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Europe has experienced a series of major floods in the past years which suggests that flood magnitudes
may have increased. Land degradation due to soil compaction from crop farming or grazing intensifica-
tion is one of the potential drivers of this increase. A literature review suggests that most of the exper-
imental evidence was generated at plot and hillslope scales. At larger scales, most studies are based on
models. There are three ways in which soil compaction affects floods at the catchment scale: (i) through
an increase in the area affected by soil compaction; (ii) by exacerbating the effects of changes in rainfall,
especially for highly degraded soils; and (iii) when soil compaction coincides with soils characterized by a
fine texture and a low infiltration capacity. We suggest that future research should focus on better syn-
thesising past research on soil compaction and runoff, tailored field experiments to obtain a mechanistic
understanding of the coupled mechanical and hydraulic processes, new mapping methods of soil com-
paction that combine mechanical and remote sensing approaches, and an effort to bridge all disciplines
relevant to soil compaction effects on floods.

� 2017 Elsevier B.V. All rights reserved.
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1. Introduction

Europe has experienced a series of major floods in the past
years which may suggest that flooding is becoming more frequent
and severe (e.g., Hall et al., 2014). Destructive floods occurred in
several European countries like Germany and Poland in August
2002, in western Austria in 2005, in Italy in November 1994,
October 2000, and autumn 2011; the UK in October 2000, sum-
mer 2007, and the winters of 2013/14 and 2015/16; in Central
Europe in July 1997, summer 2010, and June 2013; the Balkan
region in May 2014; and, most recently, in Germany, France
and Belgium in June 2016 (Kundzewicz et al., 2017). In order to
project any changes into the future it is important to understand
the drivers that have triggered flood changes in the past. There
are three potential drivers, climate change, hydraulic structures
and land use change (Viglione et al., 2016; Hall et al., 2014;
Blöschl et al., 2017). Among these, land use change effects are
probably the least well understood (e.g., Peña et al., 2016;
Rogger et al., 2017).

Humans have interfered with landscapes over millennia, at an
ever increasing rate. In the last centuries, global rain-fed cropland
and pastureland have increased by 460% and 560%, respectively
(Scanlon et al., 2007). Land use change tends to follow a set pat-
tern: from the restoration of natural vegetation to boundary clear-
ing, then to subsistence agriculture and small-scale farms and, as a
final point, to intensive agriculture, urban areas and protected
recreational lands (Foley et al., 2005). These land use changes are
often associated with soil degradation, particularly if heavy
machinery is used, but grazing intensification may also lead to
major modifications of the soils (Carroll et al., 2004; O’Connell
et al., 2004). Some 33 million hectares are affected by soil com-
paction in Europe (Oldeman et al., 1991, cited by Birkas, 2008).
Of these, 20 million hectares are in Eastern Europe, which amounts
to 37.5% of the agricultural land (Birkas, 2008; Batey, 2009).

Soil compaction can cause a number of environmental and
agronomic problems, including increased leaching of agrochemi-
cals to the recipient waters, emission of greenhouse gases, crop
yield losses, erosion and flooding (Holman et al., 2003; Doerner
and Horn, 2006; Singh and Hadda, 2014). While soil compaction
effects on surface runoff are relatively well understood at the
local scale (Rogger et al., 2017), the larger-scale effects are rather
elusive and the literature is rather fragmented. To the best of the
authors’ knowledge, no literature review has been published on
the impacts of soil compaction on flood processes at the catch-
ment scale. The main aim of this review is to summarise current
knowledge on the subject in an organised way, identify gaps and
propose new avenues to better understanding soil compaction
effects on floods. While the focus is on soil compaction effects
on floods, we refer to land use instead of soil compaction in cases
where the degree of compaction is not specifically quantified in
the literature.
2. Soil compaction processes

2.1. Types and causes of soil compaction

Compaction is defined as an increase in soil bulk density and
reduction in soil porosity (Boone, 1988; da Silva et al., 1994). In
contrast, soil shearing does not necessarily reduce soil porosity,
but does destroy the continuity of macropores (e.g., Horn et al.,
1995; Alaoui et al., 2011a). Together they are referred to as soil
deformation (e.g., Alaoui et al., 2011a).

The ability of a soil to resist non-recoverable deformation dur-
ing loading (the soil strength) is influenced by several factors such
as texture, structure, organic matter content and in particular the
soil water content (Gill and Vanden Berg, 1967; Horn, 1988). The
behaviour of a soil during loading is therefore usually examined
as a function of soil water content (Young and Warkentin, 1966).
Soil strength can be estimated from stress-strain relationships
obtained from laboratory experiments (Casagrande, 1936) or from
pedo-transfer functions (Van den Akker, 2004; Horn and Fleige,
2003). The vulnerability to compaction may be assessed by com-
paring soil strength with the vertical loading. Soil compaction
may affect the surