salinity, or microplastics, that are pressing
issues in other countries around the world, are not a main concern in Iceland.

2 Environmental Conditions

Iceland is a 103,000 km2 volcanic island in the North Atlantic Ocean, just south of
the Arctic Circle. Despite its northern latitude, Iceland has a mild maritime climate
thanks to the Gulf Stream that brings warm waters to the North Atlantic Ocean
[4]. Winters are mild with average monthly temperatures for the whole country often
near -5°C, while summer average monthly temperatures are moderated by oceanic
influence and are often around 7°C [5]. Annual precipitation varies considerably and
there is a marked precipitation gradient across the country, ranging broadly from
400 mm in North Iceland to 2,000 mm in South Iceland [6]. In addition, the weather
in Iceland is characterized by strong winds and frequent weather fluctuations [7].

Topography plays an important role in determining the environmental conditions
across Iceland. About 60% of the surface area of the island lies above 400 m a.s.l. in
mountainous areas and higher elevation plateaus. This creates a sharp contrast
between the highlands and the surrounding lowland areas along the coast. These
distinct areas also differ in the predominant land uses: most of the Icelandic
lowlands, especially the areas below 200 m a.s.l. are well suited for a variety of
agricultural uses, including dairy production and sheep grazing, while the highlands
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have a subarctic character with sporadic permafrost areas [8] and are mostly used as
communal summer grazing areas.

An important feature of Iceland is that it is an active volcanic island. The North-
Atlantic rift-zone cuts through the country, from the northeast to the southwest.
Volcanic ash deposition and aeolian redistribution of unstable glacial sediments
made of basaltic volcanic glass make up the parent materials of the soils, which
are largely classified as Andosols [3]. These soils are fertile, with high pH and
favourable nutrient availability, but are mostly devoid of lattice-clay minerals that
normally enhance cohesion. Allophane and ferrihydrite are the main clay particles,
which tend to form stable silt-sized aggregates. Aeolian processes also add silty
sediments to the soils and both of these factors make Icelandic Andosols silty and
susceptible to erosion by wind and water. Bare soils are prone to intense frost action
due to the rapid hydraulic conductivity of the silty soils and frequent freeze–thaw
cycles caused by the combination of the subarctic climate and oceanic influences
[3]. The susceptibility of Icelandic soils to erosion has had an important bearing for
the dramatic degradation processes that have taken place since human settlement.

Glaciers have played a major role in shaping both landscapes and biodiversity in
Iceland. During the Pleistocene, repeated Quaternary glaciations extirpated species
within Iceland and allowed only brief windows for colonization during interglacial
periods. In comparison with continental areas at similar latitudes, Iceland has low
number of plant species, with a small subset of the species found in North Western
Europe and lacks endemic species [9]. There are no native mammalian herbivores in
Iceland. The two species of large herbivores present nowadays, sheep and reindeer,
are both introduced. Sheep were introduced as livestock by the Norse settlers in the
ninth century; reindeer were introduced from Norway in the 1700s and are now
restricted to some parts of East Iceland [10]. The only native herbivores in Iceland
are birds (ptarmigan, migratory geese, and swans) and invertebrates. Several species
of migratory geese use Iceland as a stopover in their migration to their breeding areas
in the Arctic, but several species breed in Iceland, including the pink-footed goose
(Anser brachyrhynchus) that breeds in large colonies in the highlands. The only
native mammal in Iceland is the Arctic fox (Alopex lagopus) [11]. The American
mink (Mustela vison) was brought to Iceland in the early 1930s for mink farming;
escaped animals established in the wild since at least 1937 and are now present
throughout the country, mainly in the lowlands [12]. In contrast to other terrestrial
systems at high latitudes, Iceland has no native small mammalian herbivores either,
like lemmings or voles, except for the introduced wood mouse (Apodemus
sylvaticus) mostly in lowland areas [13]. In turn, Iceland hosts internationally
important breeding populations of many bird species, particularly waders [14], that
extensively use the agricultural lands and wetlands in the lowlands [15, 16].
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3 Changes in Iceland Since Human Settlement

Iceland was settled in the ninth century by people of Scandinavian and Celtic origin,
with a rapid population increase into the eleventh century. The population remained
between 40,000 and 80,000 through much of the Middle Ages until the nineteenth
century [17]. The current population is about 360,000 people, which yields an
average population density of 3.6 inhabitants/km2 (European Commission 2021).
When only the areas below 200 m a.s.l. are considered, which represent around 25%
of the country and comprise the main urban and agricultural areas, human population
density is around 13 inhabitants/km2. This population density is still much lower
than the average of the European countries with the lowest population density
(Finland 18.2 inhabitants/km2, or Norway 17.3 inhabitants/km2; [18]). Despite this
low population density, humans have had pervasive impacts on Icelandic
ecosystems.

Iceland provides a unique opportunity to try to disentangle the influence of
different drivers of landscape change, because human influence can be clearly
tracked in the palaeoenvironmental record and historical narratives [19]. Multiple
sources, including archaeological and historical records, provide considerable
knowledge on environmental changes in Iceland. For instance, analyses of pollen
assemblages preserved in lake sediments and peat [20], macrofossil record and
sediment analyses [21, 22] provide insights into pre-settlement vegetation. During
the Holocene, birch (Betula pubescens) woodlands were common in Iceland, but
their extent fluctuated with variations in climate [20, 23, 24]. At the time of
Settlement (around 870 AD) a large proportion of the country was covered with
vegetation [25], and birch woodlands were widespread. Estimates of the cover of
birch forests at the time of settlement range between 8% [24] and 40% of the country
[26], although some authors place this number around 24% [27]. Currently, birch
woodlands occupy about 1.5% of Iceland [28].

Pre-settlement vegetation was dominated by birch and willow shrublands in drier
areas at lower elevations together with a variety of wetland systems [20]. Highland
systems included dwarf shrub heathlands dominated by Betula nana, Salix spp., and
Juniperus communis, wetlands and sparsely vegetated rocky and sandy surfaces
[22]. Barren areas characterized the highest elevations and occurred also in locations
subjected to periodic volcanic disturbance and flooding by glacial rivers [29]. With-
out the influence of humans and large herbivores, pre-settlement vegetation patterns
were likely determined by topography and substrate properties, and responded
mainly to fluctuations in climate [24] and aeolian processes [22] and, on shorter
time scales, to volcanism.

Pronounced changes have occurred over the past 1,150 years since the settlement.
The collapse of many ecosystems in large areas has left barren desert surfaces
behind, while other systems where soil and vegetation cover remained have been
profoundly altered [1] (Fig. 1).
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4 Past and Present of Icelandic Agriculture

Despite the relatively mild conditions, the climate of Iceland is considered marginal
for agriculture [30]. Temperature is more limiting than precipitation for plant
cultivation and winter temperatures can be a strong determinant of hay yields in
the spring [31]. In the lowlands, the growing season often spans from May to
September and is generally cool and wet.

The first settlers brought with them the traditional ways of Scandinavian farming,
cereal production, and animal husbandry. However, the country was for the most
part poorly suited for arable production, so farm animals became the main support
for the first settlers’ livelihoods. Iceland’s farming system was primarily based on
sheep, cattle, goats, and horses, and in the earliest centuries of settlement, pigs
[2]. Products from sheep and cattle provided the bulk of the food supply during
the Middle Ages. Sheep husbandry was the main farming activity in Iceland, but
productivity without external inputs was very low. The natural resources of the
island, although at a high environmental cost, were able to support ~300,000 sheep,
by grazing year-round and with the hay obtained from wetlands [25]. However, not
much is known about the total number of sheep until 1703 when record keeping
began [32].

Historically, a small proportion of Iceland was cultivated for annual crops,
including grass for hay [30]. The low efficiency in haymaking prior to mechaniza-
tion in the late nineteenth century set a limit to the number of animals that could

Fig. 1 Present day vegetation in Iceland ranges from well vegetated areas to barren deserts. (a)
Birch forests occupied much larger areas before human settlement around 870 AD. (b) Many
wetland areas in the lowlands have been drained for agricultural purposes. (c) Extensive areas with
sparse vegetation cover across Iceland are likely the result of human impacts. (d) Barren and poorly
vegetated areas cover about 40% of Iceland. (Photographs by Ólafur Arnalds [46])
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survive the winter: reliance on winter grazing could drastically reduce the number of
animals in hard winters [33]. Historical winter grazing contributed significantly to
accelerated land degradation close to some farms [34], as livestock offtake of
vegetation would almost always exceed the limited vegetation productivity in
winter. It has been proposed that during this time grazing pressure on mountain
rangelands was relatively low, as part of the animals, the ewes, were kept close to the
farms or in shielings, as they had to be milked twice a day [35]. The number of sheep
increased considerably after 1850 with increased export of live lambs to Britain,
when sheep farming became the main agricultural activity in Iceland [32].

By the end of the nineteenth century, grasslands and cultivated hay meadows
expanded, with the introduction of mechanization that allowed ploughing and
harrowing [35]. As well, the increased use of artificial fertilizers in the early
twentieth century allowed increased agricultural production [31]. A law passed in
1923 aimed at increasing agricultural production by encouraging the drainage of
wetlands to allow cultivation of hay fields [36]. Large-scale mechanized wetland
draining began after World War II and was promoted by the Icelandic government as
a way of ensuring food security in Iceland by creating new areas for grazing and
agricultural production. Draining the water-logged wetland soils results in a rapid
short-term increase in biomass production because of the oxidation of organic matter
and release of nutrients. Mechanized draining of Icelandic lowland wetlands allowed
a rapid increase in winter fodder production and, consequently, in the numbers of
animals [25, 30]. It has been estimated that >4,000 km2 of wetland areas have been
drained in Iceland, and about 70% of the wetlands in lowland areas have been
disturbed [36]. Such disturbance has negative effects on hydrology as well as on
aquatic and aboveground wildlife and biodiversity, including important portions of
world populations of several breeding bird species [14]. Drained wetlands are prime
agricultural lands and approximately half of the cultivated land in Iceland is on
drained wetland soils, but currently less than 15% of the drained areas are used for
agricultural purposes. The sheep and dairy industries still rely on haymaking for
winter feed, with hayfields usually 30–100 ha on each farm (Fig. 2).

The number of sheep reached a historical maximum in 1977, of around 900,000
winterfed ewes [32]. Overproduction in the sheep sector called for a revision of the
legal framework for agricultural policies in the early 1980s [30, 37]. The introduc-
tion of a quota system to promote structural adjustment of production to domestic
demand reduced the number of sheep by half. Since then, sheep numbers have
remained relatively stable but are still high compared to historical numbers before
the mid-nineteenth century [38]. Despite the large reductions in sheep numbers,
grazing pressure on the highland ranges has not declined at the same rate, as
successful breeding programmes with higher average number of lambs per ewe
and increased carcass weights have maintained the amount of meat produced despite
the lower number of ewes in the recent decades [30].

Nowadays, Icelandic agriculture relies mainly on grassland-based livestock pro-
duction (sheep farming and dairy production), cultivation (haymaking and to some
extent cereal production), and horticulture. Animal production covers 90% of the
domestic demand of meat, 96% of eggs, and 99% of milk products [39]. The sheep
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industry produces about 9,000 tons of carcasses per year, and beef production is
about 4,600 tons [40]. Around 35% of sheep meat is exported due to surplus
production [39]. As of 2020, there were in Iceland around 26,000 dairy cows and
about 400,000 sheep [40]. The number of horses, mainly used for recreational
purposes, has been estimated at around 77,000 [30]. Other domestic animals include
around 1,500 goats and about 3,000 pigs [40].

Compared to other countries in Europe, agricultural production in Iceland is very
small [30]. Still, the majority of the land area is used for different agricultural uses,
but this agriculture is very different from the cultivation-based European
agriculture – sheep production in Iceland is an open range grazing culture of
extensive rangelands, often of limited productivity. The area of cultivated land in
Iceland is ~1,300 km2, about 7% of the area below 200 m a.s.l. which is the area
suitable for agriculture, and consists mainly of permanent hay fields [30]. Large
patches of natural or seminatural habitats surround the hay- and arable fields,
forming a heterogeneous mosaic of areas with different management intensity [15].

The number of farms in Iceland declined rapidly after World War II [30], and in
2010 there were around 2,600 farms [40]. Farms in Iceland are on average over
600 ha, much larger size than in other European countries [30]. Some farms have
extensive joint grazing areas used for grazing by sheep and cattle and often farmers’
communities have access to communal summer grazing areas, usually located in the
highlands or in mountain areas. The highland communal grazing areas are typically
public lands owned by the state where the grazing rights belong to the farmers of the
community. These rangelands provide a substantial amount of the forage for sheep
in the summer [33]. Horses are mainly grazed in the lowlands while sheep are grazed
both in highland and lowland areas. It has been recently estimated that about 61% of
the surface of Iceland is used for grazing (71% when glaciers, water, and urban areas
are not considered) [41]. Many of the communal grazing areas have undergone
severe land degradation which still continues in many areas, as discussed below.

Fig. 2 Farm in Northwest Iceland showing drained wetlands used for haymaking and grazing of
dairy cattle in summer. Hayfields are ploughed every 7–15 years for regeneration. Sheep are grazed
away from the farm in summer, often in extensive communal grazing areas in the highlands.
(Photograph by Ólafur Arnalds [46])
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Sheep and dairy production in Iceland are heavily subsidized [42]. Government
support for dairy and sheep production is ranked among the highest in the world [43]
and subsidies represent about half of the income of the sheep production industry
[44]. Originally the aim was to subsidize prices of agricultural products to consumers
and to ensure steady incomes to farmers, but later other aims became important, such
as promoting rural development, product quality, and environmental aspects
[44]. For instance, in 2003, a new legislation, the Quality Management in Sheep
Farming (QMS) tied part of the subsidies to responsible land use, linking subsidy
payment to criteria for quality and land condition of the grazing areas [45]. However,
the aim of developing a green subsidy system for sheep grazing in Iceland failed
[42], with most of the commons that required a land improvement plan or protection
from grazing still being grazed at high grazing pressures.

5 A Framework Model for Land Degradation in Iceland
(Ice-LaCoRe)

Centuries of agricultural use in Iceland under marginal natural conditions have
caused severe and large-scale land degradation, which is a main environmental
concern still today. However, land degradation needs to be placed into a broader
context. A model for land degradation in Iceland was recently proposed by Arnalds
[46]. The model was based on the ‘pressure-state-response’ model presented by
FAO [47], and was similar to other frameworks of grassland degradation [48] that
recognize three distinct elements: drivers, processes, and consequences. Such
models identify pressures (drivers) as external forces or changes that cause degra-
dation. These drivers include, for example, increases in grazing pressure or any other
change in land use that can influence soil quality. States or processes are measurable
changes in land condition, including vegetation, soils, nutrients, and water, that can
be evaluated using indicators of land condition [47]. Finally, consequences and
responses characterize the results of the process of land degradation and include
efforts by land users and governments to remedy any degradational change.

We build on the model of Arnalds [46] to propose a framework model for land
condition response in Iceland (Ice-LaCoRe; Fig. 3). This model distinguishes the
underlying reasons (A) for particular land uses (B), including their type and pressure,
that lead to changes in ecosystem processes (C) that determine the present condition
of the land (D); the societal consequences of these changes (E) can in turn influence
the drivers of land use. We separate here the drivers (A) from the land use type and
pressure (B), as the former represent societal factors like subsidies, traditions, land
tenure systems, interest groups, and legal frameworks, which drive or maintain
certain type of land use or pressure, and need to be addressed as such. Changes in
ecosystem processes (C) determine the shifts from one ecosystem state to another,
for example, from woodland to heathlands, barren areas, or vice versa [1]. These
changes are largely determined by environmental conditions that affect ecosystem

166 I. C. Barrio and Ó. Arnalds



resilience and the rate of these processes. For instance, degradation is typically more
rapid at higher elevations (less resilience) and recovery of vegetation cover follow-
ing grazing exclusion takes much longer time under harsher environmental condi-
tions of the highlands than in the lowlands [49]. Changes in land use type and
pressure can lead to ecosystem degradation or ecosystem recovery, depending on
their strength and direction. In the present model, changes in ecosystem processes
(C) are similarly separated from the current land condition (D). Land condition as
such is often omitted from land degradation frameworks [47], but is a key element of
the Ice-LaCoRe model. Land condition is the state of the land at a given point in time
and can be assessed using various indicators of ecosystem functions and properties,
such as vegetation type, ground cover, and soil factors [50]. Land condition reflects
thus the cumulative changes (C) that have occurred over millennia in Iceland as a
result of long-term land use (B) driven by various underlying reasons (A).

To illustrate how this framework model works, we may consider land use policies
aimed at increased food production (A) leading to implementation of more intensive
land uses (B). Sustained intensive use will induce changes in ecosystem processes
(C), especially when coupled with unfavourable environmental conditions, includ-
ing low resilience, that eventually lead to ecosystem degradation and land in poor
condition (D). Ecosystems in poor condition are less productive and can lead to
negative consequences for societies (E), which may in turn respond to address these

Fig. 3 A framework model for land condition response in Iceland (Ice-LaCoRe), indicating
pressures and drivers (A, B), processes and states (C,D), and consequences (E). This land condition
response cycle can be decoupled (dashed lines), (a) when land condition does not lead to societal
consequences: for example, with globalization of food markets and other means of securing food
availability, land in poor condition does not lead to food shortages that will trigger societal
responses; (b) when links between land condition or its societal consequences and land use policies
are broken, for example, through agricultural subsidies irrespective of land condition, degradation
may continue because land condition is not perceived as a problem; or (c) when laws and policies
are in place but are not effective in driving the intended changes in land use types and pressures
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issues by influencing policy development. One example of this situation was the
beginning of the twentieth century, when recognition of extensive rangeland degra-
dation led to the first organized societal responses, with the passing of a law on
vegetation and soil conservation and the establishment of the Icelandic Soil Con-
servation Service in 1907 [51]. Sustainable rangeland management and ecosystem
restoration started to gain further policy attention in the early 1960s, with an Act on
Land Reclamation passed in 1965 [37]. Improved legal status of rangeland manage-
ment was attained with the approval of a new environmental Act on Land Reclama-
tion in 2018 [52].

Elements within the framework model and their relationships are not static and
have changed over time (Fig. 3). For example, the drivers of agricultural land use in
Iceland radically changed from subsistence agriculture to the heavily subsidized,
mechanized agriculture of the modern western society. In the past, people were
dependent on the land and food scarcity determined human survival. Mechanization
of agriculture, mainly during the twentieth century, allowed for more haymaking and
increased winter fodder production, which in turn allowed for an increased number
of domestic animals with the subsequent increase in grazing pressures on sheep
grazing areas. Environmental conditions have also changed over time. It has been
argued that the onset of human activity in Iceland had particularly strong conse-
quences because it was combined with a colder period, the Little Ice Age
(1450–1850; [53]), which implied more rapid declines in vegetation cover than
before settlement [54].

In addition, some of the relationships in the land condition response cycle might
be disrupted by different decoupling mechanisms (Fig. 3). For instance, globaliza-
tion of food markets can decouple the societal consequences from land condition
(a in Fig. 3), as the reduced productivity of land in poor condition has no longer
implications to societies because food can be acquired as needed from elsewhere.
The link between land condition and the drivers of land degradation can be
decoupled as well (b in Fig. 3), for example, through governmental subsidies to
agriculture. In Iceland, agricultural subsidies were introduced in the twentieth
century, mainly after World War II, in an effort to stimulate domestic production.
In 2019, sheep subsidies amounted to a total of around 5.2 billion Icelandic króna
(ca. 36 million euros; [42]), largely exceeding the income generated by the sheep
products [44]. Even though there has been an attempt to link these incentives to
sustainable land uses through the cross-compliance schemes, these subsidies have
been qualified as ‘perverse incentives’ [42], as in the long run they can adversely
affect the economy and the environment [55]. In this sense, maintaining the sheep
industry comes at the cost of maintaining the poor state of many areas without
societal consequences (decoupling b in Fig. 3).

Finally, a particular form of decoupling occurs when soil conservation and nature
protection laws and regulations fail to change land use and land use pressures as
intended (c in Fig. 3). For example, since the early 1990s, the Icelandic government
has tried to promote sustainable grazing management by introducing new laws and
regulations to help achieve targets for improved ecological conditions [37]. One
such mechanisms was the inclusion of improved rangeland management as a
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compulsory pillar to the Quality Management in Sheep Farming (QMS). The QMS
is a cross-compliance scheme that came into force in 2003, with the aim of securing
sustainable rangeland grazing. Participation in the scheme is voluntary and sheep
farmers that participate and comply with the requirements of sustainable land use
receive ~30% higher subsidy payments than non-participating farmers [45]. How-
ever, recent evaluations indicate that the QMS scheme and other interventions have
failed to facilitate long-term system transition towards sustainable rangeland man-
agement and have not increased the understanding of what sustainable rangeland
management involves among relevant stakeholder groups, including the agricultural
sector and local authorities [42, 45, 52, 56]. The current administrative structure has
not facilitated the intended changes aimed at improved rangeland management
[52]. The institutional setting has not adopted adaptive governance approaches
most likely because of the lack of robust vertical and horizontal integration of the
governance system. For example, there is a lack of formal platforms for active
participation and information sharing between and within stakeholder groups and
with the administration entities [45, 52].

6 Present Condition of the Land

The current condition of Icelandic ecosystems reflects a long history of land use. The
impacts of land use depend on multiple factors that influence ecosystem resilience,
including elevation, slope, drainage (e.g. wetland vs dryland), proximity to the active
volcanic zone, the presence of active unstable sand sources, and land use intensity
[46]. Land degradation has repeatedly been highlighted as a main environmental
concern in Iceland [57]. Initial conservation efforts focused on halting rapid erosion
and sand encroachment, with increased public awareness in the latter part of the
twentieth century [51]. Over the last 30 years, several initiatives have attempted to
determine land condition on a national scale, based on measurable indicators,
including soil erosion, energy, water, and nutrient fluxes and vegetation composition
(e.g. [58]).

Soil erosion has been and continues to be a main environmental problem in
Iceland [3]. Soil erosion processes can be initiated by the formation of small, isolated
erosion spots that break up the vegetation cover. These erosion spots might be
formed by grazing and trampling of livestock, or by other processes like drifting
sand and volcanic tephra that can suffocate vegetation and accelerate subsequent
erosion [59]. Once the soil is exposed it is easily eroded, especially thick soils within
the volcanic active zone and at higher elevation in the highlands [3]. The process
accelerates as the erosion spots become larger and more numerous, and subsequently
coalesce to form large bare ground patches and eventually lead to the complete
removal of vegetation and soil cover [60]. The barren surfaces are subjected to
intense erosion by wind and water, sometimes resulting in severe dust storms [3]. As
soil frost prevents water infiltration in winter on barren surfaces, surface runoff
events are common during rainstorm and snow-thaw events [61].
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A distinctive form of active soil erosion in Icelandic landscapes are erosion
escarpments called ‘rofabards’ (Fig. 4). Rofabards are present in about 20,000 km2

of Icelandic landscapes and form in thick but non-cohesive Andosols that overlay
more cohesive materials, as a result of severe wind erosion, frost-heaving, and water
erosion [3]. Rofabards represent the advancing front of the erosion process and their
retreat leaves behind unstable desert surfaces. Active erosion processes, together
with frequent freeze–thaw cycles and water erosion in winter, retard natural vegeta-
tion re-establishment on the barren surfaces. Many of these areas continue to be
grazed in spite of limited vegetation cover, further reducing the possibility of natural
regeneration. However, some extensive desertified sandy areas, especially in South
Iceland have been protected from grazing over the last century and vegetation
has successfully re-established [57].

An assessment of soil erosion in Iceland based on recognizable erosion forms,
such as rofabards, encroaching sand, or erosion spots, was conducted in the early
1990s [62]. This mapping was the first effort to assess soil erosion at a national scale
and confirmed the poor state of the land, with about 40% of Iceland consisting of
poorly vegetated surfaces, and severe soil erosion still affecting vegetated ecosys-
tems in many parts of the country [62]. Subsequent assessments of land condition in
Iceland have been largely based on the conceptual model developed by Aradóttir
et al. [60], which included six land condition classes or states, from pristine condi-
tions to collapsed systems. Specific schemes have been developed for assessment of
land condition of horse and sheep pastures for field agents and farmers
[63, 64]. More recently, Barrio et al. [1] developed a conceptual state-and-transition
model for Iceland with the aim of understanding landscape scale vegetation changes
and the drivers of these changes.

Fig. 4 A distinctive erosion form in Iceland are erosion escarpments called ‘rofabard’ in Icelandic.
These erosion forms can be dominant in communal grazing areas, where fully vegetated ecosystems
are gradually replaced by barren surfaces (Photograph by Ólafur Arnalds [46])
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The most recent assessment of land condition in Iceland was conducted under the
framework of the GróLind monitoring programme [41, 65]. The assessment built on
previous efforts in mapping soil erosion in Iceland [62], the land condition classes
developed by Aradóttir et al. [60], and the recent classification of Icelandic terrestrial
ecosystems into habitat types [66]. The results of this assessment indicate that 45%
of terrestrial ecosystems in Iceland are in poor condition, a large part of these being
relatively barren surfaces, and only 26% of the land cover can be considered in good
condition (GróLind land condition categories 4 and 5) [58](Fig. 5).

7 Agriculture, Land Degradation, and Climate: The
Future?

In addition to losses of productivity, agricultural land degradation can lead to
pronounced losses of carbon from ecosystems, with consequences for ongoing
climate change. Carbon losses related to agricultural land degradation are due to
three main processes: direct loss of carbon by soil erosion, reduced carbon storage in
soils and vegetation, and direct CO2 emissions from drained wetlands.

Fig. 5 The most recent assessment of land condition in Iceland was conducted under the frame-
work of the monitoring programme GróLind. Terrestrial ecosystems in Iceland are classified into
five categories of land condition from poorest (GL values 5–12) to best land condition (GL values
26–30). Only the two best categories (GL values 22 or higher) are considered well suited for grazing
[58]. Map reproduced from GróLind/Icelandic Soil Conservation Service with permission
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The erosion of soils rich in organic matter can cause the release of considerable
amounts of carbon dioxide. Pristine Icelandic Andosols are rich in carbon, typically
ranging between 25 and 50 kg C/m2 in dryland soils and 100–300 kg/m2 in wetlands
[3]. Estimates of current carbon losses due to soil erosion are between 0.05 and 0.1
million tons of carbon per year. It has been estimated that in Iceland, 120–500
million tons of soil organic carbon have eroded during the past millennium, and
approximately half of this amount has been oxidized and released to the
atmosphere [67].

Degradation processes in Iceland also involve reduction of carbon stocks in soils.
Undisturbed Icelandic Andosols usually contain 6–12% carbon in surface horizons
while degraded heathlands commonly have 2–5% C [3]. The total losses of CO2

from drylands due to land degradation has been estimated to be 2–8 million tons CO2

per year with a total of >1,000 million tons CO2 emitted to the atmosphere since the
time of settlement [68]. Even though these values are subject to a high level of
uncertainty, they provide the first estimates of the carbon footprint of land degrada-
tion in Iceland.

Finally, drained wetlands are a large-scale source of CO2 emissions, or about 7.5
million tons per year higher than natural emissions if draining had not occurred
[68]. These emissions greatly exceed the near five million tons CO2 of total emis-
sions caused by other human activities like transportation and heavy industry
[69]. Wetland draining nearly ceased in the 1990s, but emissions of the drained
areas will continue for a long time after drainage [69].

The recognition of increasing greenhouse gas concentrations in the atmosphere
has added another aspect to the severity of agricultural disturbance of Icelandic
ecosystems. Agricultural land use contributes to greenhouse gas emissions that
exceed the total emissions from other sources [69]. The poor state of the land in
many areas means that there is potential for sequestering carbon back into the
ecosystems in association with land restoration projects. Socioeconomic drivers
such as the creation of new grazing lands, motivated re-vegetation efforts over
most of the twentieth century, but more recently climate change mitigation and
nature conservation have become important drivers of ecosystem restoration in
Iceland [51]. Many of the severely degraded areas contain limited amounts of soil
carbon [67] but the volcanic nature of the soils and the steady dust deposition allow
for relatively high carbon sequestration rates in soils. Reclamation of Icelandic
desertified areas may result in an average carbon sequestration rate of 0.6 t C per
hectare and year in soils [3] and 0.01–0.5 t C per hectare and year in above and
belowground biomass [70]. Ecosystem restoration and soil conservation are indeed
one of Iceland’s key strategies in mitigating climate change and were included as
part of Iceland’s action plan within the Kyoto protocol [37].

The necessary changes in agricultural production can be facilitated by changes in
the structure of the agricultural subsidy system. Icelandic consumers are calling for
environmentally-friendly food production, and lamb meat consumption has halved
since the early 1980s [40]. The subsidy system should focus more on meeting these
changes while phasing out lamb production in areas of collapsed ecosystems. Future
attempts to reduce the impact of agriculture will need to take land condition into
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account and find ways to sequester carbon back into soils and vegetation. Moderate
grazing pressures on areas that are now in reasonably good condition can lead to
carbon sequestration in these systems [68]. By excluding grazing from degraded
areas and restoring systems such as the birch forests that once covered large areas,
Icelandic agriculture could potentially achieve carbon neutrality [68]. Such changes
can also facilitate other means of food production and rural employment opportuni-
ties, especially within the rapidly growing tourist industry and by subsidizing
ecosystem restoration efforts on a large scale. Carbon sequestration efforts in relation
to afforestation and ecosystem restoration can also represent a new mainstay of rural
subsidies.

A new government report on the future of agriculture in Iceland emphasizes
sustainable land uses, reductions in greenhouse gas emissions, and innovation
[71]. To the extent possible, it is necessary to diversify agricultural production in
Iceland towards methods and products that reduce overall environmental impact,
including carbon emissions, such as increased production of cereals, vegetables, and
more diverse horticultural products. Changes should also consider food security in
the future [39]. Recognition of the poor state of the land is a key element for the road
forward and calls for the identification of barriers and decoupling mechanisms that
prevent improved land use. Enhanced education and improved function of gover-
nance systems are also important priorities. Lastly, we emphasize the need of
establishing large-scale ecosystem restoration projects, in line with current global
emphasis, including the United Nations’ Decade of Ecosystem Restoration (https://
www.decadeonrestoration.org/).

8 Final Considerations

The relatively poor condition of many Icelandic ecosystems can be mostly attributed
to agricultural use over the past millennium, especially grazing and wood harvesting.
In the literature, Iceland has been used as an example to illustrate a case of severe
land degradation and desertification (e.g. [72]). Agricultural land uses, in combina-
tion with the harsh environmental conditions and frequent volcanic activity have
been repeatedly pointed out as the drivers of extensive land degradation and exten-
sive soil erosion in Iceland. The framework model for land condition response in
Iceland (Ice-LaCoRe) proposed here helps in separating the underlying reasons,
drivers, processes, states, and consequences of land degradation, where decoupling
mechanisms favour inaction in dealing with the poor state of the land.

In the light of the poor condition of many Icelandic ecosystems land restoration
has emerged as a key priority. Large-scale ecosystem restoration programmes restore
ecological values for diverse land use in the future and sequester carbon in both soils
and vegetation, thus linking climate and nature restoration targets. Combining
possible carbon sequestration in soils and vegetation with enhanced ecological
restoration efforts, millions of tons of CO2 could be added to ecosystems from the
atmosphere annually, thus making a carbon-neutral Iceland a possibility within
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decades. Simultaneously, further land degradation should be prevented. A thorough
revision of agricultural policies in Iceland is thus needed, giving priority to envi-
ronmental issues in rural and agricultural subsidy policies. Such regulations should
carefully consider land condition and sheep grazing should be limited to areas where
ecosystems are in good condition and where sheep production is vital for the
viability of rural communities.
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Abstract We present an updated state of the art about the land degradation in the
Italian agriculture. After preliminary outlines about the main characteristics of the
Italian climate and soils, we analyse the risks of desertification, erosion, salinization,
sealing/compaction, contamination and organic matter reduction of soils. Minor
factors of soil degradation (overgrazing, forest fires, pollution due to microplastics
and agrochemicals) are also discussed. This review shows that, in the Italian
agricultural soils, the rates of sealing, compaction and organic matter decline are
close to the values recorded in several European countries. Soil erosion and land-
slides are the major degradation factors in steeper agricultural areas of the mid
mountains and hills, and particularly in the internal areas of Southern Italy. High
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erosion rates are the main reason of reductions in soil organic matter, which worsens
soil fertility and induces biodiversity loss. Unsuitable soil management and
unsustainable agricultural exploitation aggravate these land degradation factors. In
contrast, natural areas have been subjected to severe environmental regulations
(e.g. the national and regional parks) for many years, and these environments are
not particularly vulnerable. The final considerations provide insight regarding the
possible countermeasures to limit the land degradation rates in the affected areas and
ensure soil conservation in the other zones.

Keywords Contamination, Desertification, Erosion, Salinization, Sealing/
compaction, Soil health

1 Introduction

In 2019, the last year before economy was affected by the impacts of the COVID-19
pandemic, the domestic product of the Italian agriculture was 34.2 billion € at market
prices, a share of 2.1% of the global domestic product (GDP, equal to 1.789 billion €,
corresponding to a GDP per capita of 29.23 €, current values). Another share of
1.9% of the Italian GDP comes from agro-food industry, whose domestic product is
30.6 billion € [1]. The incidence of the Italian agro-food sector on the national GDP
has been decreasing from the beginning of the last century due to the development of
industry and services. In spite of this decreasing trend, the Italian agro-food products
make up the so-called Made in Italy brand (together with clothing-fashion, furniture
and automation-mechanics), which represents the excellence of Italy worldwide
[2, 3].

Agriculture is practiced in rural areas, covering 25.5% of the Italian territory
(302,073 km2). The country displays a wide North–South extension (1,180 km of
latitude) and a narrower West–East extension (longitude width of 530 km). This
noticeable latitude extension, together with the intrinsic geological and morpholog-
ical characteristics – large variability of soils, as well as hilly landscape, 41.6% of the
total area, followed by mountains (35.2%) and lowlands (23.2%) - determines a
large variability of conditions for agricultural activities. This variability has
enhanced diversified cultivation systems with highly specialized agro-food
products [1].

In spite of the peculiarities of Italian agricultural and agro-food systems, crop-
lands and forestlands are affected by several threats that have often determined
continuous and intense, with heavy impacts to some areas for several decades. The
on-going land degradation rates affecting croplands, pasturelands and forestlands of
Italy might be aggravated because of the expected climate change scenarios, which
forecast temperature increases and precipitation amount decreases with consequent
extreme drought and rainstorm events [4].

180 D. A. Zema et al.



To face land degradation in Italy, several laws have been enacted in the last
20 years from national and regional authorities, often addressing the relevant EU’s
directives and regulations. To summarize, the milestone national law is the Legisla-
tive Decree n. 152 issued on 3rd April 2006 (“Environment Overall Text”). This
Text reports the national regulations about soil conservation and desertification risk,
water protection from pollution and water resources management. The Italian
regions are allowed to issue local regulations in these fields, following the Legisla-
tive Decree n. 152.

An updated state of the art about the land degradation rates and trends in the
Italian agriculture is needed to give insight to land managers and authorities about
the possible countermeasures to limit these rates in the degraded areas and ensure
soil conservation in the less affected zones. This chapter provides an overview of the
land degradation status in the Italian agricultural lands. To this aim, we revise
national studies focused on the triggering factors and rates of land degradation in
rural areas. First, we outline the main characteristics of the Italian climate and soils
(Sect. 2), followed by sections focused on desertification, erosion, salinization,
sealing/compaction, contamination and organic matter reduction of soils. Other
minor risks are also analysed (overgrazing, forest fires, pollution due to
microplastics and agrochemicals). Another specific aim of this overview is the
identification of the most critical drivers of land degradation in rural areas, on
which research paths and authorities’ efforts should be directed.

2 Main Characteristics of Climate and Soils

2.1 Climate

Italy is in the temperate zone of the boreal hemisphere and geographically lies inside
the Mediterranean Basin. Its shape is elongated along a latitude gradient (7–19 East
parallel) and quite narrow along the longitude gradient (36–47 North meridian). Due
to this elongation, which determines different supply of solar radiation to its area,
and to the effects of sea (which is a reservoir of heat and vapour) and orography
(with the barrier of Alps and Apennines Mountain chains against cold streams from
Northern Europe and North Atlantic), the Italian climate shows a large variability in
precipitation and temperature.

Figure 1 reports the distribution of the mean annual temperature and precipitation
across the national territory. The mean air temperature of Italy is 12.6°C, this value
being variable from-11°C on the Alps to around 20°C in some inland parts of Sicily
[5]. The mean annual precipitation is 932 mm with the lowest and highest values of
434 (South Sardinia) and 2,254 (Friuli-Venezia Giulia, North-East) mm, respec-
tively. Snow covers the Alps and Apennines in winter and the flat areas of Northern
and Central Italy in extremely cold years. Precipitation has a marked seasonality
(which is typical of the semi-arid Mediterranean climate), as shown by the ratio
between the difference between long-term rainfall of the wettest and driest months
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and the total annual rainfall that is equal to 11%. The potential evapo-transpiration is
on average 1,000 mm/year, while the lowest and highest values are recorded in the
Alps and the Northern Apennines (600 mm/year) and some parts of Apulia, Sicily
and Sardinia (1,300 mm/year), respectively. The mean annual evapo-transpiration is
close to precipitation, but, while the latter exceeds evapo-transpiration in the Alps,
the Northern Po Valley and parts of the Apennines, large areas of Southern Italy
(Sicily, coastal Calabria, Apulia, Sardinia and Basilicata) suffer from a precipitation
deficit, being dry for large periods throughout the year.

According to the climatic classification of the soil database for Europe [6, 7], the
Italian territory comprises 14 climatic regions (Fig. 2).

The Alps lay on the temperate climates (T1-temperate continental and
T2-temperate sub-continental climate influenced by mountains, T3-temperate to
warm temperate sub-continental, partly arid, and T4-temperate mountainous). The
colder T1 climate characterizes the highest mountains with permanent snow cover,
while the T2 and T3 climates are typical of lower mountains; T3 climatic region
receives less precipitation than T2. The T4 climate is warmer and wetter compared to
the other three temperate climates.

The Apennines are dominated by Mediterranean intermediate to TM1-sub-oce-
anic and TM4-mountainous warm temperate climates, while low hills of Northern
and Central Italy as well as the Po Valley are in the TM2-Mediterranean sub-oceanic
to sub-continental climate, influenced by mountains, and TM3-Mediterranean sub--
oceanic to sub-continental climate. The TM1 or TM4 climates are much warmer

Fig. 2 Map of the climatic regions of Italy with representative weather stations (source: [5])
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compared to the temperate climates, while the TM2 and TM3 climates show a
noticeable continentality, with high contrasts in temperature between summer and
winter, and well-distributed precipitation throughout the year.

The Mediterranean climates (M1-Mediterranean sub-oceanic, M2-Mediterranean
sub-oceanic, influenced by mountains, M3-Mediterranean mountainous and
M4-Mediterranean sub-continental to continental, partly semi-arid to arid) are typ-
ical of hills of Central Italy and mountain areas of Southern Apennines and main
islands. The M1 and M2 climates are relatively wetter and have less evapo-
transpirative demand, M3 climate is warmer and shows higher total rainfall and
evapo-transpirative demand, while, in M4 climate, evapo-transpiration is higher and
precipitation is lower, determining land aridity.

Finally, the Mediterranean to subtropical climates, either partly semi-arid (MST2)
or influenced by mountains (MST1), affect the two main islands (Sicily and
Sardinia) and the extreme part of the peninsula (Calabria). Both climates are
characterized by high temperatures with low differences among seasons and a high
evapo-transpirative deficit [5].

2.2 Soils

Italian soils are classified into regions, sub-regions and systems [8]. The soil regions
database is the highest informative level of the Italian soil map of Italy and is linked
to the European soil database [9]. The characteristics of these soil regions are related
to typical climate and parent material associations. Soil regions are classified
according to geographical area: (1) alluvial and coastal plans and associated low
hills; (2) hills; (3) Alps; (4) Apennines; (5) Etna and Sardinian mountains. Hilly soils
show the largest pedodiversity according to the distribution in regions. The soil
system distribution of Italy is also characterized by a large variability (Fig. 3). The
most common systems at the national level are Haplic Cambisols (Calcaric),
followed by Haplic Regosols (Calcaric), Haplic Cambisols (Eutric), Haplic
Calcisols, Vertic Cambisols, Cutanic Luvisols, Leptic Phaeozems, Haplic Luvisols
(Chromic), Haplic Cambisols (Dystric) and Fluvic Cambisols (Fig. 4) [8].

According to the common soil classifications by WRB-IUSS [10] and Soil
Taxonomy by Soil Survey Staff [11], the soil map of national territory consists of
25 prevalent Reference Soil Groups (RSGs) on the 32 RSGs of WRB, and 10 out of
12 soil orders provided by the Soil Taxonomy, which further shows the large
pedodiversity of Italy. Cambisols and Luvisols are the most common RSGs of
Italy, while Inceptisols are the most abundant soil order (Soil Taxonomy) (Fig. 4).
However, many soil profiles of the Italian database cannot be classified in a given
soil system unit, due to the very small area covered.
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3 Overview of the Agricultural Sector

According to the Institute for Environmental Protection and Research of Italy
(ISPRA) data and maps of 2019, in Italy croplands cover the largest area (15.5 mil-
lion hectares), while the natural and urban areas cover 12.9 and 1.7 million hectares,
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respectively. However, agricultural areas have decreased (and, to a lower extent, also
woodlands) and artificial areas have generally increased over the last 5 years.

Forest areas cover about 35% of the Italian territory and are mainly distributed on
Alps, Apennines and mountain chains of the main islands (Fig. 5). These areas have

Fig. 5 Dominant soil cover of Italy (source: [12] based on data from Corine Land Cover, 2012—
first level)
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been progressively increasing in the last decades due to both the abandonment of
marginal croplands and the large reforestation works. Reforestation is currently less
common than in the past, with a focus on small degraded areas. The main forest
types are conifers and broadleaves, while coppices, previously covering large areas
on mountains, have been progressively been converted into high stands. Unfortu-
nately, large areas of the Italian forestland, including national and regional national
parks, are affected by wildfire risk and erosion.

Agriculture is mainly practiced in mixed croplands with annual and permanent
crops (Fig. 6). Annual crops are cultivated in rotation in the same field, or also
intercropping on different fields each year, while permanent crops are cultivated
separately. Regarding farm size, open fields are increasing, while closed fields are
reducing. This has increased soil susceptibility to erosion, since the common natural
and human works separating field, such as ditches, tree rows, stone walls, tracks, are
disappearing, and decreased the organic matter content of the Italian soils
[13, 14]. The effects of set aside policy have determined the conversion of cropland
to tree orchards, mainly olive, citrus, grapevine and other fruits, in order to increase
the farm profit. Olive and citrus groves are mainly cultivated in southern regions, due
to the more favourable weather conditions for these species. In Northern and Central
Italy, industrial crops, e.g., cereals, sugar beets and vegetables, are more common.
Cattle’s breeding is currently concentrated in large farms, with a progressive pasture
and meadow replacement with annual crops and forage, which led to soil and water
pollution due to uncontrolled disposal of animal manure and wastewater. Moreover,
overgrazing in mountain prairies has been recorded with consequent soil compaction
and erosion, and marginal areas have been abandoned with uncontrolled develop-
ment of shrubs and weeds. The reduction in terraced fields and cropland on contour
lines in mountain agriculture are other practices that are increasing the land degra-
dation risks. Moreover, due to landslides, erosion and cultivation practices, a general
surface levelling (that is, soil removal from reliefs and filling up of valleys) has been
observed with the removal or burial of natural and old drainage networks [13, 14].

In some areas, large open fields have been covered by greenhouses for production
of vegetables and flowers, which are often cultivated with large amounts of organic
and mineral fertilizers and soil conditioners. Another undesired effect of greenhouse
cover is the heavy reduction of salt leaching due to precipitation, and this determines
soil salinization. Besides this agro-forestry evolution recorded in the last decades,
new agricultural management strategies are developing, such as the organic and
integrated agriculture. These management techniques are able to contrast organic
matter decline of Italian soils with consequent improvements of hydrological prop-
erties of soil, e.g., higher water infiltration and retention [13].

4 Soil Degradation in Italy

Italy is geographically divided into three main areas, North, Centre and South based
on differences in climate, landscape, soil characteristics and natural resource avail-
ability as well as socio-economic factors. This determines gradients in economic
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structure, population density, urbanization level and income distribution, and the
differences among these areas heavily weigh on the spatial distribution of land
degradation risk [15, 16]. More specifically, while Northern Italy, characterized by
wet and continental climate, is one of the most developed regions of Europe, Central
Italy is a patchy land with urban areas mainly located on the coast and traditional rural
landscapes in the internal mountain zones. Southern Italy, Sicily and Sardinia, whose
climate is dry and semi-arid, suffer from backwards in economy and welfare [15, 17].

Fig. 6 Map of degraded areas in Italy (source: [12])
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It is generally acknowledged that large areas of the Italian territory, as many other
countries of the Mediterranean Basin, are vulnerable to land degradation
[18, 19]. These hotspots are primarily the coastal and upland areas of Southern
Italy and the two main islands, but also some lowlands of Northern Italy (where
population density is higher) are at high risk [17, 20]. ISPRA has reported in a map
of Italy the areas affected by one, two or three and more degradation factors (Fig. 6).
According to this map, more than 30% of the territory of Sicily, Lazio, Veneto and
Apulia is affected by soil degradation. About 11,000 km2 (more than 3% of the
national territory) have been exposed to more than one degradation factor, requiring
control and protection [12].

Several authors have studied factors, effects and rates of land degradation in Italy
in the last two decades, but the results of these studies are often contrasting
[18, 20]. identified the following factors of the reduced land quality in Italy semi-
arid climatic conditions (including the climate change trend): soil’s tendency to
erosion and salinization, forest fires, intensification of agricultural activities, pro-
gressive abandonment of traditional agricultural landscapes, over-exploitation of
water resources and urbanization of coastal areas. Moreover, a quantitative analysis
weighting each process in relation to land degradation carried out by Salvati et al.
[20] showed that climate, erosion and compaction/agricultural intensification were
the processes with a potentially higher role in determining vulnerability to the Italian
soils (Fig. 7).

Fig. 7 Geographical distribution of the thematic indicators of vulnerability to each degradation
process considered in [20], same source
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Dazzi et al. [14] identified as the main threats for soil degradation in Italy the
following processes: erosion, sealing/consumption, pollution/contamination, salini-
zation/alkalization, decline in organic matter and diversity loss. According to these
authors, other soil threats, such as forest fires and landslides, are also drivers for land
degradation in Italy.

Some of these processes (sealing, salinization, erosion, contamination and com-
paction/agricultural intensification) [20–22] have been also recognized as the most
representative causes for oil degradation in Mediterranean areas [17, 20, 23]. In Italy,
land sensitivity to degradation has increased throughout the last century, particularly
in areas with specific socio-economic characteristics [24, 25]. An analysis of the
changes in the Italian landscape throughout the last 50 years was carried out by
[18, 24–26]. These authors showed that: (1) land vulnerability has been noticeably
increasing in Northern and Central Italy, while is stable in Southern Italy; (2) mar-
ginal areas with low pro-capite income, agricultural specialization and population
ageing show a reduction in ecological conditions; (3) areas providing highly-
specialized services in economy and tourism are characterized by relatively good
environmental conditions and moderate-to-low vulnerability to land degradation
[27]; (4) socio-economic contexts with intermediate population density, environ-
mentally and economically sustainable agricultural systems and dynamic tertiary
sector are characterized by moderate land vulnerability; and (5) local districts with
high-quality, traditional productions (such as wine, olive oil, fruits and rain-fed
cereals), intermediate and stable population density, and diversified economic struc-
ture) are areas with the highest long-term reduction in the sensitivity to land
degradation. This means that, in Italy, local systems with a dynamic economic
structure do not necessarily show higher pressure on the environment and are
compatible with low and stable levels of land vulnerability compared to lower-
income areas. These findings somewhat contrast to the widespread belief that in Italy
economic performance and environmental quality follow an opposite North–South
gradient [28, 29].

Unsustainable management is among the heaviest factors of land degradation in
Italy, and, in agriculture, its effects may be aggravating the land degradation risks.
Crop production results in over-exploitation of the land [25], while intensive agri-
culture usually determines heavy changes in physical, chemical and biological
properties of soils, with possible degradation of its quality [30, 31]. On the other
hand, the abandonment of previously cultivated land as well as marginal and
mountainous lands may seriously alter soils, and deforestation may expose soils to
negative hydrological impacts with increased runoff and erosion rates (e.g. [32]).

5 Land Degradation in the Italian Agriculture

Generally, land degradation risk in agricultural areas in Italy is presumably a result
of the different development levels between Northern and Southern areas over the
last years and depends on unbalances in the territorial distribution of land resources,
economic polarization and socio-economic disparities [16, 33].
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As earlier outlined, agriculture is presumably the economic sector with the
highest positive or, at the same time, negative impacts on land degradation, since
the agricultural activities may decrease or increase soil vulnerability to degradation
[33]. The Italian agriculture has generally undergone two opposite temporal trends in
the last decades: (1) agricultural intensification and specialization in those croplands
with large availability of natural resources and easy access to technologies; and
(2) cropland abandonment in those marginal areas that have been affected by
population and economic decreases [33]. In more detail, the first trend (crop inten-
sification) has been recorded since the 1990s in Northern Italy, but favourable
conditions (e.g. climate, soil, water availability) for agriculture have determined
land degradation only in small areas, mainly due to local anthropogenic factors
[16, 33]. Moreover, some rural districts in these areas have adopted less intensive but
profitable agricultural models, which are characterized by innovation, technology,
value-added and quality products, and close relationships to territory. By contrast, in
Southern Italy crop intensification has been lower and the weight of agriculture on
the regional gross domestic product (GDP) and employment level for workers are
higher compared to North; here, the sensitivity to land degradation has increased
with crop productivity [33]. Moreover, due to the Common Agricultural Policy
(CAP), which has brought increased competitivity of markets, higher mechanization
and industrialization levels, and over-exploitation of water resources, land degrada-
tion has locally increased [16, 33].

The potential impacts of land degradation on agricultural profitability in Italy
were quantified by Salvati and Carlucci [33], who used selected quantitative indi-
cators at the national and district scales. More specifically, these authors estimated
the potential costs of land degradation using a standard index of land sensitivity to
degradation (the so-called ESAI) and calculated a “depletion factor” in relation to the
agricultural value added in about 800 local districts across the entire country. The
procedure processed the changes in the ESAI between 1990 and 2000, and other
economic variables, such as the per capita value added, share of agriculture in the
total production, and agricultural profitability. At the national level, the land degra-
dation risk in agriculture represents about 0.5% on the agricultural value added with
a cost that has been estimated between 5 and 15 €/ha. At the regional level, the
maximum cost is even 457 €/ha in some districts of Southern Italy, representing
21.5% of the agricultural value added. Sicily (Southern Italy) suffers from low
agricultural profitability and high sensitivity to land degradation, but also some
regions of Northern (Lombardy, Veneto, and Emilia-Romagna) and Central-
Southern Italy (Molise, Apulia, and Basilicata), with intermediate to high agricul-
tural profitability, show moderate but increasing levels of sensitivity to land degra-
dation. According to the evaluations of Salvati and Carlucci [33], in spite of these
local contexts, more than 65% of the Italian territory is not prone to land degradation
risks, 25% is exposed to moderate risks, while only small areas (10% of the country)
are affected by on-going land degradation. Land elevation, agriculture income and
position with reference to cities are the factors that mostly influence land degrada-
tion, and this influence heavily weighs on the environmental costs. Land degradation
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in urban and peri-urban areas has experienced high land degradation risks for long
time [33].

In addition to this assessment, water availability for agriculture should be con-
sidered as an important factor for land degradation in croplands. Due to the climatic
conditions (large semi-arid areas in the country), water is scarce in summer, when
irrigation requirement is high, due to insufficient precipitation (with large inter-
annual variability) and high solar radiation, which result in high evapo-transpiration
[20, 34]. In addition to these climatic factors all economic sectors (e.g. industry,
energy, agriculture) in Italy compete for water and additionally, often the low water
quality for irrigation limits crop growth and yields.

Moreover, the scarce vegetation cover due to low precipitation input exposes the
agricultural soil to water erosion in steep cultivated hillslopes [20, 35, 36]. In this
regard, the rural abandonment of people migrating to cities is an aggravating factor
of land degradation of hills and mountains, since maintenance protection of land and
rural landscapes is stopped. This leads to the need of land management practices
targeted to soil conservation (e.g. crop cover, terracing, reforestation, water
harvesting) [35–37], since these practices promote water infiltration and reduce
surface runoff.

5.1 Desertification

Literature defines “desertified area” an unproductive and sterile area for agricultural
or forestry use, due to soil degradation processes [17, 38]. Generally speaking, in
Italy desertification affects small areas in southern regions (Basilicata, Apulia,
Calabria, Sardinia and Sicily), reducing the potential productivity of agricultural
soils (Fig. 8). This reduction is mainly due to the combination of unsustainable
anthropogenic impacts on the natural environment and semi-arid or even arid
conditions [36, 37]. In other areas, the potential risk desertification is increasing,
since the climatic conditions are progressively worsening (due to decrease in pre-
cipitation amount and increase in rainfall intensity) and crop systems and urbaniza-
tion have been intensified [36, 39]. Desertification is expected to affect not only arid
and marginal areas, but also the most productive agro-ecosystems [36, 40].

The analysis of the current rates and potential risks of desertification in Italy has
been carried out at two levels. First, at the government level, the Ministry for
Environment and Territory has produced the Italian Atlas of areas with desertifica-
tion risk, based on the spatial assessments of “sensitivity and vulnerability indexes of
desertification risks, organised into a system of soil degradation processes (deposi-
tion, erosion, urbanization, salinization, aridity)” [38] (Fig. 9). This Atlas has been
considered as a tool to prepare the national action plan to face off drought and
desertification, following the guidelines of the United Nations Convention to Com-
bat Desertification (UNCCD). To assess this risk, the Soil Aridity Index (SAI) – “the
mean annual number of days when the moisture control section is dry in soils with a
Mediterranean type of climate” – was used. The SAI was calculated for 13,000
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samples of Italian soils and the related map, produced at 1:250,000 scale, identified
three SAI classes according to the influence of increasing water scarcity on agricul-
ture and forestry. To calculate the SAI, soil regions considered at the highest
potential risk of desertificaton were prioritized, that is the coastal areas of Central
Italy and all the Southern regions [41]. The results of this study, whose geographical
distribution is reported in the Atlas, showed that 52% of the national area was
affected by a potential risk (the whole area of Sicily, Sardinia, Apulia, Calabria,
Basilicata and Campania regions in the Southern Italy, and a large part of Lazio,
Abruzzo, Molise, Tuscany, Marche and Umbria regions in Central Italy), due to both
climatic and pedoclimatic factors (Fig. 9). At a higher level of land degradation risk,
the Atlas reported that 21% of Italy is subject to land degradation, of which 4%
already showed functional sterility – and thus is already unproductive - 5% is
sensitive to desertification and another 12% can be considered vulnerable to this
process. The protected areas (regional and national parks) are about 10% of the
territory at potential risk of desertification, but these areas cover only 20% of
unproductive, vulnerable or sensitive lands [38, 41].

Regarding other factors of desertification reported in the Atlas, erosion is the most
important process, while soil aridity is the second main driver. Areas affected by
aridity are 19% of the national territory, while salt-affected soils are more than 3%
(many coastal areas of Sicily, Sardinia, Apulia and Tuscany). According to
Costantini and Abate [41], irrigation using sustainable water management may be
able to limit soil aridity and salinization, but only 4% of the area at potential risk of
desertification is currently equipped with irrigation networks. In some areas (gener-
ally irrigated alluvial plains of internal land), brackish irrigation waters are pumped
from wells bored in highly saline aquifers. Moreover, farmers use private wells, and

Fig. 8 Distribution of the desertification risk among the Italian regions (source: [38])
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this shows a basically poor management of the collective irrigation systems, espe-
cially in Southern Italy [42–44]. Overall, sustainable irrigation management with
water-saving techniques only covers about 10% of the sensitive and vulnerable lands
in Southern Italy. The agro-environmental measures for row crops and pastures are
not sufficient to reduce the area at potential risk of desertification [41].

A second analysis of desertification at the national level was carried out in the last
decade by Salvati et al. [36]. This research group has studied the evolution of the
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Fig. 9 Map of climatic aggressivity in Italy expressed by the FAO index (source: [38])
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Italian vulnerable land due to desertification over the past five decades (from 1960 to
2010), producing multi-temporal maps of desertification indexes at the national
scale. The sensitivity of Italy to land desertification has been assessed by monitoring
changes in some indicators over time. These indicators were related to climate, soil,
vegetation and land management, which were considered as the most important
driving factors of land degradation and, especially, desertification. The individual
variables were combined in an Environmental Sensitive Area Index (ESAI, [45]),
which was calculated in several temporal windows between 1960 and 2010.
According to the ESAI framework, the national territory was classified into four
levels of sensitivity to desertification (non-affected, potentially affected, fragile and
critical level) [24, 46]. The results of this study showed a general increase in
“fragile” and “critical” land areas between 1960 and 1990 in Italy, while, more
recently, land desertification distribution was spatially limited [24]. In more detail,
the number and extent of areas that are sensitive to desertification increased through-
out the last 50 years in the southern regions. Currently, more than one-third of
Southern Italy fall in the “critical” class, and thus this area is particularly fragile
regarding desertification, due to natural characteristics of this land coupled to
anthropogenic actions. As a matter of fact, Southern Italy is prone to aridity, and
the climate influence on desertification has increased in the most recent years.
Moreover, the agricultural systems of southern regions are affected by poor land
management, slow economic growth and high human impacts on croplands (the
latter mainly due to the pressures of tourism and urbanization). The anthropogenic
factors sum up to the natural sensitivity to desertification, which has been worsening
over time [46]. Also in Northern Italy, where land conditions are more sustainable,
the desertification risk has been increased from the last decades. This increase is
mainly due to the reduction in rainfall amounts, but also to other factors, such as
increasing population density, agricultural intensification, urbanization (with conse-
quent soils sealing), land fragmentation urbanization, and, in some areas, to pro-
gressive abandonment of agricultural land [46].

Salvati and Bajocco [46] and Wilson and Juntti [47] stated that socio-economic
factors are also important causes for land desertification besides climatic features.
For this reason, Salvati [15] analysed the relationships between the spatial distribu-
tion of socio-economic factors and land vulnerability to desertification in the three
main geographical divisions of Italy (north, centre and south). Among the socio-
economic factors, the authors evaluated more than one hundred indicators of
demography, human settlements, labour market and human capital, rural develop-
ment, income and wealth, to discriminate vulnerable from non-vulnerable areas. The
results of this evaluation highlighted that, at the national level, land vulnerability to
desertification is due to four human-driven impacts, such as increase in population
density, crop intensification, unsustainable agricultural practices (including irriga-
tion management) and fragile economy. Intensive-farming and urbanization are
more important in discriminating vulnerable from non-vulnerable areas compared
to poor economic conditions and depopulation [15]. The latter author reports also the
distribution of vulnerable lands to desertification in Italy in relation to the selected
socio-economic indicators. This distribution basically follows four spatial gradients:
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(1) a gradient in economic development between North and South, quantified by
differences in pro-capite income and unemployment rate; (2) a socio-economic
gradient between coastal and inland areas, shown by the spatial distribution of
urban areas; (3) a morphological gradient, due to land elevation and quantified by
the incidence of irrigated land on the total agricultural area; (4) a land management
gradient between rural and urban areas, indicated by the share of workers in the
agricultural sector. As resulting from these four gradients, in Italy the vulnerable
land is concentrated in flat areas with specialized agriculture (mainly in the Po River
valley) in Northern Italy, along the coasts of both Adriatic and Tyrrhenian Sea in
central Italy, as well as in the inland areas of Basilicata, Sicily and Sardinia in
Southern Italy [15]. The importance of the demographic processes (e.g. population
structure and dynamics, ageing, family size) and economic factors (e.g. available
income, revenues from taxes, infrastructures) is more important to discriminate
vulnerable and non-vulnerable areas in southern regions than in Northern Italy in
determining sensitivity to desertification. Regarding the main economic drivers,
scarcity of capitals, lack of investments (particularly in marginal rural areas),
shortage of labour, poor public services, inadequate incentives for sustainable
practices and restricted institutional support may have increased this sensitivity. In
Southern Italy, unsustainable agricultural practices heavily impact on soil, water and,
more in general, crop system quality, noticeably increasing the desertification risk
[48]. By contrast, human settlement weighs more in Northern Italy, where peri-
urbanization may be one of the most important factors increasing land vulnerability
[15, 40]. In non-vulnerable areas, some natural areas and excellent landscapes, such
as the national and regional parks, are under strict environmental regulations.

5.2 Erosion

The European Environment Agency (EEA) has estimated that more than 110 and
42 million hectares in Europe (about 12% and 4% of its total area) is affected by
water and wind erosion, respectively [49]. In Italy, over 20% of the agricultural land
is exposed to moderate to severe risks of water erosion, corresponding to an annual
rate higher than 10 tons/ha. Erosion goes beyond the topsoil layer, as demonstrated
by ISPRA, which has mapped 485,000 landslides in Italy, covering an area of more
than 2 million hectares (7% of the country area). Large areas on intensively culti-
vated hillslopes with row crops (in Central and Southern Italy) are exposed to critical
erosion risks. Moreover, woodland with steep slopes in the Alps and the Apennines
of Northern Italy are also prone to landslides [50, 51].

Other estimations by the Organisation for Economic Co-operation and Develop-
ment (OECD) [14, 52] estimated that 30% of the Italian land is exposed to a soil
erosion risk with annual rates higher than 10 tons/ha. The study by OECD showed
that some anthropogenic actions (cultivations on fragile soils, overgrazing in hilly
and mountainous areas, scarce adoption of soil conservation practices in agriculture)
and natural factors (e.g. increasing trends of drought and high-intensity rainfall
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events) have left almost constant or even have been aggravating these risks. In
contrast, several countries in the world have adopted soil conservation practices,
improving soil quality, and converted agricultural lands into pastures or forests,
increasing vegetation cover, with subsequent reductions in annual erosion rates [14].

The high sensitivity of Italian soils to erosion has prompted further research to
assess soil loss at different spatial and temporal scales. Investigations at the finer
scales have mainly focused on soil degradation due to erosion and landslides in
catchments affected by severe erosion and geological instability. Despite the impor-
tance of mapping the erosion risk also at the coarse spatial scale, only in the last two
decades Italy has adopted plans to provide soil erosion maps, in order to support
rural development or adoption of soil conservation measures in agriculture and
forestry funded by CAP of European Union. These studies have been carried out
both at national and regional scales. Italian regions under the convergence objective
of the EU regional policy have produced 1:250,000 maps of potential risk of soil
erosion applying the USLE-family models [14]. Several other studies have evaluated
soil erosion in specific areas or catchments of Italy, using different hydrological
models (see the studies by [13, 14] for the comprehensive list of these applications).

At the national scale, Knijff et al. [53] used the USLE model to assess the actual
and potential soil erosion, in order to identify those regions that are prone to this risk.
This study was preliminary to the production of the Soil Map of Italy at 1:250,000-
scale and 250-m spatial resolution. However, due to the limitations of the USLE
models, only rill and interrill erosion was estimated in this map, while gully, wind,
tillage or mass erosion was not considered; moreover, USLE assumed lacks of anti-
erosive practices (P factor equal to one) [54]. According to this map, the annual soil
loss over 10 tons/ha, which is over the tolerance range proposed by USDA (2 and
10 tons/ha, depending on soil type) is exceeded almost everywhere in Italy, except in
flat areas. The actual soil erosion risk is very high in the Alps (Northern Italy),
Apennines (Central Italy) as well as coastal areas of Calabria and Central Sicily
(Southern Italy), all these areas showing annual erosion rates over 40 tons/ha [14]
(Fig. 10).

However, Knijff et al. [53] did not validate their data, due to the lack of erosion
observations for Italy, and therefore the USLE-estimations of soil erosion could not
be accurate. Some years later, an indirect validation of the erosion estimates pro-
posed by [53] for Italy was proposed by Van Rompaey et al. [55]. These authors
modelled the sediment volumes exported by 20 Italian reservoirs, using the spatially
distributed WaTEM/SEDEM model [56, 57]. The differences between estimations
and observations were over 60%. Erosion was noticeably over-predicted in mountain
forest catchments of the Alpine environment, while the estimations of sediment
yields in hilly cropped areas were more accurate [54].

Another validation attempt of the erosion estimations by Knijff et al. [53] in Italy
was made by Grimm et al. [58], applying a revised version of the USLE model.
These authors improved the estimation of the R-factor (rainfall erosivity), using the
data from a large number of meteorological stations, adopted new interpolation
procedures, and calculated the K-factor (soil erodibility), considering soil crusting
and sealing processes. The errors in annual erosion found in the original model were
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Fig. 10 Map of the soil erosion risk in Italy (source: [14])

Agricultural Land Degradation in Italy 199



high in the mountain areas (Alps and Apennines) and in the central part of Sicily,
where the estimations by Knijff et al. [53] were affected by large over- and under-
prediction. Conversely, the errors were lower than 5 tons/ha in most part of the
country (Fig. 11) [14].

Overall, these applications of the USLE-family erosion models in Italy, in spite of
the validations, showed low accuracy in both absolute values and spatial patterns of
erosion predictions. This is not due to the intrinsic model issues, but rather to the low
resolution and poor quality of input data [59, 60]. However, the soil erosion risk map
of Italy produced applying USLE was found to be a useful support to identify the
agricultural areas that are prone to soil erosion and to adopt soil conservation
practices [14].

More recently, spatial estimations of soil erosion in Italy were part of European
maps, based on the use of:

– the MESALES model (Modèle d’Evaluation Spatiale de l’ALéa Erosion des
Sols – Regional Modelling of Soil Erosion Risk, [61]) at the 1:1,000,000 scale,
1 km × 1 km resolution and five categories (very low, low, medium, high and very
high) of soil erosion risk;

– the PESERA (Pan-European Soil Erosion Risk Assessment) project, adopting a
process-based and spatially distributed model, at 1:1,000,000 scale and
1 km × 1 km resolution [62].

According to the PESERA-map, potential soil loss exceeds the USDA limits in
30% of the Italy area. Moreover, the PESERA model showed that both permanently
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and not irrigated arable lands can be exposed to mean annual soil erosion over 6 tons/
ha, while agro-forestry areas are affected by the lowest mean soil loss (lower than
1 tons/ha). Some flat regions (i.e. the Po Valley) are at erosion risk, even if limited,
while, in some mountainous and hilly areas (i.e. Alps and Apennines), the risk of
erosion is very low, thanks to the forest cover. Overall, this study has confirmed that
erosion in Italy is not only influenced by land slope (Fig. 10).

To take into account the large influence of climatic conditions on soil erosion,
[63] studied the spatial and temporal distribution of rainfall erosivity in Italy and
developed a national-scale grid-based map. At the spatial scale, this study showed
that the highest average annual R-factor occurs in the north-western part of Italy
(Friuli-Venezia Giulia), while Trentino-Alto Adige, Valle d’Aosta and Po Valley
(Northern Italy), the eastern part of Apennines (Central Italy) as well as Basilicata,
Sicily and Sardinia regions (Southern Italy) show a rainfall erosivity below the
national average. However, in the semi-arid part of Italy the average rainfall erosivity
is slightly higher compared to the alpine and continental areas of this country. From a
temporal approach, the seasonal distribution of R-factor throughout the year is not
significantly different between the alpine and continental areas. By contrast, the
semi-arid zones are affected by a remarkable seasonality of rainfall erosivity with the
highest values recorded in the coldest months [63].

Finally, according to Piccarreta et al. [64] and Costantini and Lorenzetti [50], soil
erosion in some parts of Southern Italy is due to changes in land use as well as some
effects of the agricultural policy. For example, a 20-year period of set aside for
remodelled areas that have been applied following the Reg. CE 2078/92 has pre-
sumably generated increases in soil erosion and land degradation in Southern Italy
[50, 64].

5.3 Salinization

A too high content or an accumulation of salt in soil compared to normal conditions
determines salinization with degradation and reduction of its quality. In this case,
seed germination and thus crop growth become often impossible, and the so-called
saline or salt-affected soils suffer from reduction in fertility and damage to microbial
communities. Measured data about salt content or electrical conductivity in soils
over the Italian territory are quite scarce and limited to few case studies [65]. There-
fore, a reliable map of distribution of saline soils based on direct and widespread
measurements does not exist for Italy [13, 14]. Indirect indications about this soil
degradation process have been drawn using modelling approaches [17] or proxies
[66], in order to identify the location of saline soils on a national scale [65]. Only an
exploratory estimation at this large scale has been carried out by Dazzi [67] and
Dazzi C and Lo Papa [14].

In Italy, soil salinization affects over 3 million hectares [14], about 10% of the
country area. In spite of this large incidence, some scientists state that soil salinity
plays a marginal effect on land degradation in Italy or is confined to some small areas
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[50, 67, 68]. However, the latter authors report that the extension of saline soil across
the national area is higher than currently estimated. As a matter of fact, saline soils
are distributed across all the regions, but with different extent. This distribution is
confirmed by the data of the National Soil Database, which shows that soils in almost
all the Italian regions are affected by salinization [14].

In more detail, two gradients (north to south and internal areas to coasts)
characterize the spatial distribution of soil salinity in Italy. The southern part of
the country (especially Sicily) as well as the Tyrrhenian and Adriatic coastal areas
(mainly Apulia, Basilicata and Sardinia) shows larger areas with saline soils com-
pared to the northern regions (Fig. 12) [20]. Moreover, also flat areas, such as the Po
River valley, are affected by soil salinity [14, 65].

Regarding the salinization risk of agricultural soils, a detailed investigation has
been carried out only in the southern regions, when the national database of the
electrical conductivity of irrigated and non-irrigated soils of Southern Italy has been
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Fig. 12 Map of distribution of soil affected by the salinization risk in Italy (source: [65])—values
are the percentages of area exposed to the risk
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compiled. This part of the country is considered as being the most affected by the
salinization risk, also because Southern Italy relies on the use of water of poor
quality for crop irrigation [14, 69]. This is due to the limited availability of resources
for irrigation in surface water bodies (lakes and rivers), which forces the use of
wastewater (both urban wastewater and agro-industrial wastewater, such as olive oil
mill wastewater and citrus processing water [70, 71] or groundwater). The use of
irrigation resources that contain noticeable salt concentrations, since water is
pumped by wells in coastal areas (affected by seawater intrusion), increases soil
salinization. In contrast, in other parts of Italy, the diversification of the water
resources for crop irrigation and the limited use of groundwater in agriculture limit
the soil salinization risk [20]. Despite the irrigation with poor-quality water, the
mean electrical conductivity of agricultural soils in Southern Italy is far from
indicating an actual salinization risk. The soils cultivated and irrigated for vegetable
production or the meadows are exceptions, since their electrical conductivity is quite
high, indicating significant increase in salinity. In contrast, the other irrigated
croplands are not noticeably affected by soil salinity, since salt leaching due to
precipitation in the wet seasons is able to dilute the excessive saline content,
particularly in agricultural soils with prevalent loamy texture and good drainage
characteristics [14, 50].

5.4 Soil Sealing and Compaction

In Italy, soil sealing and compaction are leading to the reduction in water and air
infiltration capacity, due to covering with impervious surface (such as building roofs,
roads, railways or other civil infrastructures) and deterioration of its structure
because of the traffic of heavy machinery on agricultural or forest soils. Generally,
compaction affects soils with poor organic matter content. Regarding soil sealing
due to anthropogenic activities, Italy has undergone a large process of urbanization
throughout the last five decades, when very large natural areas were sealed at a rate
(the so-called soil consumption) of about 100 ha/day [72]. The percentage of
artificial coverage is 7.1% of the national territory (in the 1950s it was 2.7%,
+160%) with an area larger than 21,000 km2 [1]. Soil consumption in Italy is on
average 14 ha/day, a value that is in any case far from the zero net consumption’s
objective established for 2050. Soil consumption in the coastal strip is higher
compared to other areas in the country. A percentage of 23.4% of the strip within
300 m from sea, 19.7% between 300 m and 1,000 m and 9.3% between 1 km and
10 km is urbanized, compared to national mean of 7% [12].

Moreover, urbanization, since the earlier 1980s, has not followed the pattern of
population growth, because soil consumption and subsequent sealing has been
caused by extensions of commercial and industrial activities and building of pro-
ductive and residential infrastructures in dispersed areas across the country [73]. Soil
consumption has been higher in Northern Italy compared to southern regions
(Fig. 13), and particularly in the neighbouring of metropolitan areas or in coastal
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zones [14, 50]. Of course, these urbanization trends have reduced the areas devoted
to agriculture, forestry and animal breeding; therefore, these processes have brought
threats to vegetation and fauna with evident ecological damage. This reduction has
also been due to the installation of thousand photovoltaic plants (largely supported
by national subsidies to renewable energy production), which covered large natural
areas, that were previously marginal or even cultivated.

However, some authors argue that land vulnerability to soil sealing is relatively
low-throughout Italy, this process being concentrated around cities, in lowland and
coastal areas [20]. In this regard, recent studies have shown that the increase in
population density has not been linked to land degradation, since population has
decreased in highly vulnerable land, but not in moderately vulnerable areas from the
1980s [74].

Regarding soil compaction, Italy shows large areas prone to this degradation risk,
about 30% of the national territory being affected by a noticeable reduction in soil
bulk density [75]. According to Salvati et al. [20], spatial patterns of soil compaction
follow a latitude gradient from north to south. Compacted soils have covered
previously cultivated areas of both hilly and flat zones of Italy, with more severe
effects in soils with fine texture and low content of organic carbon; soil compaction
has been surveyed also in rice cultivations and other wetlands, degraded natural
areas and non-irrigated vegetable crops. In contrast, mountain grasslands, pasture-
lands and woodlands as well as irrigated crops have been less affected by the
compaction risk, since supporting soils are porous [50].
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5.5 Organic Matter Reduction

It is well known that a stable content of organic matter (OM) in agricultural soils is
essential for crop growth and production. The optimal OM amount for soil is
debatable, since it depends on soil, plant and climate, among other characteristics
[76]. A minimum threshold of 1.8% can be assumed value for an adequate supply of
elements to plants and a limited infiltration of pollutants from the soil surface to the
groundwater, in line with [50, 75, 77–79]. An evaluation of OM content in soil can
be affected by a high uncertainty, due to the large number and mutual interrelations
of factors that influence this parameter. Despite such uncertainty, mean data about
OM in Italian soils can be derived by the European map of organic carbon content in
the 30-cm topsoil. This map, having a spatial resolution 1 km × 1 km, has been
produced by the Joint Research Centre (JRC) and funded by European Union [80–
82]. Compared to the reference value above (2% of OM content for healthy soils), it
has been estimated that over 30% of the Italian soils shows a lower value (mainly in
southern regions, such as Apulia, and in the islands, Sicily and Sardinia, but also in
large areas of the Po River valley (Fig. 14) [13, 14, 49, 50, 80–83]; 80% of these soils
is well below the target (3.5%) established in the EU Resource Efficiency Roadmap
[50]. One-third of Italian soils showing decreases in OM content is subjected to
agriculture or is natural land. In more detail, the difference in OM content of soils
between cropland and marginal or woodland areas is high [50]. On average, a
minimum OM content has been surveyed in rice cultivations (2.0%) and vineyards
(2.1%), while grasslands and rangelands contain over 3% of OM, and forest soils
show percentages even over 6% (Fig. 15); however, these mean values are affected
by a large spatial and temporal variability, as shown by the large standard deviation.
This wide range in OM content is due to several factors, such as the natural
variability of soils, climatic conditions and land management, and the latter is
considered as the main influencing factor [84]. In areas from Central and Southern
Italy in particular, which rely on irrigation for agricultural production, the OM
content of irrigated soils (particularly for production of vegetables and fruits) is
significantly lower compared to rain-fed croplands (Fig. 15). Besides this variability,
Italian soils are also affected by a noticeable temporal variability in the OM content.
According to the estimations by Fantappiè et al. [85], the OM content in soils of Italy
has decreased on average from 2.5 to 2.0% throughout the last five decades, and this
decrease was mainly attributed to land management and secondarily to the climate
trends [50, 86].

Fantappiè et al. [85] produced national maps of organic carbon in the 50-cm
upper layer of Italian soils. According to these maps, the carbon stock decreased by
3.3 Pg (mean of the period 1979–1988) to 2.7 Pg (1989–1998), when agricultural
intensification was recorded; then this stock increased to 2.9 Pg in 1999–2008,
presumably because of the effects of the European Agricultural Policy that enhanced
carbon sequestration by supporting the adoption of agro-environmental practices for
environmental protection of rural areas. Forestlands in Alps, Apennines and Sardinia
show the highest organic stocks, while intensive croplands of hilly and flat areas of
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Southern Italy have the minimum stocks. Moreover, the most noticeable changes
over time have been recorded in Po River valley (positive variations) and in hilly and
plain areas of Central and Southern Italy (negative variations) [13, 85].

Other estimations of organic carbon stock in Italian soils have focused on the top
30-cm of agricultural soils [87] since these soils are considered as the most sensitive
to OM variations [88]. This assessment has revealed that the whole stock of organic
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carbon is 0.49 Pg, about 20% of the total stock (2.9 Pg) estimated by Fantappiè et al.
[85] in 1999–2008, and mainly stored in arable and agro-forest lands.

5.6 Soil Contamination

Soil contamination is a human-driven process observed both in agricultural and
urbanized areas, where the use of chemicals and disposal of civil and industrial waste
and effluents are the main factors of soil pollution. However, soil can be also
contaminated in developing countries, where the density of urban and industrial
activities is lower. Despite the high risk of land degradation, spatially-covered and
accurate data about soil contamination in Italy are limited [20]. This low availability
makes difficult a reliable and precise quantification of contaminated areas as well as
contamination levels [13, 14].

Salvati et al. [20] think that soil contamination is patchy and does not significantly
increase land vulnerability, due to the scattered distribution of urban and industrial
areas. According to the data collected in Italy at the regional scale since 2000, 12,000
areas covering 2,600 km2 (about 1% of the national territory) (Fig. 16) can be
considered as contaminated sites, and this number can be affected by an underesti-
mation, since these figures relate only to industrial pollution and exclude
brownfields [14].

Soil contamination affects intensively cultivated and agro-industrial areas and
contamination of intensively cropped soils is mainly caused by the accumulation of

Fig. 16 Maps of estimated concentrations of heavy metals in topsoil in Italy (source: [14] based on
EU maps and geodatabase of Land Management and Natural Hazard Unit of Joint Research Centre,
[89])
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nitrates used as fertilizers under animal slurry form. These nitrates can leach into
groundwater or contaminate surface water, when disposed into rivers or lakes. Soil
contamination by nitrates has been observed in cultivated areas of the Po River
valley and intensive croplands of Northern Italy. However, several regions have
carefully applied the L.D. n. 152 of 2006, which followed the EU’s Directive issued
in 1991; the agricultural areas in the regional territory that are more vulnerable to
nitrate contamination have been identified, and the tolerance limit against an exces-
sive land spreading of nitrates on soils has been set up. Thanks to these rules as well
as to careful monitoring procedures of vulnerable water and soils, decreases in soil
and water contamination due to nitrate use have been recently observed [14].

Another source of contamination for soil and water is the excessive land appli-
cation of pesticides and other inorganic fertilizers to crops and soils, and this abuse
also affects the croplands of both Northern and Southern Italy. Unfortunately, the
data about soil pollution due to these contaminants are scarce and scattered, which
makes a systematic diagnosis of soil degradation practically impossible; in some
regions, soil contamination due to extensive use of xenobiotic compounds seems to
be severe [14].

5.7 Others

5.7.1 Overgrazing

Overgrazing, caused by the excessive exploitation of pasture, is a residual but not
negligible form of land degradation in rural areas. Unfortunately, in Italy, as in many
other Mediterranean countries, spatial data about overgrazing in marginal areas or in
rural communities lack or are very limited [90]. To partially fill this gap, these
authors investigated the relations between the grazing pressure and some socio-
economic variables related to population, labour, life quality, rural development and
environment in Italy. This study highlighted that the rural municipalities exposed to
unsustainable grazing and high erosion rates are concentrated in Central and South-
ern Italy and that these land degradation factors sum up to desertification risk
(Fig. 17). The overgrazing pressure also depends on farming diffusion and land
availability versus competing land uses. Moreover, the impacts of overgrazing on
overall land degradation rates are mainly associated with the lower economic
performance of agricultural areas of Central and Southern Italy compared to the
North [28, 90].

5.7.2 Forest Fires

Wildfires completely remove the vegetal cover of forests and determine heavy
changes in soil properties [91–93]. These effects increase the runoff and erosion
rates by some orders of magnitude, with removal of OM and nutrients from burned
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forests and transport downstream [94–96]. Each year wildfires destroy large forest
areas in Italy and often affect sub-urban zones surrounding forestlands. Fire is
mainly due to fraudulent or unintentional actions of men, including burning of
weed and pruning residues, pasture renewal and recreational activities. These
anthropogenic actions sum up to the climatic vulnerability to fire (because of long
and hot summers with dry and strong wind) of large areas across the national
territory [13, 14, 97].

According to data from the Italian Commando of Forest, Environment and Agro-
food Police (or “Carabinieri Forestali d’Italia”), in 2019 the number of fires was
7,526 with a fire-affected area of 45,719 ha. More than 50% of the burned area and
65% of the number of fires affected three regions (Sicily, Sardinia and Calabria), as
in the previous years. The area burned by fire was on average 6.10 ha, and Piedmont
was the region with the highest mean area (29.24 ha), followed by Sicily (14.70 ha)
and Apulia (9.63 ha) (Fig. 18). The investigations of the Carabinieri Forestali d’Italia
reveal that the main cause of the fires is malicious and that the most frequent reason
is the renewal of the pasture.
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Fig. 17 Map of the grazing pressure in Italy (source: [90])—values are expressed as Grazing
Pressure Indicator, suggested by the same authors
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5.7.3 Microplastics

In agricultural lands, microplastics (MPs) – tiny particles of plastic polymer smaller
than 5 mm [98, 99] – derive from mulching materials, soil conditioner
(e.g. composting sludge) and distribution of sludge from treatment plants
[99, 100]. Particles of MPs are transported by runoff from croplands through the
river channels and are then poured in water bodies (sea, reservoirs and lakes) with
evident pollution risks.

Italy is the second leading country in Europe (after Germany) in plastic demand
[101]. Since the Italian territory is facing on extremely long coasts (more than
8,000 km) and its hydrographic network is well developed, it is evident that this
country is exposed to MP pollution of the surrounding lands. To give a rough
indication, it has been estimated that the Po River, which catchment covers a large
part of Northern Italy and hosts about 25% of the Italian population with 55% of
national cattle load and 35% of the agricultural products [102], pours more than
120 tons of MP per year to the Adriatic Sea [101]. This waste flow generates MP
concentration from 2.92 ± 4.86 to 23.30 ± 45.43 particles per kg of beach sediments
of its Delta [102].

According to Campanale et al. [103] and Guerranti et al. [104], in Italy compre-
hensive data on MPs in sea and freshwater environments are lacking, and this lack is
common to almost all countries facing the Mediterranean Sea. However, several
studies have investigated the MP concentration in surface waters and sediments in
the Mediterranean Basin, and especially the Italian coastline [105], although the
related database is still limited to some case studies. MP particles have been detected
in 74% of water samples collected in lakes of Alpine area [103, 106]. A study by
Fischer et al. [107] reported up to 3.36 (Chiusi Lake, Tuscany) and 4.42 (Bolsena
Lake, Lazio) particles/m3 in surface waters, as well as 112 (Bolsena) to 234 (Chiusi)

Fig. 18 Burned area and fire number in Italy throughout the period 2014–2018 (data source: Italian
National Corp of Forest Guards, Carabinieri Forestali, 2019)
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particles/kg of dry weight in the sediments collected in these lakes. Regarding the
Italian coastline, [108] found PE and PP in sediment samples in the same frequency
as the most commonly produced polymers [105, 109].

Although these data show the presence of MP in agricultural soils, Italy was one
of the first countries of Europe to issue strict national rules limiting pollution of water
ecosystems (with special emphasis to plastics), in agreement with European direc-
tives and international conventions [103].

5.7.4 Agrochemicals Use

Despite the beneficial effects of agrochemicals for crop growth and yield, an
intensive and diffuse utilization of these compounds in agriculture poses severe
concerns for environmental protection, and especially for soil quality and human
health concerns [110, 111]. Agrochemicals are not only able to contaminate soils,
crops and deep waters (with possible inclusion in food chains), but runoff in surface
waters and sediments, generating severe off-site impacts [110].

Data of 2018 from EUROSTAT indicate that Italy is not among the European
countries with the higher application rates of agrochemicals in agriculture, although
the agrochemical use poses this country at the highest rank (together with Spain and
France) because of its large agricultural area. Regarding the pesticide use in Italy,
their presence is significantly lower than in the other EU’s countries, with 53% of the
soils containing pesticide residues [110].

In 2018, about 114,000 tons of agrochemicals for plant protection was sold in the
Italian market, corresponding to a content of active principles of about 54,000 tons.
Of these products, 47% are fungicides, 18% insecticides and acaricides, 17.7%
herbicides and 17.3% classified as others. These data evidence a significant decline
(-23.7%) in the use of agrochemicals compared to the last 10 years (2008–2018),
and particularly for the use of active principles (fungicides-38.7%, insecticides and
acaricides -36.7%, herbicides -18.3% and others -18.8%, with a mean of -
32.9%), except organic compounds that show a countertrend (+130%) [12]. This
decline is a consequence of three factors: first, the long-term effect of the adoption of
the National Action Plan for the sustainable use of plant protection products (PAN)
in January 2014 (decrease of 12% in total amount and 8.9% in active principles in
2018 compared to 2014); second, the noticeable reduction in farmers’ investments in
agriculture; and third, a more rational use of technical means that avoid excessive
release of agrochemicals in the environment [12].

At the national level, the application rate of active principles distributed per unit
of surface is equal to 6.0 kg/ha. The distribution shows that a share of 54.3% is
applied in the northern regions, while 11.5% and 34.2% of the total amount is
distributed in central and southern regions. Veneto, Emilia-Romagna, Apulia, Sicily,
Piedmont, Lombardy and Campania cover over 75% of national consumption. A
similar distribution is surveyed for the active principles, with 53.2% consumed in the
northern regions and 35.6% and 11.2%, respectively, in the southern and central
regions. The grape-cultivated lands show the largest absolute use and application
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rates of agrochemicals. The active principle that has been surveyed in larger con-
centrations in freshwater and groundwater is the glyphosate and its metabolite, the
aminomethylphosphonic acid (AMPA). It resulted that 28.5% (for glyphosate) and
58.4% (for AMPA) of the surveyed soils in the monitored sites were over the
environmental quality limits; this percentage was 6% in groundwater
measurements [12].

Overall, this decreasing trend is encouraging towards the protection of quality of
natural resources, although not constant in terms of the used amount of
agrochemicals [12].

Regarding the use of fertilizers, in 2019, about 65% of the total amount was
applied in the northern regions, 15% in central areas, and the remaining 20% in
Southern Italy and in the main islands. The total consumption amounted to less than
2.7 million tons. In more detail, the use of organic fertilizers was reduced by 1.2%,
the organic-minerals by 11.5% and mineral fertilizers by 4.4% compared to the
previous years (2008–2018) [1].

Finally, from 1990s to present, Italian organic farming has grown significantly,
both in terms of covered area and number of farms. According to the latest
EUROSTAT review, in 2017 Italy was at the fourth ranked in Europe (28 monitored
countries) in percentage of agricultural area covered by organic farming. Overall,
organic crops covered 15.5% of the national agricultural area and 6.1% of total
farms. Apulia and Calabria showed the largest areas with organic farming, while
pasture meadows, forage and cereals are the main crops oriented to organic farming.
Also, olive and vine started the conversion to organic farming, and in the cattle
breeding sector, poultry and sheep are the most common types of organic
livestock [12].

According to a survey carried out in Greece, Italy and United Kingdom, and
targeted to stakeholders associated with pesticide exposure in agriculture, agricul-
tural workers are open to follow recommendations about safety practices, while
inhabitants of agricultural areas are quite reluctant in adopting protective measures,
since the latter presumably do not percept the effects of pesticides on their own
health [112].

6 Future Perspectives and Conclusions

This review has shown that Italian agricultural soils are threatened by several land
degradation processes. To summarize, soil sealing mainly affects the flat areas close
to urban coastal zones with high density of population and economic activities and
these areas are also subject to the high flooding and hydrogeological risks. While the
rates of sealing, compaction and organic matter decline of Italian soils are in the
same order of magnitude than those in several European countries, landslides, soil
erosion and salinization, which are thought to increase over time and enlarge in
space, are more dangerous compared to other countries. Moreover, the mitigation of
these risks is more challenging that elsewhere because of the large variability of
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climatic and geomorphological conditions, intrinsically unfavourable, that chal-
lenges the implementation of homogenous soil conservation techniques
[50, 113]. Unsuitable environmental management and land planning contribute to
aggravate soil degradation risks [50, 114].

Soil erosion and landslides are the major degradation factors in steeper agricul-
tural areas of the mid mountains and hills, and particularly in the internal areas of
Southern Italy. High erosion rates are the main reasons for the reductions in soil
organic matter, which worsens soil fertility – with subsequent reductions in quality
and quantity of crops – and induces biodiversity loss. Unsuitable soil management
and agricultural exploitation aggravate these land degradation factors, such as the
use of heavy machinery with consequent soil compaction. Unsuitable soil manage-
ment (for instance, the use of heavy machinery which excessively compacts soils)
and agricultural intensification (with excessive uptake of organic matter and nutri-
ents or supply of agrochemicals) aggravate land degradation. In contrast, natural
areas have been subjected to severe environmental regulations (e.g. the national and
regional parks) for many years, and these environments are not particularly vulner-
able. This highlights, on the one hand, the responsibility of authorities and public
administrations that failed to control soil quality levels and, on the other hand, the
need for effective policies to fight against soil degradation [15, 115].

Although the Italian farmers have been always quite reluctant in adopting sus-
tainable soil conservation practices [116, 117], soil quality of croplands is not far
from the equilibrium over time with some exceptions recorded in small areas [118–
120]; in contrast, pasturelands are prone to soil degradation due to climate change
trends [13, 86].

Moreover, we agree with Dazzi and Lo Papa [14], who stated that many other soil
degradation processes, which still are less visible than the most common factors,
affect the soil resources in Italy. These include the reduction in the cultural value of
soil, degradation of the traditional landscapes and decrease in pedodiversity. These
authors have ascribed these degradation processes to crop intensification, unsuitable
soil management practices and unsustainable cultivation techniques, which further-
more aggravate the hydraulic unsafety and hydrogeological risk of the country.
According to Costantini and Lorenzetti [50], soil degradation in agriculture is
currently underestimated, and this is particularly felt in Italy, which is known to be
one of the richest places in the world in terms of soil and landscape diversity.

The analysis of the land degradation conditions in the Italian agriculture carried
out so far has highlighted the needs for actions specifically dedicated to remove the
residual vulnerability of territories to degradation factors. These actions cannot
disregard the need to improve a deeper knowledge of the current degradation risks
that has to consider the large variability of climatic and geomorphological conditions
of the country. As a matter of fact, each degradation risk has been investigated by
several actors (national authorities, local administrations, academic institutions and
so on), often without a supervisor that organizes a systematic and synergistic
approach. Moreover, the degradation risks affecting the Italian agriculture have
been often studied in combination with other production sectors. The information
related to the soil degradation risks relies on data at different temporal and spatial
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scales, often lacking homogenous indicators of land degradation or vulnerability.
This makes the analysis and comparisons with other countries quite hard and time-
consuming. For instance, the maps and databases of degradation risks analysed in
this study have been produced by more than three authorities (ISPRA, Ministry,
National Research Council and some universities). Even the erosion map was
prepared by eminent but foreign scientists, who cannot obviously be fully aware
about the specific conditions of the Italian agriculture. Moreover, a well-known
erosion model has been used, but the input parameters have been drawn from
databases sourced for other environmental contexts. This is a proof that, despite
the intrinsic climate and pedological diversity of Italy, locally-validated and thus
reliable estimation models are still not available for the Italian territory [14]. Further-
more, the surveys needed to collect field data have been carried out only in few sites
and often not for a specific diagnosis at the national level (e.g. for scientific
investigations based on local case studies). In this regard, national monitoring
campaigns of degradation factors (not only in agriculture, but also in all civil and
productive sectors and at the national scale) are needed, and the use of the most
recent remote sensing techniques (based on satellite data) is required to cover the
entire Italian territory with money and human resource savings. The availability of
national-scale databases for land degradation in Italy would also allow the applica-
tion of global models for climate change analysis, which could make forecasting the
effects of expected global warming in agriculture simpler.

The studies about land degradation in Italy have been often carried out using a
technical approach (except the papers of Salvati et al. [e.g. 16, 18] and some few
other examples), and the socio-economic dimensions of the Italian agriculture have
been in general neglected. In other words, the analysis of implications among the
land degradation trends, social conditions of farmers and economical structure of
agricultural producers is still insufficient. In contrast, the co-operation between
policy makers and farmers, as the main stakeholders in agriculture and forestry,
could provide an opportunity to promote an economically and environmentally
sustainable agro-forestry. For instance, the farmers’ needs for adopting soil conser-
vation practices and, at the same time, leaving unaffected crop productivity require a
careful attention by the authorities devoted to the environment protection. Also
education activities that are targeted to improve the technical skills of farmers can
also play an important role in stimulating the conservation of land resources at the
farm level [33, 121]. It is well known that the scientific literature proposes effective
and low-cost practices for land management and soil conservation (e.g. cover crops,
crop rotation, reduced tillage, water-saving irrigation methods and prescribed fire)
for a sustainable agricultural production and natural resource protection. However,
the knowledge of their benefits and practical applicability in the different local
contexts is often insufficient and even lacking. Therefore, the effectiveness of
these techniques has not been yet evaluated in large parts of the Italian croplands
and forested areas. These practices have been sometimes adopted in high-
performance agricultural districts, but these experiences have still remained geo-
graphically limited; conversely, a “towing” action from the most advanced local
contexts for low-performance districts may allow reversing some land degradation
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trends (especially soil compaction and salinization) in agriculture and forestry
[33, 122]. Obviously, the large-scale adoption of the most sustainable land manage-
ment practices must be supported by national and local subsidies for the actual
involvement of farmers (particularly in marginal areas), while penalties to discour-
age unsustainable practices of land management should be adopted to reduce the
environmental sensitivity to degradation [33]. However, the large money require-
ment collides with the ongoing reductions of financial supports at the European
level, which makes fund shortage alarming for agriculture and forestry.

Finally, we are in close agreement with Costantini and Lorenzetti [50], who state
that mitigation of land vulnerability in agriculture requires a “major effort to adopt a
nation-wide campaign dedicated to the implementation of specific, locally tailored
agro-techniques across all agricultural land uses”. This effort is the prerequisite of
both profitable agro-forestry activities and sustainable land conservation issues,
targeted to a quick and simple achievement of United Nations Sustainable Devel-
opment Goals in the 2030 Agenda for Sustainable Development, adopted by all
Member States in 2015.
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Abstract Slovenia is among the European countries with poorer natural farming
conditions, which are further challenged by several degradation processes. Among
them agricultural land is primarily threatened by soil sealing, contamination, and
erosion. The disregard for agricultural land and soil as an important natural resource
keeps coming to the fore in siting major infrastructure and commercial structures.
Most soil on agricultural land is not polluted, but nonetheless, some areas are
contaminated with certain inorganic pollutants (e.g., cadmium, lead, arsenic, and
copper) and organic pollutants (e.g., pesticides). Agricultural land is also at risk of
soil erosion by water and wind.
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1 Introduction

Even though Slovenia is small (20,271 km2), it is characterized by great landscape
diversity because it lies at the intersection of various European macroregions – the
Alps, the Pannonian Basin, the Dinaric Alps, and the Mediterranean [1]. Despite its
wealth of landscapes, a range of geographical indicators ranks it among European
countries with poor natural farming conditions [2]. This is shown by some terrain
indicators that are strongly connected with nearly all other natural factors. 91.3% of
Slovenia’s surface is at an elevation of over 200 m, and 34.9% is over 600 m. 83.7%
of its surface has an inclination of over 2°, 70.5% over 6°, and 50.7% over 12°.
Plains cover only 15.3% of Slovenia and, because these are flood-prone areas, just
under a quarter of all agricultural land can be found on them. Another important
factor is the lithological composition, due to which over 40% of the country is
karstified and thus less suitable for agriculture [3]. The countryside is also charac-
terized by intensive farmland abandonment and afforestation (Sect. 2) [4], and the
agricultural land is often threatened by unsustainable use, which affects soil
fertility [5].

What is especially alarming in Slovenia is the low share of agricultural land per
capita, which is significantly below the EU average. In 2007, Slovenia recorded
2,447 m2 of utilized agricultural land per capita (compared to the EU average of
3,469 m2), corresponding to 24% of all land in Slovenia (compared to the EU
average of 40%). The share of fields and gardens in Slovenia was only 866 m2 per
capita (compared to the EU average of 2,094 m2), corresponding to 9% of all land in
Slovenia (compared to the EU average of over 24%) [6]. These figures did not
change significantly between 2000 and 2016 [7]. The situation is especially alarming
from the perspective of Slovenia’s food security [8].

This paper presents the major agricultural land degradation processes in Slovenia,
especially soil sealing (Sect. 4), contamination (Sect. 5), and erosion (Sect. 6). It also
tackles some related issues such as land-use change and organic matter (Sect. 2).
Acidification, salinization, and desertification are not discussed because they are not
an issue in Slovenia [5, 9]. More acidic soils can only be found in areas with
predominantly noncarbonate bedrock but, because carbonate rock predominates in
Slovenia, the soils have a high buffering capacity [10]. To a smaller extent, acidi-
fication may result from excessive nutrient runoff or large quantities of acidic
mineral fertilizers [11]. Similarly, soil salinization is not a major soil degradation
processes in Slovenia [12, 13]. It may occur in areas affected by sea salt during high
tide, such as at the mouths of rivers (e.g., the Dragonja, the Rižana, and Strunjan
Creek), or along roads (e.g., the tree-lined avenue north of Logatec) that are
excessively salted in winter [10, 12, 14].

Despite the awareness of agricultural land degradation processes, also evident
from the legislation (Sect. 3), the Slovenian Court of Auditors wrote the following in
2010 [6]: “In 2010, the Slovenian Government, the Ministry of Agriculture, For-
estry, and Food, the Ministry of the Environment and Spatial Planning, and the
Slovenian Farmland and Forest Fund failed to safeguard agricultural land,”
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establishing for 2010 alone that at least 2,321 ha of agricultural land (0.35% of all
agricultural land), including 970 ha of the best agricultural land, was recategorized to
other uses as part of municipal spatial plans. In addition, a further 297 ha was
recategorized to other uses as part of national spatial plans (178 ha was allocated
to highway construction); added to this should also be illegal changes to agricultural
land [6]. The situation has not improved in the last decade, as the Slovenian Court of
Auditors concluded in 2021 that the utilized agricultural area declined by 1.8% or
11,120 ha in the period 2015–2019 and that by the end of 2020 no Slovenian
municipality has defined in its spatial plans the areas of permanently protected
agricultural land [15].

Data on agricultural land degradation in Slovenia can be found in numerous
publications (see reference list), but those that have attempted to summarize all the
important degradation processes are not many. Among the most informative are a
conference volume entitled Soil Protection Strategy in Slovenia [16], which covers
soil erosion, urbanization of agricultural land, soil compaction, salinization, and soil
pollution, among other topics, and a book entitled The Soils of Slovenia [17], which
includes a special chapter on soil degradation, covering soil sealing, contamination,
and erosion, among other topics. Worth mentioning is also an e-publication of the
Slovenian Environment Agency entitled Environmental Indicators in Slovenia [18],
which covers various aspects of agriculture, including land take and soil contami-
nation. Among the publications dealing exclusively with soil erosion, a book entitled
Erosion Processes in Slovene Istria [19] and a publication entitled Erosion in
Slovenia [20] should be mentioned, and among the publications dealing exclusively
with soil pollution, a publication entitled Research on Soil Pollution in
Slovenia [21].

2 Land-Use Change, Organic Matter, and Organic Carbon

The predominant land use in Slovenia is forests, which cover approximately 60% of
the country. Meadows and pastures predominate among the types of agricultural
land (they cover nearly a fifth of the country), followed by arable land (nearly a tenth
of the country), orchards (just under 2%), and vineyards (just under 1%). Built-up
land accounts for over 5.5% (Table 2; Fig. 1) [22]. Over the past two centuries,
Slovenia’s land use has changed significantly (Figs. 2 and 3). The forest area has
increased by over 20%, whereas the share of meadows and pastures has decreased by
just over 14% and the share of arable land has decreased by just over 6% (Fig. 4).
The share of vineyards has also more than halved. The built-up land had the highest
relative increase: in the early nineteenth century, it accounted for only 1.4% [4].

Slovenia is losing a significant share of agricultural land especially because of
afforestation or overgrowth (Figs. 2 and 5). From 1825 to 2020, the share of forest
increased from just under 40% to over 60% of all land (Fig. 3) [22, 24]. Afforestation
is typical of areas with less favorable farming conditions, where farming is being
abandoned and thus the cultural landscape is falling into decay [25]. This process is
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distinctly spontaneous and one-directional [26]. On the other hand, afforestation is
also strongly present in areas with a low inclination at an elevation below 500 m. In
2014, 32,916 ha or approximately 1.6% of all land was affected by afforestation;
23,374 ha of this area (71%) was located below 500 m [25]. In 2020, 24,390.9 ha, or
approximately 1.2% of all land, was afforested [22].

Land use influences topsoil organic matter and the level of organic carbon.
Slovenian soils are rich in organic matter [11], primarily because the predominant
type of agricultural use is grassland (about two-thirds of all agricultural land) [27]
and the large quantity of manure (solid and liquid manure) that is used in fields and
areas of permanent crops [11].

In Slovenia, there is less topsoil organic matter in areas of intensive agriculture
than in areas that are not plowed or trenched. In general, the soil is rich in organic
matter, with as much as 86.2% of agricultural land containing over 2% and 30.9%
containing over 4% organic matter [11]. Research conducted in 2005 and 2006
showed that the largest quantities of organic matter are in grassland soils (5.7–9.1%
on average) and smaller quantities in tilled fields (3.4–3.7%) and areas of permanent
crops (2.3–3.2%) [28]. Similar average values were recorded in 2008 and 2009 [17]:
6% in grasslands, 3.9% in tilled fields, gardens, and hop yards, 3.3% in orchards,
2.6% in vineyards, and 2.4% in olive groves, or an average of 4.3% for all types of
agricultural land.

Despite the high topsoil organic matter levels, these may be decreasing in certain
areas of northeastern Slovenia [13]. This is attributed to the local climate (less
precipitation than in the rest of the country, temperature conditions, and problems
with drought) and the predominance of Cambisols [17].

In Slovenia, topsoil organic carbon (0–30 cm) is estimated to be 0.2 Gt
[11, 29]. The total carbon reserves in agricultural topsoil amount to 90 t/ha.
Above-average reserves are found on land covered in trees and shrubs (118.1 t/ha)

Fig. 3 Land use in Slovenia between 1825 and 2020 [22, 24]. The sources used do not provide
information on built-up land for 1896, 1953, and 1994
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Fig. 4 Share of arable land in cadastral municipalities in the early nineteenth century and in 2017
[23]
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and on land affected by afforestation (99.1 t/ha). Organic carbon reserves in soils in
grassland (92.8 t/ha) in extensive orchards (90.5 t/ha), and in fields (89.8 t/ha) are
close to the Slovenia average. Organic carbon in intensive orchards (71.5 t/ha) and

Fig. 5 Afforestation of agricultural land in Slovenia. An example of afforestation on cultivated
terraces near the village of Glem in southwestern Slovenia: (a) a digital orthophoto from 2019, (b) a
lidar-derived image (source: Surveying and Mapping Authority of the Republic of Slovenia)
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vineyards (63.7 t/ha) are below the Slovenian average. The organic carbon levels
decrease with depth, but this trend is not observed everywhere. The levels decrease
the least in fields, which has to do with cultivation, in which the upper 20 to 30 cm of
soil is mixed evenly every year, and they decrease the most on land affected by
afforestation [30].

3 Legislation on Agricultural Land Degradation

Slovenia’s awareness of agricultural land degradation problems is evident from
various documents adopted at the national level [6]. The Development Strategy of
Slovenian Agriculture [31] adopted in 1993 was the first document after the inde-
pendence in 1991, setting the direction of agriculture development. Its long-term
goals included the requirement to preserve agricultural land and protect it against
pollution and unsustainable use. The 1999–2002 Agricultural Policy Reform Pro-
gram [32] included the stopping or reducing of agricultural land shrinking among its
goals. Protecting the best agricultural land from being permanently converted to
other uses was also among the goals of the Resolution on the Strategic Guidelines for
the Development of Slovenian Agriculture and Food Industry until 2020 [33]. More-
over, the protection and use of agricultural land is regulated by the Agricultural Land
Act [34], which has been amended several times, also to improve the protection of
agricultural land. The protection of agricultural land is also included in the Slovenian
Constitution (Article 71) [35].

The current National Environment Protection Program (valid until 2030; [5]) has
the following goals regarding agricultural soils: (1) increased capacity of the soil to
perform ecosystem services achieved through managing the degradation processes
related to a decline of organic matter in soil, preventing soil erosion and contami-
nation, and restoring and revitalizing degraded areas, and through sustainable soil
and land management, and reducing the net growth in built-up land by 25% by 2030,
with the additional goal of achieving zero growth in built-up areas from 2050
onward; (2) acquisition of data on soil conditions; and (3) awareness raising. The
program also specifies the measures to achieve these goals (Table 1), such as
strengthening efforts to reduce soil sealing, preserving and increasing organic matter
in agricultural soils, reducing soil erosion, safeguarding, preserving, and improving
soil biodiversity, preventing contamination, restoring soils in polluted areas, includ-
ing various aspects of soil protection into decision-making procedures at all levels
and in various sectors. Nonetheless, soil as a natural resource is not covered by some
other major national documents, such as the Spatial Planning Strategy of Slovenia
[36], in which there is no mention of soil protection or soil loss prevention due to
sealing. Something similar applies to the Resolution on the Transport Policy of the
Republic of Slovenia [37], which does not mention soil protection in connection
with transport infrastructure development or traffic pollution. Furthermore, soil
protection is not covered in the National Mineral Resource Management Program
[13, 38].
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4 Soil Sealing

Soil sealing is defined by the European Environment Agency (EEA) as “the destruc-
tion or covering of the ground by an impermeable material” [39]. The EEA considers
soil sealing to be one of the main causes of soil degradation in the EU, which also
applies to Slovenia. The current National Environment Protection Program [5]
identifies soil sealing (e.g., with asphalt or concrete) and soil compaction as the
greatest threats to Slovenian soils. There are hardly any data available on soil
compaction, except for observations in permanent crop plantations, where tractor
trafficking is common [40], and in forests due to the construction of forest roads and
the use of heavy logging machinery [17]. In contrast, there is a very noticeable
problem of soil sealing especially due to the construction of major infrastructure
(e.g., highways) [41] and urban sprawl (Fig. 6), including the needs of industry (e.g.,
mining, Fig. 7) [17, 42–44]. Due to the country’s polycentric settlement pattern,
urbanization is very dispersed (Fig. 8) [45].

Attention has been drawn to the urban sprawl into agricultural land and the
subsequent soil degradation since at least the 1970s [43]. Important in terms of
legislation was the 1982 adoption of the Agricultural Land Protection Act [47] and
the harmonization of municipal spatial planning acts with the Slovenian republic-
level (Slovenia was one of Yugoslav republics) agricultural land protection regula-
tions. This act introduced compensation for recategorizing agricultural land to other
uses, depending on the land quality [43]. From 1958 to 1988, Slovenia lost 17,033 ha
of agricultural land (just under 1% of all land) due to urbanization [25].

Before 1982, or the adoption of aforementioned act, the annual volume of
agricultural land recategorized to other uses was between 900 and 1200 ha, and
from 1982 to 1989 it decreased to 400 to 500 ha (i.e., it more than halved). In the
1990s, the pressure to recategorize agricultural land to other uses again grew
stronger. In 1995, municipalities proposed the recategorization of 141 ha of agricul-
tural land, whereas such proposals covered 2,384 ha in 2002, 3,777 ha in 2009, and
1,142 ha in 2010 [6], excluding major national infrastructure (e.g., highways). It is
alarming that the tendencies for these land-use changes are often connected with real
state profit [25, 48, 49].

In the 1990s, agricultural land management was regulated anew by the Agricul-
tural Land Act [50], which was updated in 2003 [51]. Indirectly, agricultural and
forest land management is also covered by other laws, such as the Act on Forests
[52], the Nature Conservation Act [53], and the Water Act [54]. Agricultural land
management is also governed by the Construction Act [55] and the Spatial Planning
Act [56], which, among other things, directs the spatial development of settlements
onto vacant land within settlements or less important land [43].

From 1993 to 1997, 4,078 ha was newly built up and the volume of agricultural
land decreased by 81,092 ha (approximately 4% of all land in Slovenia). Agricultural
land decreased from 38% of Slovenia’s total area in 1993 [10] to 31% in 2001 [12]
due to urbanization, infrastructure development, and afforestation, and built-up land
grew from 2.9% to 3.8% [9].
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Fig. 6 The spread of Ljubljana, Slovenia’s capital, onto the former outskirts and arable land
(sources: Surveying and Mapping Authority of the Republic of Slovenia; ZRC SAZU Anton
Melik Geographical Institute Archive)
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From 2002 to 2007, 2.97% (14,121.7 ha) of agricultural land, or 7.99% of
premium-quality agricultural land, was urbanized [42] (according to another source
[6] 12,863 ha was urbanized during this period) and the share of urbanized land
increased by 22.5%. Based on rough estimates, 11 ha of agricultural land was lost
daily during this period [17, 57]. The area of fields and gardens decreased by
35,035 ha (approximately 1.7% of all land in Slovenia) during this period. These
lands predominantly changed to meadows, and 6% of it was built up [6].

From 2008 to 2012, 13,024 ha of land was newly built up (just over 0.6% of all
land in Slovenia), or 8.9 ha per day, whereby the volume of built-up land increased
the most on agricultural land. During this period, the largest share of newly built-up

Fig. 7 Mining also causes agricultural land to disappear. In the Velenje area, the ground is
subsiding due to underground mining activity, and the subsided areas have filled with water. The
resulting lakes cover over 2.5 km2, including former agricultural land (sources: Surveying and
Mapping Authority of the Republic of Slovenia; [46])
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land was recorded in grasslands (6,208.1 ha), forests (3,274.2 ha), and fields
(1,550.5 ha) [13]. The largest changes occurred especially on the edges of towns
to meet the needs of industry and trade, and next to major infrastructure (highways).
From 1996 to 2012, land intended for the construction of road infrastructure alone
increased by 1,090 ha, and land intended for industry and shopping centers increased
by 228 ha [13].

The volume of built-up land continued to increase even after 2012; it accounted
for 5.6% among the various land-use types in 2019. During this period, built-up land
primarily spread to grassland (47%), forests (21%), and permanent crop areas (13%).
From 2012 to 2019, the total volume of built-up land increased by 3,966 ha [58].

According to CORINE Land Cover, which uses a slightly different methodology,
in 2018 Slovenia had 3.52% built-up land, ranking twenty-fourth among the thirty-
nine European states [58].

Based on the latest national data [22], Slovenia had 5.72% built-up land in 2020,
which is an increase of 0.24%, or 4,898.3 ha compared to 2002. In the same period,
arable land decreased by 0.44%, or 7,854.5 ha (Table 2).

Most built-up land can be found on the best agricultural soil (Table 3). By far the
largest share of fields in Slovenia can be found on Dystric Cambisol (17.9% of all
fields) and Eutric Cambisol (19.1% of all fields), and most built-up land can also be
found on these soils (17.6% of all built-up land on Dystric Cambisol and 19.7% on
Eutric Cambisol).

Fig. 8 Built-up areas in northeastern Slovenia in 2002, 2012, and 2020 [22]. Major infrastructure
(highways) was built on agricultural land between 2002 and 2012, and industrial plants between
2012 and 2020 (source: Ministry of Agriculture, Forestry and Food)
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5 Soil Contamination

Most soils in Slovenia are not contaminated, however some areas are polluted with
certain inorganic pollutants (e.g., cadmium, lead, arsenic, and copper) and organic
pollutants (e.g., pesticides) (Table 4). Inorganic pollutants primarily predominate in
areas with past or ongoing mining and smelting or metallurgic activity (Figs. 9 and
10) [11]. These areas tend to exceed the alert thresholds, and in some places even the
critical values of soil contamination [13].

Key in terms of assessing the contamination of agricultural land and soil in
Slovenia is the Environmental Protection Act [60], which, among other things,
regulates the monitoring and control of soil quality and forms the basis for soil
protection measures against contamination and other degradation processes [27]
defined in the EU’s Thematic Strategy for Soil Protection [61]. Also relevant is the
Decree on Limit Values, Alert Thresholds, and Critical Levels of Dangerous Sub-
stances in the Soil [62], which prescribes the limit, alert, and critical values for
certain hazardous substances. The systematic study of soil contamination was
defined in the National Environment Protection Action Program [63] and in the
later Resolution on National Environmental Protection Action Plan 2005–2012 [64],
but the envisaged extent of sampling in both cases proved to be unrealistic [27]. Mon-
itoring is planned to be launched again in 2021 based on the current National
Environment Protection Program [5].

The heaviest soil contamination with inorganic pollutants is observed in the
Meža Valley, the Celje Basin, Jesenice, and Idrija (Fig. 10) [13]. In the Meža Valley,
the soil is contaminated with lead, zinc, and cadmium as a result of five hundred
years of mining and smelting. The soil in the Idrija area is contaminated with
mercury, also as a result of a five-hundred-year mining and ore smelting history.
In both sites, contamination can also be traced downstream on agricultural land on
the river terraces. It is estimated that, in the case of the Idrija mine, about 2,000 t of
mercury has been deposited downstream in the Idrijca River alluvial sediments. The
sediment contamination area along the Idrijca and Soča Rivers is estimated to be
more than 100 km up to the Gulf of Trieste. In the Idrijca Valley, there is up to
300 mg of Hg/kg or more deposited in the sediments [65]. In the Upper Meža Valley,

Table 4 Main soil pollutants and causes of soil pollution [21]

Pollutants (for locations see Fig. 10) Cause of pollution

Inorganic Cadmium Mining, smelting, industry

Chromium Metallurgic activity

Cooper Metallurgic activity

Mercury Mining, smelting

Nickel Metallurgical industry

Lead Mining, smelting, industry

Zinc Mining, smelting, industry

Organic Pesticides Intensive agriculture
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the topsoil is heavily contaminated within a radius of approximately 23 km2, where
the lead and zinc levels exceed 400 mg/kg. Levels even significantly higher than that
have been measured in local gardens (lead: over 2,300 mg/kg, zinc: over 1,500 mg/
kg). Alluvial sediments continue to be contaminated for several dozen kilometers
downstream, and the total area of contaminated soil is estimated at about 60 km2

[65]. Due to industrial activity, soils in the Celje area are contaminated with zinc
(which was smelted for one hundred years) in an area of about 17 km2, and also with
cadmium and lead [10, 65]. Zinc and lead contamination is also present on the Drava
River alluvial plain because of the historical lead and zinc mining upstream in the
Meža Valley, and in Austria and Italy. Soils are contaminated on flood plains
covering an area of 88 km2. This corresponds to the largest contaminated area in
Slovenia [65]. In the 1990s, elevated lead content was also detected in the soils along
the main roads across the country [66]. In addition, soils are contaminated in the
Velenje Basin (cadmium), the Zasavje region (cadmium and nickel), the Ljubljana
Basin (lead, zinc, copper, and mercury), the Upper Sava Valley (lead, astatine, zinc,
and cadmium), and the Maribor area (copper, nickel, and chrome). In some individ-
ual points located in western Slovenia, the values are also elevated due to the
ammunition used on the Soča/Isonzo Front during the First World War
(Fig. 10) [10].

Alert values of arsenic, nickel, and chrome appear at individual points in the soil,
primarily due to releases from illegal dumps and/or increased levels in the parent
rock, such as nickel in southwestern Slovenia because of the predominantly flysch
rocks there [10, 27].

In Slovenia, contamination of soil with organic pollutants is less problematic
because their levels do not exceed the alert thresholds [13]. Most often detected
hazardous organic compounds were polycyclic aromatic hydrocarbons [21]. In
certain areas of intensive agriculture, the limit values for pesticides or their degra-
dation products were slightly exceeded [13, 21].

Mineral fertilizers began to be used more intensively in the 1950s, increasing to
about 160 kg per hectare by the end of the century [68]. They are mainly used to add
nitrogen, and phosphorus and potassium fertilizers are combined with manure to
prepare the soil for planting [11].

The consumption of mineral fertilizers in Slovenia decreased 31% from 1992 to
2017 (Fig. 11). A decline in consumption can be observed after 1999, when it
amounted to over 180,000 tons. Consumption recorded after 2008 has been below
140,000 tons, with 130,000 tons recorded in 2016 and 2017. During the same period
(1992–2017), the consumption of mineral fertilizers per hectare of utilized agricul-
tural area also declined by 21%, from 342 kg/ha to 271 kg/ha. The reduced
consumption of mineral fertilizers can be attributed to the requirements imposed
by the EU Nitrates Directive [69] and the agricultural fertilization best practices [70].

The period from 1992 to 2017 also saw the consumption of nutrients (nitrogen,
phosphorus, potassium) decrease by 27%, from 135 kg/ha to 98 kg/ha (Fig. 12). The
average consumption per hectare of agricultural land was 62 kg of nitrogen, 27 kg of
phosphorus, and 34 kg of potassium. The predominant nutrient in mineral fertilizers
is nitrogen (51%), followed by potassium (27%) and phosphorus (22%). From 2007
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Fig. 11 Total consumption of mineral fertilizers in Slovenia from 1992 to 2017 [70]. The dotted
line shows the trend

Fig. 12 Consumption of nutrients (N, P2O5, K2O) per hectare of utilized agricultural area in
Slovenia from 1992 to 2017 [70]. The dotted lines show the trends
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to 2019, the consumption of nitrogen per hectare of utilized agricultural area in
Slovenia (57 kg/ha) was slightly below the EU average (60 kg/ha). In contrast, the
consumption of phosphorus per hectare of utilized agricultural area (20 kg/ha) was
higher than the EU average (14 kg/ha) [70]. The consumption of mineral fertilizers
and nutrients on agricultural soil continued to decrease after 2017 [11].

From 1992 to 2019, the phosphorus use decreased by 97% (Fig. 13). A total of
10 to 15 kg/ha was typical up to 2005 and after decreased to below 5 kg/ha. From
2004 to 2015, the phosphorus budget in Slovenia (4.5 kg/ha) was above the EU
average (2.2 kg/ha) [71].

Before the introduction of mineral fertilizers, soils were usually poor in nutrients,
especially phosphorus and potassium. After more than half a century of using
mineral fertilizers, the phosphorus and potassium levels are higher but vary greatly.
In general, potassium levels are higher than phosphorus. Meadows and pastures,
which account for two-thirds of Slovenian agricultural land, are less fertilized and
contain less phosphorus and potassium than fields [27, 68]. Especially in areas where
crops have a high productivity (hops, vineyards, intensive orchards, market garden-
ing, and potatoes) fields were usually over-fertilized, which is now reflected in
excessive phosphorus and potassium levels in the soil [68].

From 1992 to 2019, the nitrogen budget also decreased significantly: the gross
nitrogen budget decreased by 50%, or 1.6 kg/ha per year, and the net nitrogen budget
decreased by 81%, or 1.5 kg/ha per year (Fig. 14). It varied between 42 and 112 kg/
ha in this period. Between 2004 and 2015, the gross nitrogen budget was slightly
higher (54 kg/ha) than the EU average (50 kg/ha) [72]. Based on two decades’ older

Fig. 13 Phosphorus budget in Slovenian agriculture from 1992 to 2019 [71]. The dotted line shows
the trend
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data, the nitrogen budget was>60 kg/ha [73]. According to the OECD data [73], the
average for Slovenia was 36 to 42 kg of nitrogen per hectare. The main nitrogen
source is manure (50% on average) and mineral fertilizers (36% on average). The
reduced consumption of mineral fertilizers contributed the most to decreasing the
use of nitrogen [11].

Overall, agriculture does not excessively burden the soil and underground water
with nitrogen through the use of fertilizers or manure, but its consumption is not
distributed evenly across the country [27]. The highest nitrogen budget can be
observed in northeastern Slovenia [11], where agriculture is more intensive.

The limit values for pesticides residues were exceeded in some areas in Celje
Basin in eastern Slovenia and on the Drava Plain in northeastern Slovenia (Fig. 10)
[74]. Based on sales data, the consumption of these substances halved: from 1992 to
2015, there was a decrease from 2,031 tons 1,102 tons, respectively. Between 2000
and 2015, the average consumption was 6.2 kg/ha, or between 7.4 kg/ha in 2002 and
4.7 kg/ha in 2013 (Fig. 15). The use of pesticides per hectare of arable land is higher
than in most EU member states. Slovenia is characterized by a high share of areas
with permanent crops (orchards, vineyards, and hop yards) where the consumption
of pesticides (especially fungicides) per hectare is higher than with grains and most
root vegetables. Fungicides account for over two-thirds of all the pesticides used;
among them, inorganic sulfur-based fungicides, which are less detrimental to the
environment, account for the largest share. The smaller consumption of pesticides

Fig. 14 Nitrogen budget in Slovenian agriculture from 1992 to 2019 [72]. The dotted lines show
the trends
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was primarily influenced by the modernization of agricultural machinery and a more
effective method of usage [11, 75].

6 Soil Erosion

Water soil erosion predominates on Slovenian agricultural land, but wind erosion is
also common [17, 19, 76, 77]. Soil erosion is most intense in permanent crops fields
[11, 79]. It is assumed that in the past soil erosion played a more important role
because share of arable land was higher and there was also significantly less forest
(Figs. 3 and 4) [12, 80].

Using the RUSLE model to estimate soil loss by water erosion across the EU,
Panagos et al. [81] observed that the highest mean annual soil loss rate (at the
country level) was in Italy (8.46 t/ha), followed by Slovenia (7.43 t/ha; 1.49% of the
total EU soil loss) and Austria (7.19 t/ha). This results from a combination of high
rainfall erosivity and steep topography [81]. Slovenian estimates show lower mean
soil loss rates, between 3.70 and 4.52 t/ha per year [19, 79] or 3.68 t/ha per year
[20, 82]. An even lower mean annual soil loss (1.2 t/ha; 0.4% of the total EU soil
loss) was identified by Cerdan et al. [83], whose estimates for all of Europe were
based on measurements and land-use data (Table 5).

Slovenia belongs to the EU countries with the highest rainfall erosivity, with
maximum annual values exceeding 10,000 MJ mm ha-1 h-1 year-1 [20, 82,
84]. According to Panagos et al. [85], the mean soil erodibility in Slovenia,

Fig. 15 Use of pesticides per hectare of arable land [75]. The dotted line shows the trend
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estimated based on the K factor in the RUSLE model, is between 0.0282 and
0.0313 t ha h ha-1 MJ-1 mm-1. According to Vrščaj et al. [82], it is
0.026 t ha h ha-1 MJ-1 mm-1, whereby it can range between 0.001 and
0.048 t ha h ha-1 MJ-1 mm-1. Therefore, soil erodibility in Slovenia is below the
EU mean of 0.032 t ha h ha-1 MJ-1 mm-1 [85].

According to Panagos et al. [81], the mean annual soil loss rate on arable land in
Slovenia is 4.63 t/ha per year (ranking third in the EU) and on arable land without
Good Agricultural Environmental Condition (GAEC) it is 5.33 t/ha per year (fifth in
the EU). Based on this model, 269,900 ha, or 37.1%, of agricultural land in Slovenia
is exposed to strong or moderate soil erosion [11, 13].

According to Slovenian RUSLE-based estimates [20, 82], the mean soil loss rates
on arable land are higher than identified by Panagos et al. [81]: 7.58 t/ha per year in
fields and gardens. The highest soil loss rates were identified for permanent crops:
17.79 t/ha per year (olive groves: 41.62 t/ha per year, vineyards: 34.97 t/ha per year,
and intensive orchards: 11.91 t/ha per year). Based on this model, the soil loss rate in
grasslands amounts to 6.82 t/ha per year, and in forests to 0.43 t/ha per year (Table 5)
[20, 82]. However, these model-based data still need to be validated through field
measurements [86]. These are generally rare in Slovenia [19, 77], but they show
higher values than the ones estimated based on the RUSLE model for bare agricul-
tural land (90–118 t/ha per year on bare soil in an olive grove) and forests
(3.91–4.21 t/ha per year), and lower values for grasslands (0.90–1.68 t/ha per
year). Because the measured values apply to interrill soil erosion, which based on
the simultaneous measurements of rill and interrill erosion (Fig. 17) accounts for
only 10 to 25% of the total soil loss, the actual soil loss is significantly higher
[19, 77].

Wind soil erosion is even less visible in Slovenia than water soil erosion.
According to Borelli et al. [88], Slovenia belongs to the EU countries with the
lowest susceptibility to wind erosion, recording only 0.1% of land with very low

Table 5 Water soil erosion data for Slovenia based on selected sources (t/ha)

Method Slovenia
Arable
land Grassland Forest Source

Literature review
(measurements and
different models)
(Fig. 16)

3.70–4.52 0.86–1.93 0.79–0.81 0.32–0.28 Komac and Zorn
[79]

Plot measurements
(interrill erosion)

– 90–118a 0.90–1.68b 3.91–4.21c Zorn [19, 77]; Zorn
and Petan [87]

Field measurements
and land use data

1.2 – – – Cerdan et al. [83]

RUSLE 7.43 4.63 – – Panagos et al. [81]

RUSLE 3.13–3.68 7.64 6.82 0.29–0.43 Vrščaj et al. [20, 82]
a Inclination 9.4°, bare soil in an olive grove
b Inclination 5.5°
c Inclination 7.8–21.4°
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susceptibility to wind erosion. According to the same source, Slovenia’s wind-
erodible fraction of soil is among the lowest in Europe. Nonetheless, significant
wind erosion can also occur locally in Slovenia. This is especially common in
southwestern Slovenia, where the bora wind is typical. This is a cold, gusty, and
mostly dry northeastern wind, which is most common between November and April
and can reach well over 100 km/h (and even over 200 km/h). However, few
quantitative data are available for southwestern Slovenia. In February 1954, in the
Koper countryside a bora with a maximum speed of 23.7 m/s removed up to 10 cm
of soil. Due to strong wind erosion, fields in this part of Slovenia were cultivated in
the past mainly on the leeward slopes, whereas pastures predominated on the
windward slopes. Wind erosion in the Koper countryside was also observed in
November 2005. With a maximum wind speed of 24 m/s and an average weekly
maximum speed of 13.5 m/s, approximately 64.28 g of soil per m2 was eroded in a
week [19, 77].

Fig. 17 (a) Rill soil erosion
on bare agricultural land; (b)
in heavy rainfall with daily
erosivity of
1,110.5 MJ mm ha-1 h-
1 year-1, 2.67 kg/m2 of soil
was lost on a 1 m2 bare
erosion plot [19, 77] (photo:
Matija Zorn, ZRC SAZU
Anton Melik Geographical
Institute Archive)
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Because of the bora wind, today wind erosion is primarily a problem on bare
plowed fields in the Vipava Valley (Fig. 18). Wind erosion was especially strong
after extensive drainage or amelioration in the first half of the 1980s, when many
hedges (Fig. 19) were removed and plowed fields were left bare over the winter
[66, 89]. According to the Wind Erosion Equation (WEQ), the annual soil loss by
wind in the Vipava Valley is approximately 0.83 t/ha [90], but it can be much higher
in extreme conditions. It was especially intense (with the bora reaching up to
130 km/h) [91] in early 2012 (Fig. 20), when up to 10 cm of topsoil, or a total of
approximately 600,000 tons of soil (530 t/ha), was removed from 1,200 ha of
agricultural land [78]. However, in southwestern Slovenia soil erosion by the bora
wind also occurred in previous centuries [92].

However, wind erosion is also common in northeastern Slovenia, where agricul-
ture is more intensive [20].

In Slovenia soil erosion has often been overlooked [93], the main reason being the
lack of data on its intensity and extent. Soil erosion is not covered in the Slovenian
umbrella law on natural disasters – Protection Against Natural and Other Disasters
Act [94] or the umbrella law on agriculture – Agriculture Act [95]. The establish-
ment of systemic agricultural soil erosion monitoring is only envisaged in the
National Environment Protection Program [5] adopted in 2020 (Table 1). However,

Fig. 18 Wind erosion in the Vipava Valley in March 2010 (photo: Karel Natek, ZRC SAZU Anton
Melik Geographical Institute Archive)
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people were already aware of the soil erosion threats in the past, which can be seen
from the widespread construction of cultivated terraces as a traditional anti-erosion
measure [82] across most of Slovenia (Fig. 21).

7 Conclusion

Slovenia is among the EU countries with the lowest share of agricultural and arable
land, which continues to decrease further every year, especially due to continuous
afforestation (the consequence of land abandonment) and urbanization. The disre-
gard for soil or agricultural land as an important natural resource is reflected in siting
major infrastructure and commercial structures, taking the highest-quality arable
land. A further problem is the low value of agricultural land, purchases of which are
often connected with its intended recategorization into building land, which is then
sold at a significantly higher price. To improve the current situation, spatial planning
should identify soil as a limited natural resource and the foundation for providing
key ecosystem services.

Soil sealing as a result of the continuous expansion of built-up areas is the most
important process of agricultural land degradation in Slovenia. The other forms of
agricultural land degradation are soil contamination and soil erosion. Soil contam-
ination with inorganic pollutants predominates mainly in areas with past or ongoing
mining, smelting or metallurgic activity. Soil contamination with organic pollutants
is concentrated in areas with intensive agriculture. On agricultural land soil erosion
by water predominates, but wind erosion is also common. It is assumed that soil
erosion played a more important role in the past because the share of arable land was
significantly higher and there was also significantly less forest.

Fig. 19 Agricultural land near Ajdovščina in the Vipava Valley before (a) and after (b) extensive
amelioration. The main problem in preventing wind erosion is the lack of planted windbreaks
(source: Surveying and Mapping Authority of the Republic of Slovenia)
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Fig. 20 The consequences of wind erosion in the Vipava Valley in February 2012: (a) up to 10 cm
of soil was removed from a corn field; (b) over 10 cm of soil was deposited in a vineyard on the
opposite side of the valley (photo: Matija Zorn, ZRC SAZU Anton Melik Geographical Institute
Archive)
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Abstract Soil degradation is a global problem and in Spain is especially important
because of its climatic, geographical, and socioeconomic particularities. A large
surface of the Spanish territory is occupied by agricultural activities, constituting one
of the main land’s uses due to its importance for the country’s economy. Land use
linked to agriculture, livestock, and forestry has been present historically, which has
generated an impact on the soil that continues today because of the intensification of
agricultural activities and inadequate soil management. This chapter brings com-
bined the information on the current state of knowledge of soil degradation in Spain
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caused by agricultural activities. First, the state of the climate and the main existing
soil types are contextualized. Subsequently, in different sections, a review of the
main factors causing soil degradation, such as soil erosion, overgrazing, soil con-
tamination, salinization, agrochemical use, and the presence of microplastics is
given. The deficit of available information on the degradation rates of Spanish
agricultural soils has been highlighted and the processes of desertification have
become evident, predicting a more pronounced acceleration of degradation with
fatal consequences for these soils. Likewise, the several changes in soil use have
caused large areas to be affected by salinity, owing to the use of poor-quality
irrigation water and the overexploitation of aquifers and the excessive application
of agrochemicals, and soil contamination, have resulted in a reduction in fertility,
and have modified the physical, chemical, and biological soil properties. In view of
the above, adequate land management and land-use planning is necessary to improve
the state of Spanish soils, as well as the remediation of existing degradation
problems and the transformation of agricultural productive activities to sustainabil-
ity. It is essential to comply with existing policies strictly and rapidly and implement
adequate management aimed at mitigating their degradation, as their current and
future state could compromise the provision of recourses and services by Spanish
agricultural ecosystems, exceeding their resilience capacity and implying a negative
impact on food production and human health.

Keywords Land-use changes, Microplastics, Overgrazing, Soil contamination, Soil
degradation

1 Introduction

Soil is a very slow-forming, complex, dynamic, and living resource, non-renewable
on a human scale [1]. It is subject to increasing pressures due to anthropocentric
activities [2]. Its degradation limits their provision of benefits and services [3] and
implies the decrease in quality, limiting agricultural production [1]. Furthermore,
land degradation is considered one of the triggers of desertification, especially in
vulnerable areas [4–6]. In these areas, changes in land use, climatic restrictions, loss
of organic matter, soil erosion, forest fires, or intensification of agriculture could be
factors that accelerate degradation and desertification processes [7].

Land-use changes together with climate change are considered the main drivers
of global change, and both are major contributors to land degradation processes
[8]. Recently, the Intergovernmental Panel on Climate Change (IPCC) provided new
estimates about the probabilities of exceeding global warming of at least 1.5°C over
the next 20 years [9]. The relevant evidence of the impacts of climate change over
the last 40 years places Spain in a compromising position. These are confirmed by
visible effects such as the expansion of semi-arid climates, the elongation of
summers, or the increase in the surface temperature of the Mediterranean Sea of
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0.34°C per decade [5]. Therefore, due to its geographical location and socioeco-
nomic characteristics, Spain confronts important risks derived from climate change,
because some key economic sectors of its economy are closely linked to the climate,
such as agriculture and forestry [5].

Agriculture occupies almost half of Spain’s territory. According to the National
Statistics Institute (INE), the usable agricultural area in Spain is more than 23 mil-
lion ha (76% dedicated to rainfed and 24% to irrigated crops), while forestry covers
18 million ha [10, 11]. Throughout history, agriculture has contributed to the
creation and conservation of a wide variety of landscapes and habitats. However,
inappropriate agronomic practices could also have negative environmental effects
[3, 12, 13]. An example of this is the intensification of irrigated crops in areas of
Spain with lower rainfall, resulting in land degradation due to overexploitation of
aquifers, causing problems of water scarcity and salinization of agricultural soils
[14]. Soil is continuously exposed to degradation processes, some of which are
directly linked to agriculture, such as erosion, compaction, salinization, and con-
tamination (by heavy metals, agrochemicals, or microplastics) [7, 15, 16]. This fact,
together with the forecast of desertification due to climate change [9], demonstrates
the threats to the Spanish territory, which could lead to the decrease of soil, water,
and air quality, as well as to the fragmentation of habitats and the depletion of
wildlife.

Hence, through the contextualization of the country’s geography, climatology,
and soil types, together with a review of the main drivers of soil degradation in
Spain, the aim of this chapter is to unify the current information in order to provide a
general vision of the vulnerable situation of the territory.

2 Geographic Characterization

Spain is located in the southeast of the European continent at a latitude between 43°
47′ 25″ (Estaca de Bares, La Coruña) and 35° 59′ 50″ (Isla de Tarifa, Cádiz). It
covers an area of 506,030 km2, of which 493,514 km2 are on the Iberian Peninsula.
The archipelagos of the Balearic Islands (Mediterranean Sea) and the Canary Islands
(Atlantic Ocean) cover 4,992 km2 and 7,492 km2, respectively. Additionally, 32 km2

belong to the cities of Ceuta and Melilla in North Africa.
The orography in Spain is diverse, with an average altitude of 650 m above sea

level. Large mountains are situated in a west-east direction: the Cantabrian Moun-
tains and the Pyrenees in the north, the Iberian System in the northwest, the Central
System and the Toledo Mountains in the middle, and the Sierra Morena and Sierra
Nevada in the south. Additionally, it is also made up of two large plateaus: the
Castilian-Leonese Plateau in the north and the Castilian-Manchegan Plateau in the
south. Finally, it has two depressed areas between the edges of the plateaus known as
the North Valley of the Ebro River (NE Spain) and the South Valley of the
Guadalquivir River (SW Spain) [17].
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The Spanish littoral has 5,755 km2 surrounded by two large bodies of water, the
north and southwest by the Atlantic Ocean and the east and southeast coast by the
Mediterranean Sea [18]. The different thermal characteristics provided by the inter-
action of air and water masses give the Iberian Peninsula varied thermal and dynamic
peculiarities [19].

2.1 Main Climatic Characteristics

According to the Spanish National Geographic Institute [20], the average annual
temperatures fluctuate between 0°C and 22°C, with the lowest temperatures recorded
in the Pyrenees, Cantabrian, and Iberian mountain ranges and the Sierra Nevada, and
the highest are observed in the extreme south of the country. Winter can be described
as cold in the interior of the northern half of the peninsula, where temperatures do not
exceed 6°C, while in the south they are milder (≈12°C). However, north of the
peninsula has summers with pleasant temperatures (<18°C), and as the latitude
decreases, the summer temperature increases progressively until it reaches an aver-
age temperature of over 26°C in Andalusia (Fig. 1).

Annual solar radiation in Spain varies from 1,800 sunshine hours per year in the
north of the peninsula through values of 2,000–2,600 sunshine hours per year in the

Fig. 1 Average annual temperature obtained from information generated by the Ministry of
Agriculture, Fisheries and Food using geostatistical interpolation methods (kriging) from 1803
stations belonging to the Spanish State Meteorological Agency (AEMET). Source: Infrastructure
for Spatial Data in Spain (IDEE), Infrastructure for Spatial Information in Europe (INSPIRE),
Ministry of Agriculture, Fisheries and Food (MAPAMA)
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centre of the peninsula (southern Galicia, Castilla and León, La Rioja, Navarra,
Aragón, Catalonia, and northern areas of the Canary Islands) to more than 2,600
insolation hours per year in the southern half of the peninsula (the Duero and Ebro
basins, the Balearic Islands, and the rest of the Canary Islands). The maximum
sunshine (>3,000 h per year) is recorded in Cadiz, Huelva, Lanzarote, and
Fuerteventura [20].

In general, rainfall is scarce and irregularly distributed (Fig. 2). The annual
average is 650 mm per year [21], so there are areas, such as Galicia and north of
the peninsula, with values of more than 1,800 and 2,000 mm of rain per year, placing
them among the most humid areas in Europe, while 32% of the country receives an
average rainfall of 300–500 mm per year. Additionally, there are other areas where
values of less than 300 mm year-1 are recorded, such as southwest of the Iberian
Peninsula (Almería) or some areas of the Canary Islands, with values of less than
200 or 150 mm per year [20].

The heterogeneity of the relief, together with thermodynamic factors, is the
driving factor of climate on the peninsula and on the islands, resulting in a great
diversity of climates in Spain. Three major climatic zones can be delimited. Pre-
dominantly, there is a Mediterranean climate characterized by hot, dry summers and
moderate, rainy winters. In the north, we find an oceanic climate, and in the southeast
of Spain, we find a semi-arid climate, especially in the Region of Murcia [22]. The
aspect of the mountain ranges combined with the Foëhn effect results in semi-arid or
arid climates in the southern and eastern slopes of the mountain systems. The aridity

Fig. 2 Average annual rainfall obtained from information generated by the Ministry of Agriculture,
Fisheries and Food using geostatistical interpolation methods (kriging) from 4189 stations belong-
ing to the Spanish State Meteorological Agency (AEMET). Source: Infrastructure for Spatial Data
in Spain (IDEE), Infrastructure for Spatial Information in Europe (INSPIRE), Ministry of Agricul-
ture, Fisheries and Food (MAPAMA)
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increases from the extreme Northwest to the Southeast [21]. The following distinct
areas can be considered accordingly [17]:

1. Humid Atlantic and Cantabrian regions, from the west (Galicia) to the east
(Western Pyrenees). It has high rainfall (more than 1,200 mm year-1) throughout
the year and mild temperatures. If there is a dry period, it is short. Most of the year
the oceanic influence prevents temperatures below 0°C.

2. Mountain zones: the Pyrenees, Sistema Central, and Sistema Ibérico, as well as
the Cordillera Bética and Cordillera Penibética. These areas have an annual
rainfall of more than 1,000 mm year-1. In summer, there is a mild water deficit
caused by regular storms coupled with low temperatures (<11°C).

3. Continental zones (plains northern and southern) are distinguished by wide
seasonal and daily temperature ranges, with cold winters and warm summers.
The precipitation (400–600 mm year-1) is mainly concentrated in autumn and
winter, in which temperatures oscillate between 9 and 12°C.

4. Mediterranean zones (east, south, and west) experience annual rainfall between
500 and 800 mm year-1 with average annual temperatures between 12 and 15°C.
Summers are warm and dry, autumns are rainy, and winters are short and mild.

5. Semi-arid and arid Mediterranean zones (Central Ebro Valley and south-eastern
Spain) – generally torrential rainfall events occur mainly in autumn (150 and
350 mm year-1), with long, dry summers and mild winters, which provide long
periods of water stress.

6. Island areas (Canary and Balearic Islands) – the Canary Islands are characterized
by moderate temperatures (the mean annual temperature does not exceed 20°C)
with rainfall mainly concentrated at the end of autumn and winter. Rainfall is
scarce and irregular (<300 mm year-1) in the lower areas and more abundant in
the midlands (800–1,000 mm year-1) [23]. The mean annual temperature
recorded in the Balearic Islands is 14–15°C. On the island of Mallorca, the annual
rainfall is around 1,000–1,500 mm, and Menorca is located in an intermediate
position between Ibiza and Formentera (500–700 mm year-1) [24].

2.2 Main Soil Types

Soil formation and distribution in Spain have been conditioned by the different
climatic and geological factors to which the Spanish territory has been exposed, and
it is mainly calcareous [22]. In general, soils are shallow in semi-arid areas and
humid mountain hillslopes [17]. However, because of the long history of civiliza-
tions that have populated the Iberian Peninsula, it is difficult to find soils that have
not been affected by human activity (see point 2.3).

According to the World Reference Base for Soil Resources [25], 10 different soil
types are mainly found in Spain: Cambisols, Umbrisols, Leptosols, Paleosols,
Luvisols, Gypsisols, Calcisols, Regosols, Solonchaks, and Solonetz.

Specifically, the north of Spain presents a humid and mountainous strip from west
to east, where the most evolved soils are found, including Podzols, among which
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Cambisols and Umbrisols dominate, while Leptosols are found on steep slopes. We
find soils with mixed continental and Mediterranean characteristics, such as
Paleosols, in the northern region of the Sierra del Sistema Central (Duero River
basin) as well as Luvisols, Leptosols, and Cambisols. To the south of the central
system, there are typical Mediterranean soils, such as Luvisols, Cambisols,
Leptosols, and Gypsisols, which may be red on stable surfaces or white when
carbonates are abundant. Vertisols predominate in the Andalusian valley bottoms,
as well as saline soils in the areas that have not been drained in the marshes of the
Guadalquivir River. Arid soils are found in the provinces of Almería and Murcia
(SE Spain) and in the valley of the Ebro River. Additionally, Calcisols, Cambisols,
and Regosols, and sometimes Fluvisols and Gypsisol, are found in the most arid
areas and saline soils [17].

2.3 Outlines on Soil Degradation

Land degradation can be defined as the long-term decline in ecosystem functionality
and productivity [26]. In recent years, this has become an issue that needs to be
addressed by all nations [27]. Deterioration of soils leads to a loss of ecosystem
productivity, compromising the provision of resources and services and causing a
serious impact on biodiversity as well as the functioning of natural systems
[28]. According to the Food and Agriculture Organization (FAO) [29], 95%
of food is produced directly or indirectly in soils and, as a consequence, one-third
of soils worldwide are moderately or highly degraded because of erosion, loss of
organic matter, salinization, acidification, compaction, fire, or contamination (heavy
metals, agrochemicals, medicines, etc.) [30].

Socioeconomic conditions have proved to be important potential drivers of
degradation [28] which, together with the fragility of Spanish ecosystems, have
led to excessive transformation and degradation of the original environment
[21]. Numerous changes in land use, such as deforestation for the cultivation of
cereals and livestock (transhumance) between the sixteenth and nineteenth century,
the largest deforestation in the mid-nineteenth century, and government aid for the
afforestation in the mid-twentieth century, caused severe deterioration in the soils of
the nation [31]. At the beginning of the twentieth century, with the entry into the
European Union and the implementation of the Common Agricultural Policy (CAP),
the rate of degraded soils increased because of the change in the orientation to a
greater market profitability, which promoted irrigated crops [32]. Therefore, prob-
lems, such as the intensification of agriculture [31] and livestock farming [33], the
increase of urban pressure [32], and industrial pollution [34], combined with fre-
quent forest fires favoured by periods of drought [21], have positioned Spain among
the countries with the highest degradation rates (12.5% of the territory), with the
0.2% (63,266 km2) of the total degraded soils in the world [26]. As a result, Spain is
in a compromised situation, given that soil degradation, as a consequence of changes
in land use and loss of vegetation cover, combined with desertification stimulated by
climate change, is accelerating the loss of land productivity [3].
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3 Soil Erosion

Soil erosion refers mainly to the removal of soil particles at the surface or at shallow
depths by water (water erosion) or wind (wind erosion). Soil erosion on a geological
scale (a natural phenomenon that is involved in the modelling of the landscape) is
different compared to the human scale, in which erosion is generally compensated by
natural rates of soil formation. However, anthropogenic soil erosion or accelerated
erosion mainly lies in the inappropriate use of natural resources by humans, with
marked environmental, economic, and social consequences.

Soil erosion is a key factor of land degradation in Spain and is directly and
indirectly related to lithology, topography, land use, plant cover, soil management,
and climatology. According to one study, human activity over time explains eroded
landscapes and sedimentary structures in Spain [31]. According to the most recent
data from the National Inventory of Soil Erosion (INES), which is a homogeneous
geographic information system on erosion processes, almost 30% of the total surface
area of Spain suffers from medium to high erosion processes (soil loss of more than
10 tons per hectare per year). The average annual soil loss in Spain is around 14.2
tons per hectare per year, which varies according to the different autonomous
communities. The most affected regions are Catalonia, Andalusia, and Cantabria,
with losses of more than 21 tons per hectare per year. With less than 5 tons per
hectare per year, Castilla and León is the autonomous community with the least soil
loss rate. Aragon, Madrid, Extremadura, and the Canary Islands also show moderate
average losses (less than 10 t ha-1 year-1). Regarding the classification of soil
according to its level of erosion, there is a predominance of areas subject to moderate
erosion processes in all the autonomous communities. In Andalusia and Catalonia,
up to one-fifth of the soil is subject to high erosion processes (greater than 25 t ha-
1 year-1). Table 1 shows the percentage of surface area affected by erosion in the
different autonomous communities.

In relation to factors affecting soil erosion in Spain, there are numerous studies
about this topic [31, 35–37]. According to them, soil erosion problems in Spain vary
depending on soil types, climatic conditions, soil cover, soil management, or topog-
raphy. In general, erosion is more frequent in steeper slopes, and where rain erosivity
is higher and the climate has large seasonal differences. Moreover, the degradation
of vegetation and soil cover, associated with various perturbations (e.g. agriculture,
forest fires, and flooding), is one of the main causes of soil loss in Spain [38]. The
most affected Spanish regions tend to coincide with areas with a Mediterranean
climate, mainly in the mid-mountains, and with strong human pressure [39].

Forecasts of climate change in Spain indicate scenarios that are more favourable
to desertification processes (increasing aridity and temperatures). In fact, the report
“Impacts of Climate Change in the Processes of Desertification in Spain” estimates
that the risk of desertification will increase by about 22% in Spain as a consequence
of changes in aridity [40]. This fact would change the percentages of arid, semi-arid,
and dry sub-humid areas (Fig. 3). We can conclude that soil erosion is a serious
problem that threatens the soil and, by extension, the human activities supported by
it [41].
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Table 1 Annual soil loss by sheet and runoff erosion calculated by the INES with the Revised
Universal Soil Loss Equation (RUSLE) model, expressed in Tn ha-1, in reference to the total
geographical area of autonomous community

Region

% of land with erosive processes

Moderate intensity Medium intensity High intensity

Andalucía 57.61 19.76 22.63

Aragón 81.51 12.83 5.66

Asturias 61.92 21.67 16.42

I. Baleares 76.62 13.69 9.7

C. Valenciana 70.13 16.04 13.83

Canarias 69.25 21.86 8.89

Cantabria 59.91 22.39 17.7

Castilla y León 89.13 7.77 3.1

Cataluña 54.41 24.86 20.74

Extremadura 83.75 9.81 6.44

Galicia 74.34 13.06 12.61

La Rioja 65.84 20.43 13.72

Madrid 81.28 10.89 7.83

Murcia 66.41 18.13 15.46

Navarra 65.64 18.79 15.57

Source: Ministry of Agriculture, Fisheries and Food. Data for Castilla La Mancha and País Vasco
not shown

Fig. 3 Potential erosion in Spain estimated from the inventory carried out between 2002 and 2019
using the RUSLE (Revised Universal Soil Loss Equation) model (rainfall erosion index, soil
erodibility, and topography). Source: Infrastructure for Spatial Data in Spain (IDEE), Infrastructure
for Spatial Information in Europe (INSPIRE), Ministry of Agriculture, Fisheries and Food
(MAPAMA)
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4 Overgrazing

Overgrazing is still a problem for soils in different European Mediterranean regions
[42]. In future climate change scenarios, overgrazing with increased extreme
weather events may reduce primary production and ecosystem organic content,
accelerate soil erosion and alter soil chemical properties [43]. Continuous tram-
pling also causes serious soil compaction problems, thus increasing bulk density and
decreasing infiltration capacity [15]. Pastoralism has been a historical activity in
Spain [44] causing problems such as reduction of plant density and soil erosion
because of heavy grazing [21]. Livestock currently accounts for approximately 40%
of the total production of the country’s agrosilvopastoral sector [45], while the
remaining 60% is mainly in agriculture and, to a lesser extent, forestry. Combination
of intensive livestock farming with the use of permanent pastures, as well as other
extensive land-based activities linked to the use of natural pastures, accounts for the
19% of the total area of the territory, according to the National Geographic Institute
[45]. Livestock stocking rates have been stabilized because of reforms due to the
CAP in recent years, with the intention of minimizing the impact on threatened
Spanish ecosystems, particularly in the arid and semi-arid regions of south-eastern
Spain, which are at risk of desertification and are highly sensitive to climate change
[21]. Extensive and semi-extensive livestock farming is widespread in grassland and
pasture areas throughout Spain, but it is mainly located in the western part of the
country, Galicia, and the Cantabrian coast, and is also present with varying intensi-
ties in mountain areas and fallow lands [45].

However, in national agricultural analyses, registers about livestock are limited
and especially for extensive management [43]. Although overgrazing in agroforestry
systems has been cited as a problem associated with desertification risk in Spain
[21], there is not an inventory of soils affected or at risk of degradation because of
overgrazing. Theoretical studies have highlighted the serious risk of desertification
of land that has been intensively exploited by human activity for various purposes
such as the maintenance of livestock, hunting, and the use of other forest products
(firewood, cork, etc.), also known as “dehesas” and the lack of knowledge of these in
Spain [4, 46]. Extensive livestock farming is mainly located in areas with degraded
or low-quality soils and areas of complex orography or high altitude, with moorland,
scrubland, and “dehesas” areas being the most affected [45]. Therefore, the impact of
livestock farming on these fragile soils could have a serious impact. However, land
degradation because of overgrazing on the soil has been reduced to the local scales
[21], and most of the studies carried out focus on vegetation and pasture status
[44, 47–49].

The ecosystems known as “dehesas”, defined as a agroforestry system used for
livestock and hunting with variable tree density [50] and mainly dedicated to the
rearing of Iberian pigs and sheep [15], is particularly abundant in the SW of the
country and in the Andalusian Sierras Béticas. Physical and biological degradation
has been observed in these soils because of overgrazing, and the type of farm
management increases the risk of erosion [15]. Trampling and frequent rainfall
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events favour ruts and gullies formation with considerable soil losses [51]. One study
reported the compaction of dehesa soils in a depth of 5–10 cm in soils of 10 farms
distributed in the Extremadura region (SW, Spain) under intensive grazing [15]. The
authors found a positive and significant relationship between animal stocking
(mainly pigs and sheep and, to a lesser extent, goats and cows) and the area of
bare soil exposed to increased degradation, as it affected pasture composition and
productivity due to increased bulk density, and decreased infiltration capacity and
water retention. The highest soil organic carbon content in dehesas is found in the
first 5 cm of the topsoil [52]. In addition, a thinning of horizons due to the impact of
livestock pressure and a lower organic matter content with depth have both been
shown in the bare soil between trees [53]. Other authors pointed out that topography
could be a limiting factor in the impacts of extensive grazing, which could improve
the content of nutrients such as soil nitrogen and potassium content related to organic
matter inputs through livestock excrement and induce changes in the composition of
plant communities in low-lying areas [54].

On the other hand, in mountain ecosystems livestock activity is being abandoned
due to economic losses and European Union subsidies for agriculture [55]. As a
result, a decrease in soil compaction in the first 10 cm of the soil and changes in plant
communities in the mountains of northern Spain (Cantabria region) have been
reported in just 5 years after the number of animals has been reduced, as well as
the pressure on grazing areas used for extensive livestock farming [56]. In another
area, on the Pyrenees, problems due to grazing and transhumance abandonment have
also been reported. Historically, high mountain areas were deforested to generate
larger areas of pasture for animals during the summer, changing the hydrological
dynamics and favouring erosive processes which are currently declining due to a
decrease in livestock farming activity [57]. This abandonment has favoured the
development of scrublands [58, 59] but also the increase of wildfire risk [57]. In
recent years, controlled grazing to prevent fires has gained significance as a man-
agement tool in Mediterranean forests [60–62], and in some cases, grazing activities
are combined with low-intensity controlled burns [63], but there is still a lack of
information on the impact on soils.

In any case, minimizing the impact of soil degradation due to overgrazing
requires addressing the proper management of extensive livestock farming, espe-
cially in arid and semi-arid areas [21].

5 Soil Contamination

Both local and diffused soil pollution is a serious problem resulting from anthropo-
genic activities on a global scale [29], compromising food production and security,
soil and water quality, and in general the environment [64].

Soil contamination is regulated by Spanish Government Legislation (Law
22/2011. Waste and Contaminated Soils [65]). It defines contaminated soil as
those whose characteristics have been negatively altered by the presence of
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hazardous chemical components derived from anthropogenic activities and in con-
centrations that pose a risk to the environment or human health, and have been
declared as contaminated by regional authorities [64]. An inventory of economic
activities considered potentially soil contaminators, as well as the standards and
criteria for declaration of contaminated soil, was set out by the Royal Decree 9/2005
[66]. In addition to other activities, in which the obligation of decontamination by
the causers or owners of the affected soils is indicated, these edicts establish a
voluntary regime of decontamination that must be communicated to the autonomous
communities by means of a formal declaration. Regarding the latest information
about the status of European soil contamination [67], in Spain, only 50% of the
19 autonomous communities provided updated information, and the rest was esti-
mated by the Ministry of Agriculture and Fisheries, Food and Environment.
Regional authorities are responsible for keeping a record of voluntary remediation
and for the management of contaminated sites throughout the country. Even though
the law requires the causers to take responsibility for decontaminating the affected
soils, according to the last European report, 100% of the investment for the reme-
diation of contaminated areas came from public funds [67]. At the end of 2018,
Spain reported 133,344 sites that were estimated as engaging in potential soil-
contaminating activities, with 4,924 estimated to require investigation and of
which 270 were under investigation [68].

Despite the risks of soil degradation because of pollution in the country, it is
difficult to find precise data on the area or concentration of soil pollutants. An
estimate of the possible risks of soil contamination that could be associated with
potentially polluting activities is available from the State Register of Polluting
Emissions and Effluents of the Ministry for Ecological Transition and the Demo-
graphic Challenge (MITECO) (https://prtr-es.es). The main sources of soil contam-
ination evaluated in Spain come from waste or accidents related to industrial activity
according to the Spanish Geographical Institute [69]. Among the latest notable
accidents is the Aznalcollar mine spill (Seville, SW Spain), which affected agricul-
tural and natural soils with acid waste and sludge [70–72]. The mining is the main
activity which generates contaminated soil across the peninsula [17], and Andalucía
is the regional area with the highest production value [73]. There are other localized
sources, such as thermal, nuclear power plants, and military sites of special impor-
tance. Practically, the whole territory engages in potential soil-contaminating activ-
ities, although the mountainous areas, such as the Pyrenees, the Iberian and Central
System, Castilla and León, Aragón, and the Balearic Islands, have a smaller number
of contaminating sources [45]. On the contrary, the coastal areas of the east of the
country, the industrial areas of the Basque Region and Asturias, the Galician
estuaries, and Madrid are the most affected [45]. Besides, soil contamination derived
from the use of fertilizers in agricultural activities, irrigation with wastewater,
application of sewage sludge, and pesticides and fertilizers play an important role
in soil degradation in Spain. The additional importance lies in the large area devoted
to agricultural production due to the fact that 40% of Spanish territory is suitable for
crop production and because it is a historical activity linked to land use [74]. Like
that, Spain is one of the largest agricultural countries in the European Union and one
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of the main consumers of fertilizers and pesticides [75]. The abusive use of fertilizers
mainly causes nitrate contamination of groundwater as they are leached after appli-
cation to the soil. In the Survey of Commercialization of Phytosanitary Products,
conducted in 2019 by the Ministry of Agriculture, Fisheries and Food of the
Government of Spain, a total quantity of 75,397 Tn of pesticides were commercial-
ized [76], positioning Spain as one of the main consumers of pesticides in the
European Union [75]. Fungicides and bactericides were the most used, accounting
for 45.2% of total sales, followed by herbicides (22.6%), molluscicides and growth
regulators (22.8%), and, to a lesser extent, insecticides (10.4%).

The concentration of heavy metals in natural soil depends on the geochemical
composition of the geological parent material; however, agricultural management
can modify this concentration [77]. High heavy metals content in soils could reduce
crop productivity and the seed germination rate by up to 30% [78]. Furthermore,
these pollutants are capable of entering in the trophic chain, being a serious health
risk associated with deaths from digestive tumours in Spain [79, 80]. High contents
of heavy metals in rice crops irrigated with wastewater have been detected in
Valencia (E, Spain) [81]. In the NE of the country there are important agricultural
areas, such as the Ebro River basin, with 4.2 million ha of intensively cultivated land
and important industrial activity. The use of pesticides, fungicides, and fertilizers
increases the concentrations of Zn, Cu, and Pb from agricultural activity, as well as
the deposition of Hg generated by industrial emissions [82]. In the SE, the Mediter-
ranean region of Almería, dominated by greenhouse agriculture, heavy metal con-
centrations were found to be 88% higher than the natural baseline for geochemical
concentrations [83]. In 2018, the same greenhouse soils were evaluated 20 years
later and the concentration of Cu, Ni, Pb, Cd, Cu, and Zn had increased, indicating
that there is contamination associated with agricultural practices [84]. Results with a
similar trend were found for soil concentrations of Hg and Cr [79]. A high Hg soil
content has also been associated with coal-fired power generation, and its average
content in Spanish soils is 67.22 μg kg-1 [74].

The use of sludge, animal manure, and contaminated water for irrigation in
agriculture has also been referenced in the Spanish scientific literature as a source
of soil contamination by pharmaceutical products. Different geographical locations
and types of crops, such as rice fields and citrus and vegetable fields in Valencia,
barley and wheat crops in Segovia (Castilla and León), and citrus, vegetables, and
cereals in the Region of Murcia, are locations where traces of paracetamol or
carbamazepine, among others, have been found [85]. The presence of antibiotics
in soils has also been found in Spanish agricultural soils in different geographical
areas, such as Galicia (NW) [86] and Catalonia (NE) [87], with the use of irrigation
water or organic amendments from animal waste as the main drivers. The application
of sewage sludge has also been responsible for the contamination of agricultural
soils with polybrominated diphenyl ethers (PBDEs) [88]. Additionally, pesticides
and organic contaminant compounds associated with the management practices in
intensively cultivated soils with horticultural and olive crops, such as dichloro
diphenyl trichloroethane (DDT) and endosulfan, polycyclic aromatic hydrocarbons,
and other organochlorine compounds, have been found in Spanish soils [89–
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92]. The use of other types of amendments, such as the phosphogypsum
(PG) applied in agriculture, is another cause for concern in western Andalucía
[93, 94]. PG is obtained as a by-product in the manufacture of phosphate fertilizers
located in Huelva province [95]. This residue contains mainly gypsum, but also
heavy metals and radionuclides that are highly contaminating. Its use was limited in
2001 due to public health concerns; however, its use as a soil amendment was
allowed by the Spanish Government Legislation (Royal Decree 824/2005 of July
2005 [96]) obviating its content of radioactive isotopes [95]. Currently, PG wastes
management must comply with Spanish Government Law 22/2011 on waste and
contaminated soil [65], Decree 18/2015, of January 27 guidelines, which approves
the regulations governing the regime applicable to contaminated soils, of Andalusian
Government [97], and Spanish Government Law 25/1964, of April 29 which estab-
lishes the criteria for radioactive waste management [98].

Finally, another major concern corresponds to an important and general problem
associated with agriculture management – contamination by nitrates, especially on
groundwaters. Vulnerable zones cover an area of 110,482.22 km2 in Spain, which
corresponds to 21.8% of the national territory and continues to increase [99].

In any case, soil contamination problems in Spain are diverse, varied, and
widespread, posing a serious threat to human health and the goods and services of
agricultural ecosystems. The availability of a national inventory of contaminated
soils and the ease with which it can be consulted could facilitate the detection of
problems and prevent – as far as possible – their impact.

6 Salinity

Soil salinization is one of the problems that contribute most to the loss of soil quality
and degradation. The accumulation of salts generated by natural processes and as a
consequence of inadequate irrigation management in agriculture is a worldwide
issue that particularly affects areas susceptible to desertification, such as arid and
semi-arid regions [100]. Mostly, salinization is caused by the deposit of soluble
sodium, calcium, and magnesium in the soil [101], which can be the result of
primary processes (from natural sources) and secondary processes (caused by
human activity) that alter the physicochemical soil properties and lead to their
degradation [102]. Most often, soil salinization is associated with irrigation, partic-
ularly in areas with low rainfall and high evapotranspiration as is the case of arid and
semi-arid ecosystems [103]. Additionally, soil salinization is influenced by soil
texture, which can limit the washing of salts. The aforementioned factors, together
with the use of poor quality water or water rich in salts, increase their accumulation
in the surface layers of soils, thus reducing their fertility [101]. Soil salinization is
favoured in coastal areas because of the wind and rain deposit oceanic salt in the
environment [104], a fact that, together with the excessive use of groundwater,
causes saltwater intrusion into aquifers. Spain, together with Portugal, Greece, and
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Italy, is one of the most affected countries by salinization [105], causing the
remediation of saline soils large economic costs [106].

Over 20% of the Spanish territory is desert or severely degraded [105], with about
840,000 ha affected by salinization processes [13]. Soil deterioration by salt accu-
mulation is one of the greatest difficulties faced in agriculture because it limits its
potential and is closely related to poor management and the overexploitation of
water resources, especially in arid climates [16, 107]. It is estimated that about 30%
of agricultural soils applying irrigation systems are rapidly degraded by salinization
[108]. This phenomenon occurs frequently when water evaporates on the surface
depositing salts from parent material and subsoil layers. The Spanish Ministry of
Agriculture, Fishing and Food [109] carried out a classification of these areas,
among which the following were highlighted in the northwest of the peninsula: the
Ebro Valley (Bárdenas reales, Monegros, Llanos de Urgell, and Ebro delta, among
others); the Mediterranean coast [Segura River lowland (Alicante and Murcia) or the
Guadalentín Valley and Mazarrón, among others]; and Andalusia in the south of the
peninsula (middle and lower course of the Guadalquivir River, Campo de Níjar,
Campo de Dalias, Barbate-La Janda, Guadalhorce, and the lower course of the Odiel
and Tinto Rivers, among others). Saline intrusion has also affected other areas, such
as the Campo de Cartagena in Murcia, Castellón, the Alt Empordá in Gerona, or the
deltas of the Besós, Llobregat, and Marenases rivers in Catalonia. Likewise, this
problem also seriously affects island areas, such as the southern area of Mallorca
(Balearic Islands) or the Canary Islands, where Fuerteventura stands out with 54% of
its territory affected, as well as Lanzarote (30%), Gran Canaria (12%), La Gomera
(10%), and Tenerife (9%; www.agrosal.ivia.es). For this reason, water planning
criteria in the Canary Islands include restrictions on the intensive use of groundwater
to mitigate aquifer depletion [110].

Soil deterioration by salinization is one of the greatest difficulties faced in
agriculture because it limits its potential and is closely related to poor management
and the overexploitation of water resources, especially in arid climates [16]. It is
estimated that about 30% of agricultural soils applying irrigation systems are rapidly
degraded by salinization [108]. Saline soils, from an agricultural point of view, are
those with an electrical conductivity of saturation soil extract of more than 4 dS m-1

at 25°C [111]; that is, they contain sufficient soluble salts to adversely affect the
growth of most crop plants [112], thus causing yield decline [113]. An example of
this was the drastic reduction in yield and the crop growth of adult mandarin trees
after periods of more than 2 years of water and salt stress [114]. However, there are
sensitive crops that are even affected at lower values [115]. The reduction of
agricultural profitability leads to excessive fertilization, which in turn can lead to
increased soil salinity, heavy metal accumulation, water eutrophication, and nitrate
accumulation, thus becoming a threat to soil conservation [34]. Salt accumulation
and translocation is mainly determined by the irrigation method and water quality
and quantity. Poor agricultural management has led to an overexploitation of
aquifers. An example of that is observed in the Guadalentín Valley (Murcia),
where groundwater has been contaminated by the abuse of irrigated crops inducing
soil salinization [102]. Similarly, another study conducted on Haplic Calcisol soils in
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Campo de Cartagena (Murcia, Spain) revealed that fluctuations in soil salinity over
4 years depended on plot management and, particularly, on the irrigation water used
[116]. This problem occurs in irrigated crops and in rainfed crops, such as olive
groves. Additionally, it was observed that soil salinity was conditioned by the soil
washing capacity, increased linearly with irrigation water conductivity, and affected
the deeper layers [117]. The increase of electrical conductivity in agricultural soils
derived from the addition of salt-rich water generates a negative effect on biological
fertility and soil biochemistry [118].

At the beginning of the twentieth century, the Spanish government promoted the
transformation of rainfed agriculture into irrigated agriculture, mainly in the arid
extensions of the central Ebro Valley [119], without knowing the serious conse-
quences, such as the economic losses caused after the irrigation of Bardenas semi-
arid area in Zaragoza (NE Spain) [120]. This agricultural management transition, in
addition to generating economic losses, also affected the agricultural and environ-
mental functionality of the area. In the central Ebro Basin, geological materials rich
in salts were favoured in their weathering by irrigation, which promoted soil
salinization [121]. Similarly, the relief and low-quality water caused salinization
problems in the upper basin of the Guadiana River in central Spain [122]. Currently,
in Spain, rice cultivation is an important economic activity, forming part of the
agroecosystems of natural parks such as the Ebro Delta (NE Spain), the Albufera de
Valencia (E Spain), or the Doñana National Park, in the Guadalquivir Valley
(S Spain) [123]. It has been observed that these Mediterranean wetlands are bene-
ficial to the environment because crops can fix carbon on the surface [115] and act as
a barrier to prevent the rise of phreatic water with high salt content [123].

In addition to the aforementioned studies, there are others about soil salinity in the
east coast of the peninsula. For example, in the Vega Baja region of the Segura River
(Alicante), spatial and temporal changes in salinity of Fluvisol soils were examined
between 2002 and 2006, concluding that the area near the “El Hondo” lagoon had
saline and sodic soils [108]. In a similar study in this same area, it was observed that
irrigation with high salt content water drastically worsened the problem in Fluvisol
soils, with coastal areas being more affected by salinization. This was caused by the
overexploitation of groundwater by the demands of increasing urbanization, indus-
try, and agriculture, leading to a reduction in the water table and a triggering of the
intrusion of saltwater from the sea [124]. The soils of Murcia are heavily affected by
salinization, because of the large area devoted to intensive agriculture. Soils in a
highly productive agricultural area of this region were evaluated, confirming that the
main origin of high electrical conductivity was mainly because of poor irrigation
water quality as well as primary salinization [125]. Additionally, the semi-arid
conditions of the area caused the highest concentrations in the month of July,
concluding that the salt content depended on evaporation and capillary rise. How-
ever, the extensive use of saline or sodic water in Spain for crop irrigation [126] has
caused the country to become an example of the application of desalinated water in
irrigation – with 40% of the total existing desalination plants worldwide – placing
Spain in first place for the use of desalinated water for agricultural purposes [110].
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Soil degradation by salinization could be ameliorated by carrying out specific soil
studies to improve soil management and the implementation of efficient irrigation
systems. However, Spain has no legislation at national or autonomous levels that
demand this type of studies to the potential contaminant activities [113]. One
possibility for the recovery of saline degraded soils could be the implementation
of salinity-resistant crops, although some authors suggest that in order to obtain
successful results it is necessary to apply additional technologies including drainage
systems that allow the elimination of salts, as observed in the Monegros-Flumen in
Aragon (NE Spain) [127]. In semi-arid areas, where part of the irrigation is lost
because of high evapotranspiration rates, irrigation optimization can be a solution to
avoid salt accumulation in sandy loam soils [128]. An example of that is observed in
the soils of the Flumen irrigation district (27,500 ha; NE Spain), where improved
irrigation systems and agricultural management over 24 years lowered soil salinity
[107]. Another example of how good agricultural practices can lead to success in
non-salinization of irrigated land after 70 years is found in the Comarca de Violada,
located between the provinces of Huesca and Zaragoza (NE Spain) [119]. Another
technique to avoid or reverse this process could be to increase the irrigation dose
with quality water to wash away surface salts that may affect vegetation [129]. Other
authors propose that – in specific cases – a possible solution to this problem could be
the optimization of irrigation management in combination with the use of amend-
ments. In a trial conducted on a grapevine crop in which compost mulch was applied,
a decrease in required irrigation and soil salinity was observed [130]. The reuse of
residue for soil remediation could have great benefits, both for the circular economy
and for significantly increasing crop yields [16].

In general, excessive salts induce the death or decrease the productivity of plants
and soil organisms [131], and can lead to the displacement of autochthonous
vegetation, thus favouring the introduction of the allochthonous species because it
generates a toxic environment that slows the absorption of nutrients or decrease the
availability of water for native plants [112]. In Murcia, increased salinity in soils has
benefited the introduction of plant species such as Nicotiana glauca, which modifies
the functionality of the soil microbial community [132]. Moreover, the effect of
salinity on germination and seedling establishment has also been observed. It was
concluded that salts significantly reduce vegetation germination and survival [133],
but this phenomenon also affects halophytic plants, such as Limonium tabernense,
endemic of the Tabernas Desert (Almería, SE Spain), and their germination is
affected by salinity, temperature, and interaction between them [134]. Therefore,
some authors propose using vegetation as a bioindicator of soil conditions to
improve the environmental management of saline ecosystems [135].

It should be noted that the state of the soils for a large part of the Spanish territory
is unknown, because there are few studies that have been carried out in localized
areas. Thus, new research focused on studying the state of the soils is needed.
Similarly, studies should explore the influence of salinization on the different
ecosystems of Spain and the organisms that inhabit them. Ignorance in this area
could lead to the degradation of unaffected soils or to the worsening of damaged
soils, rendering them irrecoverable.
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7 Agrochemical Use

Since ancient times, agriculture has been a key part of sustaining human life. In
recent decades, new practices have been implemented that include the application of
agrochemicals, such as fertilizers and pesticides to improve crop production. Now-
adays, the addition of these substances has become a fundamental part of agricultural
systems to meet the huge food demand [75]. However, the large quantities of
agrochemicals used in modern agriculture to increase productivity and reduce crop
losses have led to the acceleration of soil contamination in the last few decades [34]
and, consequently, the deterioration of soil and water quality because of supplemen-
tation with nitrogen, phosphorus, and persistent pesticides [136].

Spain has a total of 50 million ha dedicated to agriculture [137]. In 2019, 75,400
tons of plant protection products were marketed (Fig. 4), 2.8% more than in 2018,
including fungicides, bactericides, herbicides, insecticides, molluscicides, and
growth regulators [76] – leading the pesticide sales in Europe. Despite the different
state and European regulations for the sustainable use of pesticides (Directive 2009/
128/EC, Regulation 2009/1107, or Regulation 2009/1185/EC, and others [138–
140]) their excessive application has generated soils in which these products have
prevailed [75, 90, 141]. Several authors have studied this fact and observed that the
presence of rest of pesticides in soils affects agricultural production [142] and the
physicochemical soil properties [143].

Pesticides are substances intended to prevent, destroy, repel, or mitigate any pest
that causes damage or interferes with agricultural production [144]. Despite being
considered environmental pollutants because of their potential toxicity and wide-
spread use [145], their cost-effectiveness is positive in controlling pests to maintain
the necessary production yields and economic viability [146]. These can be organic
or inorganic synthetic molecules, which are classified based on their chemical
structure, their mode of action, their form of entry into the organism, and their target

Fig. 4 Annual comparison between 2018 and 2019 of the marketing of plant protection products in
Spain expressed in tons. Source: Ministry of Agriculture, Fisheries and Food [74]
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organisms, and they can also be short-lived and not persist in the environment or be
classified as persistent organic pollutants as is the case with organochlorine insecti-
cides [145]. The toxicological effects of these substances on pests depend on their
chemical composition, in turn affecting their interaction with soil components
[147]. Because of the wide range of products existing, their persistence, behaviour,
and mobility are enormously varied, so the mechanisms involved in their degrada-
tion and retention in soils are broad [146]. The overuse of fertilizers and manure for
soil fertilization and the inefficient use of nutrients, such as nitrogen and phosphorus,
are the primary constituents of the environmental problems caused by agriculture
[148]. Furthermore, these fertilizers are also considered as sources of heavy metals
(Hg, Cd, As, Pb, Cu, Ni, and Cu) [34], because excess of fertilization could affect
other organisms in the ecosystem, in the case of agrochemicals residues that remain
in the field affect rotational crops [149].

The behaviour of pesticides in soils is governed by complex physical, chemical,
and biological dynamic processes, including sorption-desorption, volatilization,
chemical, and biological degradation, plant uptake, runoff, and leaching, which are
directly involved in the transport of pesticides within the soil and translocation from
soil to water, air, or plants, driving these compounds into the food chain [150]. It has
been estimated that less than 0.1% actually reaches the target pest [146], so proper
management of these products is of vital importance to avoid the contamination of
soils [151]. One of the major environmental problems with agrochemical use is the
sorption and leaching of pesticides from soil to groundwater. These processes are
determined mainly by the clay and organic matter content [152]. Examples include
the widely applied herbicides for weed control, such as 6-chloro-N2-ethyl-N4-
isopropyl-1,3,5-triazine-2,4-diamine (atrazine) or 4-chloro-o-tolyloxyacetic acid
(MCPA).

In southern Spain, 40,000 ha are dedicated to intensive agriculture under plastic
greenhouses, where more than 2 × 109 kg of vegetables are produced [153]. The
region of Almeria (SE, Spain) has 31,614 ha, the highest concentration of plastic
greenhouses in the world. Given the poor quality of the soil in this area, it is common
to add organic amendments rich in carbon, which, combined with the limestone
nature of the substrate, causes the herbicides to be adsorbed and leached, contam-
inating the soil and, therefore, the water. In a study in Almería in which the synergy
between the application of soil amendment and the excessive use of herbicides was
studied, it was observed that there was a higher mobility of MCPA than atrazine,
although at high concentrations of organic matter, atrazine can percolate to deeper
layers with dissolved organic matter [154].

In Extremadura (W Spain), olive grove cultivation covers 265,000 ha, and the
province of Badajoz accounts for 22% of this area [155]. It was observed there that
the addition to the soil in two proportions (5% and 10% w/w) of solid olive-mill
residue, named “Alperujo”, derived on the first step of olive oil extraction, had a
great influence on the fate of the herbicide simazine in Chromic Luvisol soils [156],
greatly reducing its vertical movement and attenuating its leaching [157].

In Andalusia (Southern Spain), olive groves have become the most extensive crop
in recent decades as a consequence of the high demand for olive oil, leading to an

Agricultural Land Degradation in Spain 281



increase in the application of agrochemicals to make production more profitable
[158]. These crops are normally located on sloping areas which, combined with the
Mediterranean climate, favours soil degradation and the mobilization of the agro-
chemicals used. One study concluded that the accumulation of agrochemicals can
lead to problems, such as the transportation of sediments containing simazine to
herbaceous crops located at lower altitudes [159]. Similarly, the use of highly
soluble fungicides, such as metalaxyl, or more hydrophobic fungicides, such as
penconazole, on cucurbits, pome fruit trees, or grapevines can cause a large envi-
ronmental impact because their behaviour in the soil and subsoil is influenced by the
organic matter, texture, and calcium carbonate content of the soil [160]. La Rioja
region is known worldwide for its vineyards, and the demand for wines from this
area has led to an abuse of agrochemicals. In this region, soils were studied and up to
17 pesticides and high concentrations of the fungicides metalaxyl and triadimenol,
the herbicides fluometuron and terbuthylazine, and the insecticide methoxyfenozide
were found [145].

The excessive and insensitive use of these substances has become a danger to the
environment and the ecosystems. Some of them remain for a long time in the soil of
the fields, increasing in quantity each season [161]. In Spain, the use of artificial
pesticides in intensive horticultural activities, such as organochlorines (suppress
symbiotic nitrogen fixation) and organophosphates characterized by their high
stability, persistence, and affinity for particulate materials [162], has generated
contaminated soils as well as limitations in agricultural production [163].

The presence of pesticide residues in the environment makes monitoring
programmes necessary to track the level of residue in soils, surface water, ground-
water, and drinking water because agrochemicals are transported from the soil to
nearby water sources as a result of rainfall or runoff. Thus, the agrochemical content
of soils is reflected in river sediment. An example of this phenomenon is observed in
the Ebro Delta (NE Spain), an important 320 km2 international conservation wetland
ecosystem. This area is dedicated to rice cultivation and receives large quantities of
pesticides, mainly organochlorine herbicides, as well as industrial pollutants that are
transported to the delta by the river. The excessive use of polychlorinated biphenyls
(PCBs), PCB congeners, insecticides, and organophosphorus pesticides in crops,
together with the dragging of these products by the river, has contaminated both soil
and water, with strong consequences for the biodiversity of the delta [164, 165]. Sim-
ilarly, the concentration of agrochemicals washed down from riverbeds can be
observed in different areas in Spain, for example, the accumulation of organochlo-
rine pesticides in the Albufera de Valencia (E Spain) [162], or also in coastal marine
sediments such as traces of Aldrin along the coast of Alicante and PCBs and DDT in
the Bay of Cadiz (SW Spain) [166, 167].

Thanks to Spanish legislation, the National Action Plan for the Sustainable Use of
Plant Protection Products 2018–2020, and farmers’ awareness of agrochemical use,
the concentration of these products in soils is decreasing. Proof of this was observed
in the monitoring conducted over 3 years in agricultural soils in Almeria, where the
presence of pollutants such as DDT and endosulfan decreased during the study [90].
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The controversy generated by the effects of commercial agrochemicals on human
health and the ecosystem has prompted farmers to consider alternative options, such
as the use of bio-based fertilizers and pesticides, as well as soil disinfection by
biosolarization as an alternative to chemical spraying [168]. Therefore, further
studies on the state of soils and the environmental effects of these pollutants are
necessary for a more sustainable use of agrochemicals in agriculture.

8 Microplastics

From the middle of the twentieth century, microplastic (MP) residues are accumu-
lating in soils, probably derived from petroleum and textile fibre products, among
others [169]. MPs are defined as plastic polymer particles with diameters ranging
from 5 mm to a few μm [170]. Although they have been poorly quantified in the
terrestrial environment [171], this appears to be one of the most important long-term
sinks for this waste because of their management on land [172]. Many soil properties
are affected by MP contamination [173]. Although there are still few studies on the
effects of MP on microbial activity, some studies have shown evidence about
negative effects in the presence of polyacrylics, polystyrene, and polyester
[174, 175]. However, it is known that soil pore space setup and its hydrological
properties can affect the metabolic functions of microorganisms [176], and MPs
reduce bulk density, increase water retention change, and can diminish the stability
in water of soil aggregates, modifying soil structure [174]. In addition, MPs can
accumulate in the food chain due to their small size if ingested by soil animals [177],
such as earthworms, nematodes, isopods, and collembolan. Studies evidence lower
life expectancy, changes in their intestinal microbiota, and deterioration of their
immune and reproductive systems [178].

Agroecosystems are an important input of MPs to terrestrial compartments
[179]. The frequent use and manipulation of plastics in modern agriculture facilitates
the access to soils of plastics widely used in modern agriculture [172, 180]. In
agricultural lands, input of plastic contaminants into orchards, horticulture, forest,
and pasture soils is also caused by the application of irrigation with wastewater,
water from contaminated rivers or water reservoirs [169], sewage sludge, and other
organic amendments from organic waste composted [171, 181–184], among others.

Spain is ranked as the fourth country in Europe in demand for plastics according
to data presented in Plastics Europe (2019), representing 7.6% (3.9 Mt) of total
European consumption (51.2 Mt). Sixty-seven percent of the plastic waste removed
in Spain is high-density polyethylene (HDPE), low-density polyethylene (LDPE),
polypropylene (PP), and linear low-density polyethylene (LLDPE) polymers; 13.3%
is polystyrene (PS); 10.3% is polyvinyl chloride (PVC); and 5.3% is polyethylene
terephthalate (PET) [185]. Currently, there is no mapping of MP pollution in Spain.
However, there are recent local studies focused on their presence in coastal sediment
in areas bathed by the Mediterranean Sea and the Atlantic Ocean [186–188]; in river
basins, such as the Llobregat in Catalonia [189]; the Ebro River [190]; or the Miño
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River [191] as well as in wastewater effluents and sewage treatment plants
[192, 193]. Because the water used to crop irrigation in Spain is usually taken
from rivers, water reservoirs, wastewater, or desalinated water, the latter mainly in
dry areas of the Mediterranean coast, it causes MP contamination in soils – an
unavoidable risk for the time being.

Similarly, plastics play an important role in Spanish agricultural production,
because they have economic and productive benefits [194] in horticultural and
fruit crops in the territory, especially in water-scarce areas [195]. Among their
main uses are the maintenance of specific microclimatic conditions, such as green-
house crops, also known as “crops under plastic”, which cover an area of 50,365 ha
in Spain and are located mainly on the southern coast of the country [196]. Another
common use is plastic mulch, which controls the growth of weeds while improving
soil moisture conditions and improving physical and chemical properties, such as
aggregate stability or nutrient retention [197], which are essential for crops in some
areas of S and SE Spain where precipitation is low. For example, in Andalusia (S,
Spain), different plastic cultivation systems are used for the cultivation of some types
of vegetables and fruits such as greenhouses or plastic tunnels, the latter being
widely used for strawberry crops [198]. Strawberry crops represent 97.3% of the
total area, with Andalusia being the region with the largest area (96% of the total
area), while only 2.7% are grown without plastic in the north of Spain where climatic
conditions are more favourable [199]. As for the plastic use as mulch, it is widely
employed in the Region of Murcia, where farmers have been practising this tech-
nique for 20 years for the cultivation of lettuce and escarole, for which Spain is one
of the main producers worldwide [198]. Other plastic waste, such as those from
packaging, containers used in agriculture, or silage, are also common sources of MP
contamination [200]. Even though the use of plastic in Spain is widespread in
agriculture, the impact of MPs on the soil has been scarcely studied, and the
available literature is recent, so there are no long-term studies.

Another source of agricultural soils contamination is sewage sludge, given that, in
Spain, 65% of the sludge generated is recycled through agricultural soils
[170]. Among the studies carried out, the impact of MPs is highlighted because of
the annual use of sewage sludge as fertilizer in rural areas of Valencia (E Spain)
[170]. The authors found MPs in 97% of the samples analysed and reported that the
successive application of sludge progressively increased the concentration of MPs
threefold in 10 years, which was equivalent to a 256% higher MP content with
respect to soils that were never treated [170]. The types of MPs found in treated soils
came mainly from fragments, followed by synthetic fibres and films, and showed
polypropylene (PP) and polyvinyl chloride (PVC) particles, with sizes of
150–250 μm as the most abundant. Information derived from studies in the last
20 years in the Region of Murcia (SE Spain) about MPs presence on agricultural
soils cultivated using plastic mulches to prevent soil evapotranspiration has been
mapped [201]. Additionally, it was considered that some of the plastic may have
come from packaging or silage from the packaging of wind-dispersed produce or
bags [201], which are often also consumed by sheep [201, 202]. All the analysed soil
and livestock fecal samples contained MPs, with an average content of
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2,116 ± 1,024 particles kg-1 in dry soil and 997 ± 971 particles kg-1 in dry feces.
Although no bibliographic data quantifying the concentration of MPs in agricultural
soils in the province of Almería (Andalusia, SE Spain) have been found, the
incidence of plastics used in these crops on the seabed soils of the adjacent Posidonia
oceanica coastal meadows bathed by the Mediterranean Sea has been evaluated
[203]. In this study, the existence of strong correlations between seafloor MP
pollution with the area of greenhouse crops and their production in a chrono
sequence since the beginning of intensive agriculture in this area in 1975 was
observed [203]. Thus, MP contamination in terrestrial soils could be significant.
Moreover, other laboratory studies conducted with earthworm species widely used
for vermicompost production (Eisenia andrei and Eisenia foetida) have shown that
MPs can induce different metabolic stress problems on the biota, which could have
an influence on soil productivity and its functions [204, 205]. However, research is
still needed to understand the influence of MP contamination on soils and soil
organisms, its effect on organic matter, soil microbiota and their metabolic activity,
and vegetation, as well as the potential problems it may cause for agricultural
production and food security in both the short and long term. Likewise, Spanish
guidelines, standards, and policies should be adapted to prevent and reduce the
impact of MPs on soils.

9 Conclusions

The geographical situation, climatic conditions, and the threat of climate change
makes Spain vulnerable to soil degradation and desertification, mainly in its arid and
semi-arid areas. This fact, added to erosion-derived problems and soil degradation
caused by different human activities, such as changes in land use, industry, or the
intensification of agriculture, has led to a large part of the territory being degraded or
in high danger of degradation. Therefore, the Spanish state is in a compromised
situation, given that one of its main socioeconomic activities is agriculture, which in
turn is one of the main precursors of soil degradation in the country. It is conse-
quently vitally important to make adjustments in the management of cultivated areas,
predominantly in the proper use of water resources and the application of fertilizers
and pesticides. Moreover, the presence of microplastics is another source of con-
tamination in soils and how they can affect human health is largely unknown.
Despite there being an important number of studies about problems derived from
soil erosion, overgrazing, salinization, use of agrochemicals, and microplastics
contamination, further research is still needed to make a statewide diagnosis and
obtain more accurate information on the state of soil degradation. A thorough review
of existing legislation and guidelines should be carried out to improve the preven-
tion, mitigation, and remediation of the impacts that lead to its decline. Likewise, the
uncertainty generated by global change forecasts requires an adaptive management
of soils that could be a good management tool to guarantee their health and quality
over time and, consequently, the ecosystem services provided by soils.
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Abstract The current status of agricultural soils in Sweden is dominated by a
tendency of land abandonment in some areas vs. intensification which leads to soil
degradation in other areas, like the south of the country. Overgrazing, slash-and-burn
agricultural practices or salinization is currently not a problem for Swedish agricul-
ture. On the other hand, soil compaction and erosion represent problems, mostly in
some areas of Sweden. Agricultural soils are also exposed to different soil contam-
inants, pesticides and microplastics which can have negative or unclear effects in the
soil ecosystem.
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1 Introduction to Agriculture in Sweden

Sweden is located in the north of Europe and is part of the Scandinavian peninsula.
The elongated form of the country provides quite some variety on the growing
conditions (Fig. 1). The climate varies from subarctic in the north to maritime and
continental in the south, where the mean annual temperature ranges from -3°C in
the north and 10°C in the south and the accumulated annual precipitation ranges
from 400 mm in the northeast and 1,000 mm in the southwest [1].

The vegetation period is about 100 days in the north and 210 days in the south.
The main soil type is podzol, which is dominated by forest production (Fig. 2). There

Fig. 1 Maps illustrating the mean annual temperature and precipitation (normalized over the period
of 1961–1990). Open access maps retrieved 2021-06-17 from the Swedish Meteorological and
Hydrological Institute (SMHI). https://www.smhi.se/data/meteorologi/temperatur/normal-
arsmedeltemperatur-1.3973
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are large contributions of clay, silt and clayey moraine in some regions, and this is
where agricultural activities are allocated, with Cambisols as the dominant soil type
(Fig. 2).

The arable land in Sweden covers an area of around 2.6 million ha plus 0.4
million ha of pastures, corresponding to about 7% of the total land area, with animal
husbandry being the dominant line of production for meat (mainly pork and beef)
and dairy products [2]. The growing conditions form the demographics of the
agricultural activities within the country, with smaller farms in the north and larger,
aggregated farming enterprises with intense crop production in the central and south
parts, representing as much as 60% of the national arable land [2]. Furthermore, half
of the animal husbandry facilities are located in the south of the country, mainly in
the southern counties of Sweden [2]. The climatic and soil conditions are more
favourable for forest land use in the northern and mountainous areas of the country,
while the central and southern regions are the most agriculturally productive.

The amount of precipitation in Sweden provides a majority of rainfed agricultural
production (90%), with only 10% of the production requiring irrigation. Currently
most of the irrigation practices in Sweden take place in the southern counties on

Fig. 2 Map illustrating the soil type according to the WRB classification. Soil Atlas of Europe,
JRC European Commission
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sandy soils, mainly in grasslands, cereals and potatoes (Fig. 3). However, under most
climate change scenarios the needs for irrigation will most likely increase early in the
season for cereals and during summer for other crops like potatoes [3]. This will pose
a huge future challenge for farmers in terms of building both knowledge and
infrastructure for irrigation.

In Sweden, the crop production is strongly dominated by cereals and leys, with
barley, oats and wheat as the most frequent cereals (40% of arable land; Table 1)
used both for human consumption and as animal feed. The practice of crop rotations
is well established and implemented for most of the farmers. One classic example of
conventional agriculture in the south of the country is a 4-year rotation including
winter wheat, winter oilseed rape, spring barley and sugar beet. In the southern parts
of the country, the use of autumn-sown winter crops is possible, and they are
beneficial for the recovery of nutrients and may both prevent leaching of nutrients
and promote soil fertility [4]. The use of cover or intermediate crops, like grass-
legume leys or oil radish, are other well-established practices to avoid bare soil and
nutrient losses during winter among the Swedish farmers, both conventional and
organic ones.

The organic share of total agricultural land in Sweden reached 19% in 2017 [5]
and 17% of the milk production was under certified organic management [2]. Sweden
is one of the countries within Europe with a bigger percentage of organic farming
area, just behind Estonia and Austria, but with much bigger area than the
neighbouring Nordic countries (Eurostat statistics).

The area of agricultural production has declined in the last decades in Sweden due
to declined interest in the younger generations of farming as a career path, resulting
in abandonment of land which successively became forests in most of the cases. In

Temporary and 
permanent grass 41%

Cereals (exc. maize, rice) 31%

Potatoes 12%

Sugar beet 5%

Other crops on arable land 4%

Rape and turnip rape 2%

Maize (grain and green) 2%

Fruit and berry

plantations 1%

Fresh vegetables,
melons, strawberries -

open field 1%
Pulses 1%

Fig. 3 Irrigated area by type of crops (%), Sweden, 2010. Source: Eurostat
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Sweden, similarly to most European countries, this land abandonment is a great
concern because of the impact in the rural communities and agricultural landscapes
and the decrease in biodiversity that it causes [6]. The Swedish Board of Agriculture
has a Rural Development Programme which is intended to promote growth, com-
petitiveness, entrepreneurship and employment and slow down agricultural land
abandonment. The number of farms thus has declined while the mean farm size
has increased, the production has intensified with respect to external inputs and is
nowadays more regionally specialized, with more intensive agricultural enterprises
placed in the south of the country. From the organizational point of view, the
Swedish farmers work mostly grouped in cooperatives [7], which are focused on a
unique activity. Therefore, the same farmer can belong to more than one cooperative,
for example a farmer with a mixed crop-livestock farm would be part of a dairy and a
cereal production cooperative at the same time. Such culture allows for specializa-
tion at the individual farmer level but also for integration of different farming
orientations at farm and landscape level.

The intensification caused well-known adverse impacts like the loss of soil
biodiversity [8] or the decline in farmland bird population [9]. The agricultural
intensification was implemented through the increase of mineral fertilizers and
pesticides and the upgrade of machinery, usually with bigger and heavier equipment.
This weight increment causes soil compaction and negatively affects the soil func-
tioning [10]. In spite of this intensification, Sweden is not self-sufficient in agricul-
ture, since the imports exceed the exports in this sector. The imports had a value of
164,144 million SEK while the exports had a value of 97,568 million SEK in 2019
[2]. Among the imports, meat and meat preparations, dairy products, vegetables,
fruits, coffee and tea stand out. On the other hand, Swedish’s most important exports
are cereals.

In Sweden, the conception of agriculture as part of the natural environment is
more settled than in other parts of the modern world and the agricultural landscape
together with the values associated with them are protected [11]. For example,
grazing activities have created semi-natural grasslands that are identified as some
of the most species-rich biotopes in Sweden [12] and their preservation is encour-
aged, regulated and financially supported by the government. Regulations
concerning livestock density, storage capacity and spreading of animal wastes
were implemented already in 1995 [13]. Sweden has, compared with the rest of
the European Union countries, a large number of environmental measures within the
national application of the EU’s Common Agricultural Policy [14], favouring
biodiversity protection in agricultural contexts. The concept of sustainable economic
development is emphasized by the Swedish government. The Swedish Board of
Agriculture is the Government’s expert and managing authority for agriculture,
fishing and rural development and is the central and coordinating authority for
farming subsidies and the organization of incentives for sustainable management
in agriculture.
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2 Soil Compaction and Erosion (Water and Wind)

Soil compaction and erosion have important negative impact on the soil productivity
and the environment. In Sweden, soil compaction (Fig. 4) in agricultural land is
mainly due to field traffic using heavy vehicles following the last decades of
intensification. The need of a programme for controlling the machinery-induced
compaction was highlighted decades ago [15], and several mechanisms were pro-
posed: reduction of load on running gear, reduction of ground contact pressure and
reduction in the area of fields subjected to traffic [16]. However, the weight of the

Fig. 4 Compacted soil under oilseed rape crop in the south of Sweden. Photo taken by Linda-Maria
Dimitrova Mårtensson, in June 2020, on the Alnarp Estate surrounding the campus of the Swedish
University of Agriculture in Alnarp, Sweden
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farm vehicles has continued to increase (Fig. 5), for example between 1989 and 2009
wheel loads of combine harvesters have increased 65% [17], causing an increment of
the soil compaction levels corresponding to estimated costs of several hundred M€

year-1 for Sweden [10]. Swedish subsoils are highly susceptible to compaction
because the soils are often wet during the field operations [18]. Despite the large
contact area of the wheels distributing the pressure somewhat, the heavy weight on
the soil surface distributes pressure into the subsoil layers. The degree of compaction
is indeed correlated with the axle load and the compaction can be detected at 30 cm
soil depth [19], which is right below the ploughing depth, where the ploughing itself
also contributes to a subsoil compaction, i.e. the plough pan.

Different tillage systems have different impacts on the soil compaction. While the
tillage system does not modify soil compaction significantly in the surface soil layer
(0–10 cm), more superficial tillage strategies (for example, chiselling vs
mouldboard) can cause an increment in the soil compaction in the deeper soil layers
[20]. In soils with a documented plough pan at 25–30 cm, the application of inter-
row subsoiling increases crop performance [21]. Most Swedish croplands are
ploughed to a depth of at least 23 cm [22]; however, the current tendency in Sweden,
similarly to the other Scandinavian countries, is towards reduced tillage strategies
[23, 24]. On the other hand, the increase in the organic production in Sweden, which
discards the use of herbicides for weed control, makes necessary the application of
different tillage techniques (ploughing, cultivation, harrowing, inter-row cultivation)
for weed control, even though non-mechanical strategies like cultivar choice, crop
rotation, biological control or the use of cover crops are gaining more and more
attention [25].
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Fig. 5 Historical evolution of (a) front wheel loads of combine harvesters and (b) rear wheel loads
of tractors. Figure from Keller et al. [10] (reproduced with permission of the publisher)
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Soil compaction has a direct impact on the soil, increasing bulk density and
decreasing water movement, which can negatively impact crop productivity [26]. An
early study in Sweden showed an 11% yield decrease in barley in soils with low
amount of organic matter [27], while a more recent one showed up to 72% loss in
potato yield in the south of Sweden [21], as a consequence of soil compaction. In a
controlled experiment in Sweden [28] where no traffic vs. three passes track-by-track
was compared, decreases in yield differed depending on the crop: spring wheat
(0.3%), winter rye (0.6%), winter wheat (3%), spring oilseed rape (3.6%), oats
(8.7%), winter oilseed rape (8.8%), sugar beet (9.4%), potato (9.9%), pea (11.3%),
and horse bean (21.7%). The type of crop in the rotation might as well influence the
level of soil compaction. One example of this in Sweden is the sugar beet production,
an important and profitable crop in the south region of the country. The introduction
of six-row sugar beet harvesters, with total loads of around 35 Mg increases the risk
of soil compaction up to 60% in the long term [29, 30].

Soil erosion from agricultural land is the main cause of soil loss and eutrophica-
tion processes. In Sweden, it was estimated that a maximum of 15% of the arable
land is a source of surface erosion, directly via overland flow or indirectly via surface
water inlets [31]. Soil erosion and consequent phosphorus losses are general prob-
lems in silt and clay agricultural soils in central and northern Sweden [32]. Most of
the phosphorus losses (around 80%) are a consequence of soil water erosion events
that occur in only 20% of catchment areas [33], known as critical source areas
(CSA). It is difficult to identify these CSAs due to a wide range of factors governing
phosphorous losses [34], but these authors identified two main causes of high
phosphorus losses in Sweden: surface runoff on heavier soils and loss of dissolved
phosphorus on sandy soils. Soils with values >35% of clay are associated with high
suspended sediment concentrations in associated streams [31].

The soil management indeed has a high impact on the erosion rates and phos-
phorus losses, where reduced tillage and year-round vegetation reduce the losses
[35]. Recent large-scale topographic data dictate the high relative erosion risk areas
to be situated in the central and west part of the country, with soil loss rates of
2–5 T ha-1 year-1 in arable lands [36]. Djodjic and Markensten [37] modelled the
erosion risk in the central-south of Sweden, representing 90% of the arable land, and
found that only 3% of the total area is included in the three highest erosion classes
(>10 T km-2). On the other hand, the model from Zhou et al. [38] only estimates
erosion rates >5 T ha-1 in the very south of the country (Fig. 6). Projections of soil
loss by water erosion in Europe by 2050 [39] predicts a drastic increase in the soil
loss in agricultural soils in the central-south area of Sweden. A study in different
agricultural streams (2004–2009) in Sweden measured between 0.01–1.75 T ha-
1 year-1 of suspended sediment and between 0.10–1.75 kg ha-1 year-1 of total
phosphorus [40].

Despite an improvement over the last decades, the phosphorus concentrations are
more than twice the natural values in 75% of the Swedish lakes [41] and most of the
eutrophicated lakes are situated in agricultural areas [42]. Engström et al. [43] point
out eutrophication together with global warming and resource use as the most
important sources of negative impacts on the surrounding ecosystems from Swedish
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agriculture. Indeed, an increase in the concentration of suspended solids and total
phosphorus from 0.4 to 0.7% over the period 1975–2004 in two large rivers in
agricultural regions is assumed to be a consequence of climate change because
different measures to reduce the phosphorus losses are successfully in place in
other rivers [42].

Wind erosion is not a widespread problem in Europe, if compared with arid
regions, however, it is a hazard in the northwest of the continent, in Lower Saxony
(about 2 million ha of land), The Netherlands (97,000 ha), south-east of England

Fig. 6 Spatial distribution of the rate of soil erosion and the level of increased total soil erosion in
agricultural land in the entire Scandinavia. The soil erosion rate in 2012 (a), soil erosion rate change
between 2012 and 2001 (b), areas with soil erosion rate higher than 1 Mg ha-1 year-1 (c), areas
with soil erosion rate higher than 5 Mg ha-1 year-1 (d). Maps in (c) and (d) are aggregated to 24 km
spatial resolution to improve visualization, and the values show the percentages of area above the
given thresholds in the aggregated grids. Agriculture land refers to the grid cells classified as
agriculture land both in 2001 and 2012. Figure from Zhou et al. [38]
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(260,000 ha), west of Denmark (about 1 million ha) and south of Sweden
(170,000 ha) [44]. In Sweden, it occurs mostly in the southern county, Scania,
which is exposed to periods of high wind erosion [45]. The total area of the arable
land in Sweden exposed to wind erosion is estimated to be about 35,000 ha, of which
about 20,000 ha is located in Scania [46]. The topography of the county is determi-
nant for the sensitivity to wind erosion. Since Scania is rather flat with about 30% of
the area below 30 m a.s.l., holding sandy and silty soils, around 23% of the arable
land in the county has high potential wind erosion risk [47]. It is reported, in sugar
beet fields, that the wind erosion in this area has increased since 1970 [48]. The
reasons for this increment are increase in the frequency of strong winds, higher ratio
of NE wind (more erosive), field enlargement, removal of wind breaking vegetation
and new methods in beet cultivation. Areas heavily affected by wind erosion were
transformed in the past from arable land by reforestation using pine plantations and
there are dunes in the landscape consequence of past wind erosion events in
agricultural fields. Despite this, in general, there is a lack of strategies to decrease
wind erosion on arable land, being a problem for current agriculture in Scania [46].

3 Overgrazing

In general, overgrazing is not a problem in Sweden. On the contrary, a process of
cessation of grazing and mowing species-rich semi-natural grasslands has taken
place in the last years, which have had very negative consequences for grassland
species diversity [49]. The process of management cessation in these species-rich
semi-natural grasslands is resulting from the transition from the smaller scale, closed
nutrient-loop-based agricultural practices with a grazing and mowing frequency
allowing for a large range of grasses and forbs to coexist, to a more intense
centralized livestock production relying on external energy and nutrient resources.
The former semi-natural grasslands then suffer from encroachment, initially by
shrubs and later by trees, leaving no room for the light-demanding species typical
for, e.g., pastures and meadows. One particular example is the cessation of grazing
which causes bush encroachment in the alvar vegetation, a unique type of grasslands
with high richness of species and a great number of rare species, in the Swedish
islands Öland and Gotland [50].

Governmental actions are taken to protect these semi-natural herbaceous habitats,
which include protection or set-aside land with prescribed management. Such
management often requires reintroduction of grazing. However, there is a risk that
such reintroduced grazing causes local overgrazing, which in turn leads to a decrease
in plant richness [50], thus missing the target of sustained plant species diversity and
the protection of rare species. Another special fact in Sweden is that the number of
horses for recreational use is bigger than the number of dairy cows [51], and the
horse population has more than doubled since 1981 [22]. By law, the horses have to
be outside at least, 1 h/day, every day, meanwhile the cows only have to be outside
during the summer months. This regulation causes local overgrazing by the horses,
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while the meadows are overgrown due to the lack of grazing cattle [51]. There is a
lack of studies regarding the impact of these local overgrazing events in the soil
system.

On the other hand, overgrazing events due to reindeer husbandry have been
highlighted as a problem in the north of Sweden, as well as in Norway and Finland
[52]. The reindeer caused overgrazing, trampling, and the disappearance of bare soil
and lichens, which is the main winter food for them [53]. To avoid these problems
the authorities in these three countries regulated the number of reindeer in a reindeer
village. Reindeer husbandry in Sweden is an exclusive right for the Saami, northern
Scandinavia’s indigenous people, and still in practice nowadays covering an area
roughly 50% of Sweden [54]. Other authors stated that the overgrazing caused by the
reindeer husbandry cannot be extrapolated, since strong grazing and trampling
effects may be found just around enclosures and fences [55]. Johansen et al. [56]
described change in plant species composition and soil erosion process in reindeer
summer pastures in Norway. This activity is currently threatened by the loss of
available grazing land due to forest and agricultural expansion, and to the difficulties
in predicting the weather, due to climate change. Furthermore, a significant part of
the previously species-rich semi-natural grasslands has been transformed to forests
[57], and this agricultural land abandonment has been increasing since the 1940s in
Sweden [58]. More research integrating the different socio-ecological challenges
and aspects of the reindeer husbandry are needed [59].

Nowadays, domesticated animals are mainly kept on former arable land where a
few high-yielding crop species are grown under high applications of fertilizers,
instead of on less productive semi-natural grasslands [2]. Similarly, the ley produc-
tion for winter and indoor feeding is done on fertile lands under high fertilization
practices instead of in traditional hay meadows. Including such grass and grass-
legume production for forage and fodder into ordinary crop rotations has several
benefits like the increase in the soil organic carbon [60] with positive consequences
for soil fertility and pest suppression, leading to improved yields in terms of both
quantity and quality [61]. Here, a discussion on different goals and potential conflicts
between goals may be advisable. However, we will leave such to another forum.

4 Slash-and-Burn Agriculture

Prohibition of slash-and-burn agriculture started in the 1570s in favour of the iron
mining industry [62], but continued far into the twentieth century in long cultivation
rotations, starting with the slash-and-burn clearing, continued with cultivation of
more nutrient demanding annual crops and was later used for hay making providing
winter fodder for the livestock, and at last, the area was used as pastures which
slowly were left for the more natural succession into forested areas again [63]. This
former use of slash-and-burn agriculture is recognized as one of the causes of the
borealization of southern Sweden, where broadleaved forests were common
before [64].
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Today, the only remnant from this practice is prescribed burning, which is
sometimes used in nature conservation areas where the grazing pressure or manage-
ment intensity is insufficient to maintain high plant diversity and the targeted
vegetation types. Prescribed burning can help avoid the competitive exclusion of
rare plant species and encroachment from shrubs and trees in protected grassland and
heather vegetation areas [65] otherwise occurring on the behalf of less competitive
plant species.

5 Soil Contamination

Contaminants can enter the soil system in various ways: via atmospheric deposition
transported from relatively near sources as well as from very distant ones; from the
weathering of the underlying bedrock becoming the naturally occurring soil constit-
uents; and through agricultural management. The accumulation of heavy metals in
agricultural soils is considered an important and increasing environmental concern.
Sweden has had policies in place since more than two decades ago towards zero
accumulation of heavy metals in soils by reducing the input of heavy metals through
atmospheric deposition, and fertilizer and sludge use [66]. Swedish boundary values
for soil metal concentrations (Cd, Cu, Cr, Ni, Pb, Zn, Hg) are among the lowest in
Europe, with the exception of Zn where Sweden allows higher concentrations in
soils naturally rich in this metal [67]. The limits for cadmium represent the threshold
values for human toxicity, but this might not be valid for soil microorganisms [67].

Cadmium is a naturally occurring heavy metal arising from the mother material
from which soil mineral particles are weathered. Thus, the background levels of
cadmium in agricultural soils depend on the underlying bedrock. At the European
level, the background levels of cadmium are quite low in Sweden, with soil values
generally between 0.02 and 0.09 mg kg-1 (below the average), with the exception of
a non-agricultural area with higher values in the centre of the country [68]. The
anthropogenic inflow of cadmium to arable soils in Sweden is dominated by
atmospheric deposition and cadmium-containing phosphate fertilizers [69]. Airborne
cadmium arises from smelter emissions, burning of fossil fuels and incineration of
municipal waste. The resulting deposition of cadmium follows a gradient with the
highest concentrations close to the continent and the lowest concentrations further
away, in the north of Sweden [70].

Cadmium may also enter the agricultural land through the application of sewage
sludge, which is an important strategy for closing nutrient loops in our current
society. The Swedish boundary value on the concentration of metals in agricultural
soil for the use of sewage sludge is 0.4 mg kg-1 dry matter [71]. Because of the large
potential as agricultural fertilizer, the sewage sludge from two wastewater treatment
plants in the south of Sweden was analysed on their content of heavy metals,
including cadmium. The author reports that the sludge cadmium content has
decreased from 3.5 mg kg-1 TS (in 1981) to 0.70 mg kg-1 TS (in 2017) [72]. The
same study report on cadmium recovered in the crops after sludge application. The
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content averaged from 0.012 mg kg-1 TS in winter oilseed rape, 0.018 mg kg-1 TS
in spring barley, 0.07 mg kg-1 TS in winter wheat, and 0.16 mg kg-1 TS in sugar
beet. In a very few cases, the sludge application gave statistically supported higher
cadmium content in the cereal grains or in sugar beet.

Furthermore, feed additives such as mineral feed and imported fodder and fodder
additives further enrich soils with different nutrients when manure, slurry or urine
are used as fertilizers, and so do liming activities [69]. The national mean of
cadmium was estimated to 0.24 mg kg-1 dry soil [73], with 9% and 8% of evaluated
agricultural soils reaching the categories of high and very high cadmium content [74]
in relation to the Swedish boundary value of 0.4 mg kg-1 dry matter [71]. The
solubility of cadmium in soils is related to the soil pH, with increasing solubility
under pH 4.5, and thus influenced by anthropogenic acidification [75]. Cadmium
present in agricultural soils and solved in the soil solution will partly end up in our
products. Winter wheat, one of the widespread crops in Sweden, accumulates on
average 0.05 mg kg-1 dry mass of grain [73]. However, according to a report from
the Swedish Food Agency [76], cereals and potatoes contain rather low levels of
cadmium, but since they are consumed at high levels, they still contribute largely to
the exposure in both children and adults in the Swedish population. Other products,
like mushrooms, crabs or moose kidney, hold higher levels of cadmium but are eaten
less often or in lower amounts. A balanced diet is always recommended.

Sewage sludge application on arable land may also lead to other risks and
potential problems. One important aspect is the spread of antibiotics and antibiotic
resistant genes, and the resulting increasing occurrence of antibiotic resistance.
However, a recent study on the long-term application of sewage sludge in arable
land, with doses between 4–12 metric T ha-1 every 4 years, did not cause accumu-
lation of antibiotics in soil [77]. The researchers found neither an increase in
phenotypic resistance after sludge application nor an enrichment of resistance
genes in soil. However, they did see subtle effects on microbial community compo-
sition and that the bioavailability of Cu was higher in long-term sludge-amended soil
than in controls. However, other studies detected antibiotics in digestates coming
from biogas production [78] that are used as bio-fertilizers on agricultural fields. The
enrichment of harmful and potentially harmful organic substances, such as
nonylphenol, did increase in soils amended by sewage sludge in the earlier days
(in the 90s), but in later assessments, such enrichment could no longer be seen
[79]. For most other organic substances, such as PAH (polycyclic aromatic hydro-
carbon), PCB (polychlorinated biphenyls), DEHP (diethylhexyl phthalate), BBP
(benzyl butyl phthalate), and DBP (dibutyl phthalate) the soils are still enriched
when amended with sludge [79]. The DEP (diethyl phthalate) was below the
detection limit and could not be quantified. It was concluded by Hörsing [79] that
in the case of unhealthy organic substances, the concentrations are generally very
low in the crops growing on land amended with sewage sludge and that large
amounts of raw material need to be consumed to possibly reach boundary levels.
Another type of substance that can end up in the agricultural soils and needs further
attention are the synthetic nanoparticles which in some products are combined with
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elements such as titanium, zinc, silver or gold [67]. The knowledge about their
toxicity and environmental impact is still limited.

6 Salinity

Sweden has more than 3,000 km of coastline, but salinity is not considered an
agricultural problem. Salt intrusion does occur in the coastal areas, but here semi-
natural pastures and meadows, i.e. continental salt marshes and salt meadows [80],
are since long located and now under governmental protection for the sake of habitat
and species protection. The coastal meadows have a natural distribution of 1,360
thousand ha, but only 3,600 ha is managed according to recommendations for habitat
protection [81]. Furthermore, 72% of the boreal and 54% of the continental ones are
Natura 2000 sites but despite this, the conservation of these ecosystems has been
reported as unsuccessful, mainly due to abandonment [82]. Salt marshes and salt
meadows are most often grazed by cattle due to their less precise preferences which
can be seen in sheep and horses. The feed value differs with the dominating plant
species and the local plant associations, with lower general quality and digestibility
for Phragmites dominated swards and higher for Juncus dominated ones [83, 84].

However, local problems with soil salinity occur under specific conditions. For
example, the use of salt for de-icing roads, a common practice during wintertime in
Sweden can increase the salinity of streams or aquifers along the roads as well as
soils [85]. On the other hand, the irrigation practices can be considered a risk to
induce soil salinity, since almost all irrigation water contains some amount of
dissolved salts. The relatively small percentage of land that is irrigated in Sweden
(10% of the agricultural land, around 0.3 million ha) minimizes this risk, but in a
future climate change scenario where irrigation practices would increase, it should
be considered.

An interesting phenomenon is observed in the Baltic Sea, where Sweden has a
long coast line. This sea has a natural low salinity of 0.3–0.9% due to the fact that it
is an enclosed sea with a great input of freshwater from hundreds of rivers and with a
single salt input point in the southwest. The Baltic has a problem of eutrophication
due to the agricultural activities in the countries around the sea, Sweden being one of
them. Indeed, the eutrophication process can decrease salinity, and this impact has
been detected in the west coast of Sweden with a consequent negative impact in
Charophytes algae [86].

7 Agrochemicals Use

The total hectare dose of agrochemicals used in Sweden generally lies within the
range of 1.5–2 kg ha-1, according to Statistics Sweden (2020) [87], with 58% use of
herbicides, 26% fungicides, 13% insecticides and 3% growth regulators. One of the
main environmental risks of pesticides is the contamination of water sources
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originated by leaching processes in the intensive agricultural areas, even though the
impact on the stream’s fauna and flora in intensive agricultural areas in Sweden has
been currently described as limited [88]. The flow of pesticides is dominantly
occurring through macroporous soils, but long-term storage along the transport
pathways also occurs, presumably in subsoil horizons where degradation is slow
[89]. The agricultural stream’s pesticides concentration in Sweden is mostly below
the European Uniform Principles, with only 2% of the samples above the limit, but
this threshold might underestimate the long-term ecotoxicological potential of the
pesticide’s mixtures in the streams [90].

The presence of chemical pesticides in surface waters in several agricultural
catchments in Sweden has been monitored since 2002 [91]. Pesticide concentrations
measured in surface runoff from agricultural fields often exceed Swedish water
quality standards [92]. Due to the recalcitrance of DDT
(dichlorodiphenyltrichloroethane) and HCB (hexa-peri-hexabenzocoronene), resi-
dues are still found in Swedish agricultural soils even though they have been banned
for decades. The metabolite of DDT, p,p-DDE and the HCB enters the human body
primarily through animal products and has been found in the blood of almost all
participants in a national monitoring programme [93]. The broad-spectrum herbicide
glyphosate is now used instead. Glyphosate is found in freshwater [94, 95] and in
urine from farmers after exposure [96], but the potential human health risks need
further evaluation.

In Sweden, as well as in the EU, there is a vivid debate about the use of pesticides
in agriculture, but regulation only defines maximum residue limits in food and feed,
not in soils. Among the different pesticides, the use of glyphosate has caused a big
controversy. Currently, the use of this herbicide is approved, but the approval
expires in 2022. In Sweden, glyphosate represents 28% of the herbicide used for
weed control, and the cessation of use would reduce between 5–8% of the income in
the Swedish agriculture sector [97]. Glyphosate has been shown to have a negative
impact on annelids (earthworms), arthropods (crustaceans and insects), molluscs,
echinoderms, fish, reptiles, amphibians and birds [98] and mycorrhiza [99]. It should
be noted that the monitoring of pesticide residues in foods of both plant and animal
origin has revealed that the EU-harmonized maximum residue levels were not
exceeded for any surveillance samples of Swedish origin in 2017 [100]. However,
biomarkers of contemporary pesticides have been found in measurable concentra-
tions in more than 50% of urine samples in Swedish adolescents, which indicates
widespread exposure and a widespread pesticide exposure from diet in Swedish
adolescents, but the concentrations are low and presumably below recommended
acceptable daily intake values [101]. Indeed, a governmental inventory showed that
97% of the fruits, berries, vegetables and cereals had lower values than the statutory
maximum residue level of pesticide residues [102].

A recent review on pesticide exposure on soil-dwelling, non-target invertebrates
show high negative effects, quantified on a range of endpoints, from structural
changes, such as visible, physical histological and/or morphological changes, to
mortality, such as change in survival and/or lifespan [103]. Effects of pesticide
exposure are dependent on type of pesticide, resulting in larger negative effects of
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insecticides on, e.g., beetles [103] and larger negative effects of fungicides on a
variety of fungal taxa [104]. Furthermore, a differential response has been detected
between the insecticide at hand and different invertebrate species [103]. Toxic
effects of pesticides on soil microorganisms have been also described, regarding
the inhibition of nitrification and denitrification mechanisms, in a study where
54 different pesticides were tested [105]. In terms of the less used pesticides,
fungicides have been found toxic for bacterial communities in wetlands [106],
while insecticides have been reported as a substantial risk to wild bees in agricultural
landscapes [107] with the consequent negative impact on pollination. Furthermore,
antimicrobial drugs can be used as growth regulators in animal production, known as
antimicrobial growth promoters (AGP). In Sweden the use of AGP was banned as
early as in 1986, being the first country setting up this ban allowing only the use of
antimicrobials under veterinary prescription [108]. This legislation did not lead to
economic repercussions in the animal husbandry sector, with the only exception of
the porcine production where a slight increase in piglet mortality was observed.

In Sweden, 180,490 tonnes of inorganic nitrogen is applied annually to agricul-
tural fields, which corresponds to 86% of the total 210,640 tonnes applied, where the
total includes organic fertilizers [2]. The corresponding numbers for applied inor-
ganic phosphorus and potassium are 13,460 (45%) and 24,190 (22%) tonnes,
respectively. A meta-analysis shows that long-term inorganic fertilization in
cropping systems increases microbial biomass, as a consequence of increased
amount of soil organic matter [109]. However, inorganic fertilizers have proven to
alter the soil bacterial community structure [110], down-regulate the activity of
arbuscular mycorrhizal fungi [111] and nitrogen fixing bacteria [112] with conse-
quences for plant nutrition and sustainable nutrient management in agroecosystems.

8 Microplastics

The presence of microplastics in the environment is a global concern. In Sweden, the
main sources and routes of dispersal of microplastics are road traffic, followed by
artificial sports grass lawns and households washing synthetic fabrics [113]. The
microplastics are primarily entering the agricultural soils via stormwater, while the
application of sewage water or sewage sludge from wastewater plants has been
documented to add insignificant levels of microplastics. The use of sewage sludge in
agricultural lands is currently under debate in Sweden, and the remains of
microplastics is one of the main concerns, mainly because of the possible “cocktail
effects” that can have when interacting with other substances present in the sludge
[114]. Water treatment plants have shown to reduce the majority (98–99%) of the
microplastics [115, 116]. Notwithstanding the water treatment plants are highly
efficient in reducing microplastics, microplastics do occur in sewage sludge
[117, 118], where a number of 720 particles kg-1 of sludge have been
detected [117].
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It cannot be excluded that cover materials, irrigation, flooding and atmospheric
deposition also contribute to the entrance of microplastics into the agricultural soils
[119]. In Sweden the largest greenhouse crops are cucumbers, lettuce, herbs and
tomatoes, covering an area of around 125 ha in 2019 [2] and the significant use of
plastics in horticulture through greenhouse covers, low and high tunnels, mulching
films, etc., increases the risk of microplastic contamination.

9 Conclusions

In the 2.6 million ha arable land in Sweden, soil compaction and erosion represent
problems, where high compaction due to the intensive management practices con-
curs with the natural susceptibility to wind erosion of agricultural soils. However, in
the 0.4 million ha of pastures, overgrazing is not considered a problem and is thus
not a driver behind soil erosion. Contrarily, the cessation of grazing and traditional
hay making is deleterious for biodiversity in general. Furthermore, slash-and-burn
agricultural practices do not currently suppose a risk for land degradation in Sweden.
Swedish agricultural soils are exposed to many different contaminants, but the
current regulations have resulted in low levels of such, resulting in a minor influence
on human health. Salinity is currently not a problem for Swedish agriculture. The
scientific knowledge on pesticide effects is not consistent and we may face threshold
scenarios parallel to those discussed in Steffen et al. [120], who points out novel
entities for which global-level boundaries cannot yet be quantified. The data on
microplastics occurrence in soils are growing, while their impact on crops, humans,
domesticated and wild organisms is still largely unknown.
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Abstract The degradation of the arable soils is one of the critical issues for
Ukraine’s agriculture production. The agricultural area covers 19 million hectares
within the Steppe zone, 16.9 million hectares within the Forest-Steppe zone and 5.6
million hectares in the Forest zone. The most important soils in Ukraine are
chernozems, phaeozems and albeluvisols. This chapter aims to study the factors
affecting Ukraine’s agricultural soil degradation. The physical degradation of the
Ukraine lands is related to excessive ploughing, poor balance of nutrients, insuffi-
cient application of organic matter, mineral fertilisers, ameliorants and pollution.
Many economically valuable crops are growing without reliable erosion protection
measurements application. The area affected by the radioactive elements in Ukraine
is about 461.7 thousand hectares. Overgrazing, slash-and-burn agriculture are not
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typical in Ukraine. The urgent needs for Ukraine are innovation and investments in
strengthening the material and technical base of the agricultural sector.

Keywords Erosion, Pollution, Soil degradation

1 Introduction

The Ministry of Agrarian Policy and Food of Ukraine (MAPFU) is responsible for
forming and implementing the Agrarian Policy of Ukraine. The Department of
Engineering and Technical Support and Agricultural Engineering of MAPFU is a
subdivision of the Ministry. The department’s main tasks are implementing state
policy on engineering and technical support and developing national agricultural
machinery production. Recently, the Ministry and its departments emphasised soil
fertility preservation in Ukraine. Among the urgent needs are innovation and invest-
ments in strengthening the material and technical base of the agricultural sector,
implementing environmentally friendly, resource and energy-saving technologies
and conservation. Ukraine’s State Agency of Land Resources is the central executive
authority on land resources activity. The Cabinet of Ministers of Ukraine coordinates
the Agency through the MAPFU [1].

The total area of Ukraine is 60.35 thousand km2. Ukraine includes three agro-
ecological zones and two mountain regions: The forest zone or Polissya with 19% of
total land, the Forest-Steppe zone with 35%, Steppe zone with 40%, and the
Carpathian and Crimean mountains, which occupy, respectively, the west and the
southern parts of the territory [1]. The Steppe zone covers 19 million hectares of
agricultural land, the Forest-Steppe zone includes 16.9 million hectares and the
Forest zone is 5.6 million hectares (Fig. 1).

The most essential for agriculture and well-known fertile soil in the world is
Ukraine Chernozems, black soils rich in humus. Chernozem soil covers about half of
the country (68% of the arable land). Chernozems are some of the most common
soils in Europe. There is still no consensus on the factors controlling Central
European Chernozems’ formation, conservation and degradation [2]. However, the
on-going human-induced chernozem degradation is still underestimated and poorly
studied in Ukraine. Other fertile and important agricultural soils in Ukraine are
Phaeozems and Albeluvisols [3]. Physical, chemical and biological nominal data
of Ukrainian soils and their classification were studied in the mid-twentieth century.
Since then, no all-inclusive soil data update has been done [1, 4]. The soil organic
matter content of chernozems ranges from 5.2% in wet Forest-Steppe, 5.7% in
Forest-Steppe, 6.2% in the steppe and 3.4% or less in South Steppe. Fertility follows
a similar pattern, decreasing from Forest Steppe to the Southern Steppe [1].

As of 01.01.2016, the farmlands in Ukraine cover 41,477.2 thousand hectares or
68.72% of the territory. The agricultural lands occupied 42,726.4 thousand hectares
or 70.8%. They consist of arable land – 32,528.9 thousand hectares (78.3%),
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perennial plantations – 879.4 thousand hectares (2.1%), meadows and pastures –
5,429.9 thousand hectares (13.1%), hayfields – 2,405.3 thousand hectares (5.8%)
and fallow lands – 233.7 thousand hectares (0.6%). Detailed information about
agricultural land design in Ukraine is described in Table 1. Ukraine is in the group
of countries with a high level of ploughing, significantly exceeding the regional
average level for Eastern Europe (61.7%). The part of the arable land compared to
the total land area is 56%.

Since 2011, the area of arable land has increased by 52.4 thousand hectares. At
the same time, the area of several other types of categories of agricultural land was
decreased: perennial plantations by 17 thousand hectares, pastures by 52 thousand
hectares, hayfields by 5 thousand hectares and fallow lands by 75.5 thousand
hectares.

The highest degree of ploughing of the agricultural lands is observed in the
Kherson and Cherkasy regions. The lowest ploughing of the arable land is typical
for the Zakarpattia and Lviv regions [5].

The structure of agricultural land generally does not always reflect the actual state
of land use. More reliability is the characteristic of economically active pharm
enterprises. As of 2016, according to the State Statistics Service [5], there were
47,697 agricultural enterprises in Ukraine, which operated on 19,821.2 thousand
hectares of agricultural land, which included 19,010 thousand hectares of arable
land. Thus, the amount of all other types of land, except arable land, is less than
4.1%. This situation does not allow us to discuss modern land use’s ecological
balance.

Fig. 1 Agro-ecological zones of Ukraine
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In addition, one of the main factors in the development of soil degradation
processes (primarily water and wind erosion) is the changes in the structure of
sown areas of crops [5]. The areas under economically valuable crops are growing,
but these practices increase erosion. As a result, compared to 2010, the area under
sunflower increased to 5,107 thousand hectares (11.6%) in 2015, soybeans –
increased to 2,158 thousand hectares (100%) and corn for grain increased to 4,123
thousand hectares (52.2%). At the same time, over 5 years, the area of perennial
grasses decreased to 1,027 thousand hectares (20.5%).

1.1 Soil Compaction

Soil compaction is a part of the physical degradation of the land in Ukraine
[7]. Nowadays, the processes of physical degradation are dangerous and common
for Ukraine lands according to excessive ploughing, the poor balance of nutrients,
insufficient application of organic matter, mineral fertilisers, ameliorants or pollu-
tion. Physical degradation is the effect of intensive agricultural land use, particularly
excessive ploughing of soils, intensive mechanical cultivation and reduced soil
organic matter content. These destructive processes covered the entire arable land
of Ukraine. The result is the destruction of the upper layer (topsoil), lumps after
ploughing, inundation and crusting, the presence of a plough sole, and finally, the
compaction of the soil subsoil layers (horizon B and C) and deeper layers. The
physically degraded soils are sensitive to erosion and characterised by decreased
absorption and retention of atmospheric moisture, limiting plant root systems’
development.

Soil compaction is the changes in the soil density related to anthropogenic
activity resulting in decreased growth of cultivated plants. It is high in soils with
high humidity (Voronic Chernozems Pachic) [8]. Conversely, the danger of soil
compaction development is much less for soils with a light particle size structure
(Luvic Phaeozems Albic), which are more common for Ukraine Polissya [9]. Thus,
at present, the threat of over-compaction is significant for 2/3 (66%) of the arable
land in Ukraine [7].

Soil compaction appears at more than 20% of the area when growing cereals. At
the same time, the increase in the soil density for the row crops (sugar beets and corn
for grain) is up to 45% [7]. 39% of Ukraine’s arable land is characterised by the risk
of soil compaction development and achievement of the total 72% of the destruction
[10]. The potential financial losses were predicted in 2000 [11] at 500 million USD.
The excess soil density negatively influences the overall productivity of the
agrocenosis [12].

Over-compaction occurs under the influence of two factors: natural and anthro-
pogenic. In the first case, it is called self-sealing. The main factors are climatic
phenomena and gravity. None of the soil types in Ukraine can counteract the
influence of these factors in the state of the arable land [12]. The most resistant to
self-compaction are the sandy soils of Polissya, and the least resistant is the
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chernozem soil of Steppe and Forest-Steppe [7]. At the same time, the observation
results detected a negative correlation between the total humus content and com-
paction for the soil of one type (R = -0.64) [13]. They did not observe the soil
compaction in protected conditions (national parks). There is evidence that soil
compaction is much more related to the arable land in Ukraine.

The anthropogenic changes are related to the combination of two processes. The
first one is the agricultural machinery undercarriage (i.e. wheels). The second one is
the working process and impact of the agricultural machinery working units
(i.e. plough, harrow) [14]. The result of the agricultural machinery influence is the
linear structures of the over-compaction of productive soil. Among these linear
structures, the most important are tracks and continuous formation (plough sole).
In the case of the tracks, soil compaction can reach 70–80 cm [15, 16]. In the second
case of the continuous formation (plough sole), the effect is visible according to the
depth of the soil tillage, which is 5–35 cm, depending on the tool type. The deepest
layer of the impact is 50 cm.

The level and intensity of the soil compaction depend on the type of running
system of machines and working units of the agricultural tools. Several attempts
were made to regulate the allowable pressure values on soil [17–19]. Soil compac-
tion is not only one type of loss and damage generated by the agricultural machinery
undercarriage (i.e. wheels). Among other negative impacts are soil structure damage,
resulting in a decrease in harvest [12].

In Ukraine, the agronomic classification of soil density is [13]:

– loose soil (<1.1 g/cm3),
– optimal density (1.1–1.3 g/cm3),
– dense soil (1.3–1.4 g/cm3),
– compacted soil (>1.4 g/cm3).

The primary measure of the compaction prevention of the arable horizon of
agricultural soils in Ukraine is their cultivation. The studies in the research field
demonstrated the effect of different measures of cultivation of typical chernozem on
its density. At the same time, the optimal physical values of the lower part of the
arable layer were increased when attracting the shallow cultivation with disk tools
[12, 20]. These results confirm the need to attract the algorithm with the periodic
deep cultivation (40–50 cm) with the combination of many different tools and
machinery. For example, replacing traditional ploughing with tillage increases soil
compaction in Ukraine (0.03 g/cm3 on average) [21].

A significant increase in the density of the arable soil layer was detected in the
first year if the tillage was not applied compared with the traditional ploughing. The
increase of 0.07 g/cm3 is 6%, and the average density increase under the studying
was up to 7.9%. Generally, the relaxation time (lea) leads to the compaction increase
throughout all arable layers of soil [22].
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1.2 Water and Wind Erosion

Soil erosion is a critical factor in soil degradation in Ukraine [7] and all over the
world [23].

From the beginning of the twenty-first century, the environmental and economic
losses of agricultural production in Ukraine have reached the dramatic proportions,
which were related to the anthropogenic impact and soil erosion. The main reason is
excessive soil ploughing [7].

Water erosion in Ukraine involves up to 15 million hectares of agricultural land
when the wind erosion affects up to six million hectares [24]. More than 20 million
hectares are affected by wind erosion [8]. In several regions of Ukraine, the per-
centage of eroded lands is much higher than the national average [7] (see Table 2).

According to expert estimation, Ukraine lost up to 500 million tons of soil
annually because of erosion. Accordingly, soil loss includes:

– 24 million tons of humus,
– 0.96 million tons of nitrogen,
– 0.68 million tons of phosphorus,
– 9.4 million tons of potassium.

The amount described above lost is comparable with the values of reverse mineral
fertilisation [8]. The annual growth of eroded lands reaches 80 thousand hectares
[25]. The largest increase is related to the Steppe zone of Ukraine [7]. The eroded
soil is characterised by low fertility. The losses of the agricultural sector of Ukraine
related to the shortage of yield reach annually (in equivalent): 9–12 million tons of
grain, or in 2010 prices up to six billion USD [4]. The report’s results confirm that
arable land’s erosion reaches 40% [7]. The largest areas of eroded soil in Ukraine
were detected in the area of Vinnytsia, Luhansk, Donetsk, Odessa, Chernivtsi and
Ternopil regions.1 These regions include 4.5 million hectares with moderately and
heavily eroded soils, and 68 thousand hectares have entirely lost the humus
horizon [7].

The main reason for a significant increase in the soil erosion processes in Ukraine
is the high level of ploughing in Ukraine. The ploughed land in Ukraine is 53.9% of
the total area and 78.1% of the agricultural land [7]. The lowest part of the rill is in
Polissya of Ukraine, the medium is in Forest Steppe and the highest is in the steppe
areas [25]. The mentioned above three climatic zones of Ukraine (Polissya, Forest
Steppe and Steppe) have differentiated in their types of erosion development [4].

The main factor of the erosion process occurrence in Ukraine is the relief
conditions. The slopes of agricultural lands of Ukraine have a differentiation [25]:

1https://superagronom.com/news/200-naybilshi-problemi-z-eroziyeyu-gruntiv-v-shesti-oblastyah-
ukrayini.
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– from 0° to 1.3° – 78%,
– from 1.3° to 3° – 17%,
– from 3° to 6° – 0.9%,
– from 6° to 12° – 2.1%,
– from 12° to 20° – 1.8%,
– ≥20° – 0.2%.

To predict soil erosion, the proposal was developed to transfer eight million
hectares of arable land to less erosive dangerous territories [4]. However, the land

Table 2 Eroded lands in Ukraine: regions and agro-climatic zones (thousand hectares) [7]

Region/zone
Agricultural
land

Arable
land

Eroded land Arable land

Total
Agricultural
land (%) Total

Arable
land (%)

Volyn 1051.4 674.3 362.4 34.5 225.4 33.4

Zhytomyr 1526.9 1092.8 87.8 5.8 60.7 5.6

Transcarpathian 453.2 200.6 39.6 8.7 35.5 17.7

Ivano-
Frankivsk

631.9 381.6 133.7 21.2 98.4 25.8

Lviv 1267.8 797.2 525.0 41.4 380.1 47.7

Rivne 933.9 658 323.3 34.6 224.2 34.1

Chernihiv 2076.7 1396.1 81.0 3.9 53.3 3.8

Polissya 7941.8 5200.6 1552.8 19.6 1077.6 20.7

Vinnytsia 2017.1 1729 687.5 34.1 593.1 34.3

Kyiv 1668.4 1360.6 157.9 9.5 128.8 9.5

Poltava 2175.7 1768.8 517.7 23.8 420.3 23.8

Sumy 1701.6 1232.8 305.1 17.9 176.3 14.3

Ternopil 1049.7 854.0 244.0 23.2 239.7 28.1

Kharkiv 2418.7 1926.6 996.3 41.2 791.2 41.1

Khmelnytsky 1568.4 1254.8 628.4 40.1 501.9 40.0

Cherkasy 1451.4 1271.6 326.6 22.5 286.1 22.5

Chernivtsi 471.2 333.9 124.2 26.4 88.5 26.5

Forest-Steppe 14522.2 11732.1 3987.7 27.5 3225.9 27.5

Crimea 1798.4 1265.6 999.3 55.6 919.3 72.6

Dnepropetrovsk 2514.3 2125.0 1104.8 43.9 914.7 43.0

Donetsk 2045.2 1656.0 1757.4 85.9 1080.0 65.2

Zaporizhye 2247.7 1906.7 1212.5 53.9 640.8 33.6

Kirovograd 2039.9 1762.4 1102.4 54.0 886.7 50.3

Luhansk 1911.1 1269.7 1372.3 71.8 1237.9 97.5

Mykolayivska 2010.0 1698.1 964.5 48.0 914.8 53.9

Odessa 2593.4 2067.6 1214.0 46.8 1081.6 52.3

Kherson 1971.1 1777.6 686.2 34.8 961.0 54.1

Steppe 19131.1 15528.7 10413.4 54.4 8636.8 55.6

Total in
Ukraine

41595.1 32461.4 15953.9 38.4 12940.3 39.9
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reform in Ukraine is not completed now, and the present land legislation support
does not allow the full implementation of the arable land transfer.

Among the measures to protect soils from erosion in Ukraine [4]:

– soil management,
– agroforestry,
– agronomic,
– special.

Among the soil management measures regulating land use is the implementation
of the “Guidelines for the development of land management projects that provide
environmental and economic justification of crop rotation and land
management” [26].

The main criterion for the organisation of the crop rotation fields [26] is the
inclination of the slope. There are three technological groups of arable land
according to the inclination of the slope:

– Group I – up to 3°,
– Group ІІ – 3-7°,
– Group ІІІ – more than 7°.

A definition of soil-protective technologies for growing crops is developed for
each group. In group I, the recommendation is to cultivate special-zoned crops with
intensive tillage, including row-crop technology. The first group is divided into two
technological subgroups. Subgroup Ia is the plain land with an inclination of the
slope up to 1°, where there are no restrictions in the choice of direction of cultivation
and sowing. Subgroup Ib is the area between 1–3° inclination. Here, obligatory
cultivation and sowing are permitted orthogonally to the slope direction or across the
acceptable angle to the slope. In the areas of group II, the recommended is to apply
grain-grass and soil-protective crop rotations except for the black steam field, row
crops and other erosion susceptible crops. Group II is divided into two technological
subgroups to differentiate the protective erosion measures’ level. Subgroup IIa is the
slope with an inclination of 3–5° without depressions. The subgroup ІІb considers
the slopes with 3–7° and 3–5°, the latter located in complex morphology. In the areas
of the technological subgroup IIa, the recommendation is to perform grain-grass crop
rotations. In the areas of subgroup IIb, it is required to organise the grassland soil-
protective crop rotations.

Implementing the approaches and recommendations described above is limited
by the high degree of inconsistency of the land market and land fragmentation. Up to
seven million private land plots cover an area of about 28 million hectares in
Ukraine. This is not favourable for implementing optimal and cooperative measures
at the local and territorial levels.

The agrotechnical actions require considering the territory’s soil, landscape and
economic conditions. The set of erosion protection actions to reduce the erosion risk
include [4]:
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– tillage orthogonally the slope, contour tillage and tillage with the formation of
inclined furrows;

– deep ploughing and ploughing with soil deepening, step ploughing, selfless
tillage with stubble preservation;

– attraction of the flat cutter, chisel and minimum zero tillage;
– stubble peeling and soil disking;
– combined shelf and selfless ploughing;
– splitting and taming of the soil;
– rolling of soil with simultaneous splitting, and with simultaneous rolling and

splitting;
– sowing with stubble drills with simultaneous formation of intermittent furrows;
– sowing of crops with simultaneous formation of furrows;
– intermittent furrowing and slitting of the soil during cultivation between rows of

row crops;
– application of early steam, snow retention and regulation of snow melting.

In addition, in Ukraine, more than six million hectares of land are systematically
affected by wind erosion, and dust storms influence up to 20 million hectares in
years. The Southern Steppe is the most impacted zone in Ukraine by wind erosion
and dust storms. Hence, the number of days per year with dust storms in the Southern
Steppe is 159, in the Northern and Central Steppe – l88 days/per year, and in the
Forest-Steppe and Polissya – about 33 days/per year.

1.3 Soil Contamination

The content of Co, Ni and Cr in the Ukraine soil depends on the bedrock [7]. Among
the most important soil properties related to natural zonation are organic matter
(humus) content, genetic type of the soil and horizons and particle size distribution
[27]. Generally, the reference heavy metals content does not exceed the acceptable
limits. The exception was registered for the territories of geochemical anomalies
located in the Ivano-Frankivsk, Zakarpattia regions and the Autonomous Republic
of Crimea [7, 28].

The Ukraine legislation requires the determination of mobile heavy metals,
i.e. zinc, copper, lead, cadmium and mercury [29].

The soil contamination with heavy metals is typical for all regions of Ukraine.
Very high content of mobile forms of copper is specific to 14.6% of Ukraine’s soils.
The peaks were registered in Kharkiv, Lviv, Zakarpattia and Chernivtsi regions.
High and very high values of lead in soils occur in 1.6% of Ukraine’s soils. In
particular, the value reaches 2.8% in Polissya soil-climatic zone. High concentra-
tions of mobile forms of zinc were found in 71.08 thousand hectares, and about 53.1
thousand hectares are in Polissya soil-climatic zone. An increased, high and very
high content of mobile forms of cadmium was found in the territory of 7.6 thousand
hectares or 0.047% of the Ukraine land. The predominance part is also located in the
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Polissya area. The exceeding of the limit values was also registered for the Steppe
zone of Ukraine (Zaporizhia, Luhansk, Mykolaiv, Kherson regions and Crimea).
Soils with high mercury content were not detected [29].

At the same time, numerous cases of crop production with a permissible content
of heavy metals were registered in the areas with high content of heavy metals in
soil. Conversely, the excess of heavy metals in harvest happens in areas with
relatively unpolluted soil. Such cases are common, mainly for sunflowers [7].

In Ukraine, according to the Institute of Soil Protection data, the maximum
allowable concentration of lead is exceeded in 0.15% of the studied areas, cadmium –
0.14%, and zinc – 0.06%. Significant concentrations of copper are found in 0.3% of
the area. These locations are concentrated in vineyards, berries and orchards in
Odessa and Kyiv regions.2

Currently, the study of the pesticide content in Ukraine soil is of increased
attention. Pesticides are harmful to crop growth and have been forbidden from
being used at the national level of Ukraine. The level of soil contamination with
forbidden pesticides gradually decreases due to their stopping use. In 1980, the area
of the arable soils with the identified residues of 4.4-dichlorodiphenyltrichloroethane
(DDT) and hexachlorocyclohexane (HCG) was up 72.7%. However, in 2010, these
lands were only 21.0%.3 Subsequently, in 2015, HCG pollution was recorded at an
area of 2.52 thousand hectares (only 0.014% of the surveyed lands), DDT was
observed at an area of about 6.69 thousand hectares (0.039%) and dimethylamine
salt of the 2.4-dichlorophenoxyacetic acid (2.4-D) was detected for the 2.5 thousand
ha (0.027%) [6].

The contamination of Ukraine’s soil with radioactive substances is closely related
to the accident at the Chernobyl nuclear power plant in 1986. The most affected are
Vinnytsia, Volyn, Zhytomyr, Ivano-Frankivsk, Kyiv, Rivne, Sumy, Ternopil,
Khmelnytsky, Cherkasy, Chernivtsi and Chernihiv regions. The monitoring of the
radionuclides is organised constantly. The contaminated areas remain in 12 regions
of Ukraine, where 8.8 million hectares have been surveyed. The contamination with
radionuclides of caesium and strontium agricultural soils was 01.01.2010, as shown
in Table 3 [7].

During 2011–2015, about 19 million hectares of land were surveyed for radio-
active isotope contamination. Caesium-137 contamination in the range up to 5 Ci/
km2 is observed at the area of 99.97%, more specifically, up to 1 Ci/km2–94.8%,
1–5 Ci/km2–4.9% [6]. Ukraine legislation accepts this level as admissible for
economic activity. The contamination of the lands with an intensity of more than
15.5 Ci/km2 is subject to conservation [30]. The relevant legislation determines the
legal regime of the contaminated areas [31].

The caesium-137 contamination in agriculture soils is over 37 kBq/m2 and is
spread over 461.7 thousand hectares. The arable land is 345.9 thousand hectares
(Zhytomyr region – 156 thousand hectares, Cherkasy – 76 thousand hectares,

2http://www.iogu.gov.ua/monitorynh-objektiv-dovkillya/vazhki-metaly/.
3http://www.iogu.gov.ua/monitorynh-objektiv-dovkillya/vazhki-metaly.
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Rivne – 52 thousand hectares, Chernihiv – 52 thousand hectares, Vinnytsia –
50 thousand hectares, Kyiv – 34 thousand hectares).4

The special attention in Ukraine related to the presence in the Rivne region of
18.6 thousand hectares of contaminated peatlands, which are a source of migration
of radionuclides because of wind erosion (National Report, 2010). The density of the
strontium-90 contamination has the following distribution: up to 0.02 Ci/km2–
76.3% of the surveyed areas, 0.02–0.15 Ci/km2–22.6% and 0.15–3 Ci/km2–1,1%.5

A comparatively unpolluted area as of 2015 is 99.7% of the surveyed area, where
agricultural production is possible [6]. At the same time, strontium-90 pollution
depends on emissions from the Chernobyl nuclear power plant. Strontium-90 con-
taminated 4.6 million hectares in the range of 0.74–5.55 kBq/m2, 52% of the
surveyed area. Such distribution of this radionuclide in the territory of Ukraine is
caused, first of all, by global emissions of strontium-90 [7].

As mentioned above, the use of radiation-contaminated areas is determined by
some regulations. At the same time, there is the danger of obtaining radiation-
contaminated products within lands with low radionuclide content in soils. The
increased danger of radioactively contaminated products remains at the pastures
and hayfields of contaminated zones located on meadow-swamp and peat-swamp
wetlands, which are characterised by high coefficients of biological assimilation of
caesium-137 in plants. Milk production, especially in private farms, is dangerous
concerning the radioactive feed [6]. Critical zones outside the exclusion territory are
widely registered, and this crop contains a high amount of radionuclides, predom-
inantly in soils of a light mechanical composition. Thus, more than 90% of the
surveyed lands by the density of radionuclide contamination are suitable for eco-
nomic activity without any restrictions. The zone of guaranteed voluntary
resettlement includes 5 thousand hectares (0.1%) of lands contaminated with
caesium-137 and more than 50 thousand hectares (0.3%) of lands contaminated
with strontium-90 [6].

At the same time, significant progress was observed compared to the situation
immediately after the Chernobyl accident. This progress is due to the natural
rehabilitation (i.e. radioactive decay, fixation and redistribution of radionuclides)
and the established agronomic measures. The measures are the reduction of food
contamination, the introduction of enhanced radioecological monitoring of agricul-
tural products, precision soil pollution mapping. 6

The soil protection measures from contamination have several peculiar charac-
teristics, primarily related to the characteristics of the soil as a natural object. This is
because soil and soil physical and chemical properties are less dynamic and more
inertial than water and atmospheric air. When water and air can be easily cleaned of
contamination, the soil (and even the pedosphere) are sometimes inaccessible to
recovery.

4http://www.iogu.gov.ua/monitorynh-objektiv-dovkillya/radionuklidy.
5http://www.iogu.gov.ua/monitorynh-objektiv-dovkillya/radionuklidy.
6http://www.iogu.gov.ua/monitorynh-objektiv-dovkillya/radionuklidy.
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1.4 Salinity

Saline soils are characterised by the presence within the soil horizons (all or partly)
of the soil profile, the easily soluble salts in the amount that inhibits the growth and
development of soil (pedogenesis). The crucial value of the inhibition is more than
0.1–0.3%. In Ukraine, there are chloride, carbonate and sulphate salinisation
according to the chemical composition of salts. The predominant territories with
saline lands in Ukraine are located in the central and southern parts of the Dnieper
and in the Azov Sea area.

Saline soils in Ukraine cover an area of about 1.92 million hectares. The 1.71
million hectares are for agricultural use. The lightly saline soil covers up to 1336.6
thousand hectares, medium saline soil – 224.3 thousand hectares and highly saline
soil – 116.3 thousand hectares. The most saline soil in Ukraine is solonchak (salt
marshes, salt-affected soil) which includes 32.8 thousand hectares [8].

According to the genesis, soil salinisation is divided into primary and secondary.
Primary salinisation is associated with natural processes, while secondary is related
to human activities. The soil degradation in Ukraine related to salinisation is
associated with reducing the irrigated land [32]. The irrigated land in Ukraine
decreased from 2,624 thousand hectares in 1992 to 551.4 thousand hectares in
2020. 7

There is another critical factor for soil salinity formation. The waters in Ukraine
used for irrigation have increased rigidity, especially in the southern regions. About
70% of the irrigated soils attract water sources with a salinity of less than 1 g/dm3. In
all other areas – more than 1 g/dm3 [33]. The relevant standards regulate the quality
of the irrigation water. In the case of natural water use, the regulation is involved
from the [34]. For wastewater, the regulation is involved from the [33]. Moreover, in
2020 the Cabinet of Ministers of Ukraine adopted the resolution, which formalised
all requirements together [35].

Using water with high mineralisation causes changes in the ratio between sodium
(increase) and calcium (trend or steady decrease). The irrigation leads to the increase
of the absorbed sodium content of the number of exchangeable cations. When using
the irrigation water of the first class (according to DSTU 2730–94), the increase is
from 0.6–1.0 to 1.5–2.0%. When second or third class water class is applied, there is
an increase of up to 3–10% [36].

The irrigated lands in Ukraine consist of 350 thousand hectares of saline soil,
including 70–100 thousand hectares of secondary saline soils. The area of the
solonetzes soil (Haplic Solonetz in WRB) is 2.8 million hectares, predominantly
within the Steppe zone of Ukraine. About 2/3 of them are ploughed, and about 0.8
million hectares are irrigated [8]. The annual chemical reclamation applies to
solonetzes soil, although their amount is insignificant within 6–7 thousand hectares

7https://superagronom.com/news/12128-ploschi-zroshuvanih-zemel-v-ukrayini-zbilshuyutsya-v-
2020-polito-ponad-550-tis-ga.
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(during 2011–2015) [6]. In 2014–2015, 78% of the reclaimed saline soils were
located in Ukraine’s Kherson and Mykolaiv regions.

As of 1990, plastering was carried out at an area of about 305 thousand hectares.
The annual requirement for soil plastering is estimated at 160–200 thousand
hectares [7].

Hence, the salinisation of the Ukraine lands demonstrated the risk of soil loss.
According to the agricultural survey [6], more than 19% of soils are acidic, and the
saline soil includes more than four million hectares. The liming of the acidic soil and
plastering of the solonetz soil is required. These procedures remain one of the main
components of agricultural measures to improve saline soil’s physical and chemical
properties in Ukraine.

1.5 Agrochemicals Use

The results of the soil surveys indicate a low supply of soils in Ukraine with easily
hydrolysed nitrogen. The low and very low content is typical for 93.1% of the
surveyed areas. At the same time, the situation is the opposite for the content of
phosphorus and potassium mobile compounds. The low or very low content of
mobile phosphorus compounds was observed only in 10.4% of soils. The soils
with a low phosphorus and potassium content are located mainly in the Polissya
area and the Chernivtsi region.

In general, the low content of mobile potassium compounds was detected only in
8.4% of soils. Such lands are located in Polissya oblasts, Chernivtsi, Kyiv and
Kharkiv regions [6]. Such kind of distribution of the elements shapes the strategy
of applying mineral fertilisation in Ukraine. Nitrogen fertilisers predominate, and
much less potassium is applied (Fig. 2).

The balance of mineral fertilisers (the difference between applying them and their
removal from the crop) has been negative in the last 15 years [29]. The negative
balance ranges from minus 108 kg/ha in 2011 to minus 67 kg/ha in 2015. Regarding
macronutrients, almost half of the total amount is formed due to potassium
deficiency.

Another problem related to Ukraine agrochemistry is the declining quality of soils
associated with the unbalanced use of mineral fertilisers. To achieve the optimal ratio
between nutrients, the amount of phosphorus and potassium fertilisers should be
increased at least three times [6].

There is a gradual increase in mineral fertilisation – the minimum application
registered in the late ‘90s (Fig. 3).

The data presented in Fig. 3 illustrate the general trends of the application of
mineral fertilisers in Ukraine. The increase in the number of nutrients is provided
mainly by nitrogen fertilisers. The priority crops (in 2019) that are the primary
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consumers of mineral fertilisers in Ukraine are vegetables (299 kg d.r./ha of specified
sown area), sugar beet (240 kg d.r./ha) and rapeseed (166 kg d.r./ha).8

The application of organic fertilisers in the last 30 years has decreased from the
level of about 260 million tons in the early 1990s to 10–11 million tons in
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8http://www.ukrstat.gov.ua/operativ/operativ2018/sg/vmod/vmodsg2019.xls.
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2010–2015 (see Fig. 4). This is related to the sharp decrease in the number of cattle
and pigs.9

The sharp decrease in the organic fertiliser application in Ukraine led to the gap in
the organic matter (humus) content in arable soils. The negative balance in 2011 was
minus 0.37 t/ha, in 2012 – minus 0.36 t/ha, in 2013 – minus 0.13 t/ha, in 2014 –
minus 0.20 t/ha and in 2015 – minus 0.13 t/ha. The regions located in the south part
of Ukraine are characterised by the biggest lack of organic matter content in arable
soil [6].

The humus balance improvement in the ploughing of the non-marketable part of
the crop (in 2015–5073.9 thousand hectares), as well as the green manure crops
(in 2015–233.4 thousand hectares), increased [6]. However, these measures do not
have a decisive impact because of the limited areas of the application.

1.6 Overgrazing, Slash-and-Burn Agriculture, Microplastics
and Other Forms of Soil Degradation

Some varieties of the soil destruction, that are common all over the world, are not
typical for Ukraine.

Fig. 4 Organic fertilisation in Ukraine

9http://www.ukrstat.gov.ua/operativ/operativ2021/sg/ksgt/arh_ksgt2021_u.html.
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Studies on soil degradation according to overgrazing in Ukraine have not been
held. The reason is the stable trend to the decrease of the livestock. Most farms use
the technology without grazing (on-site food). As of January 1, 2020, compared to
the exact date of 2019, the livestock of most species of farm animals decreased by
4.7–5.7%, and only the number of poultry increased by 3.6%. 10 As of January
1, 2020, the number in Ukraine was about 3.14 million, which is 5.7% less than on
January 1, 2019. The agricultural enterprises owned 1.05 million heads of cattle
(7.5% less than on January 1, 2019), and households – had 2.09 million heads (4.7%
less). As of January 1, 2020, there were 1.21 million sheep and goats (4.7% less than
a year earlier): 164 thousand heads of agricultural enterprises (10.0% less) and
almost 1.05 million households (3.8% less). Hence, livestock has no significant
influence on soil degradation, and reliable studies of overgrazing were not applicable
in Ukraine.

A similar situation is with the slash-and-burn agriculture in Ukraine. Deforesta-
tion is predominantly common in the Carpathian Mountains, related to the timber
trade. 99% of changes in forest cover result from deforestation, and fires are
responsible for less than 1% of the forest area change. Therefore the impact of
slash and burn is absent.

Until recently, the study of microplastics was not provided in the Ukrainian
guidelines for soil protection monitoring [37, 38]. The integration into the
European research community required the starting of microplastics monitoring.

One of the first studies of the microplastic content in the natural sites and objects
in Ukraine was launched as part of the Joint Danube Research #4 in 2019. The
results demonstrated that the amount of microplastics varies from 2 g/kg of the
suspended matter to 10 g/kg. The value of the microplastic content is 2.19 in Kiliya
at the Danube area and 2.42 g/kg in the Tisza of Ukraine. 11

Special legislative acts are being developed in Ukraine to reduce the accumula-
tion of plastic waste in the environment [39].

2 Conclusions

Ukraine consists of a Forest zone or Polissya with 19% of total land, a Forest-Steppe
zone with 35%, a Steppe zone with 40%, and the Carpathian and Crimean Moun-
tains. The agricultural area covers 19 million hectares within the Steppe zone, 16.9
million hectares within the Forest-Steppe zone and 5.6 million hectares in the Forest
zone. The important soils responsible for Ukraine’s highly intensive agricultural
production are the chernozems, which cover about half of the country (68% of the
arable land). Other fertile soils in Ukraine are phaeozems and albeluvisols. One of
the biggest challenges for Ukrainian farming is stabilisation of the situation with the

10http://ukrstat.gov.ua/.
11https://www.davr.gov.ua/news/pro-mikroplastik-u-nashomu-povsyakdennomu-zhitti.
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on-going human-induced degradation. The farmlands in Ukraine cover 41,477.2
thousand hectares or 68.72% of the territory. One of the critical factors in the
development of soil degradation processes is the changes in the structure of sown
areas of crops. The number of economically valuable crops is growing without
reliable erosion protection measurements application. The physical degradation of
the Ukraine lands is related to excessive ploughing, the deficient balance of nutri-
ents, insufficient application of organic matter, mineral fertilisers, ameliorants and
pollution. The soil compaction appears at more than 20% of the area with the grain
crops. More than six million hectares of land are systematically affected by wind
erosion in Ukraine, and dust storms influence up to 20 million hectares in years.
Wind erosion and storms are common in the Southern Ukraine. The soil contami-
nation with heavy metals is typical for all regions of Ukraine. The radioactive
contamination of the agricultural land of Ukraine with caesium-137 is over
37 kBq/m2. The affected area is about 461.7 thousand hectares. At the same time,
significant progress was observed compared to the situation immediately after the
Chernobyl accident. Ukraine’s predominance territories with saline soil are located
in the central and southern parts of the Dnieper and in the Azov Sea area. The
Ukraine soils are characterised by a low supply of easily hydrolysed nitrogen and
high content of phosphorus and potassium mobile compounds. The problematic
issue is the unbalanced use of mineral fertilisers. Overgrazing is not typical for
Ukraine because of the decrease in livestock grazing. A similar situation is with the
slash-and-burn agriculture in Ukraine.

Among the urgent needs for Ukraine are innovation and investments in strength-
ening the material and technical base of the agricultural sector, implementing
environmentally friendly, resource and energy-saving technologies and
conservation.
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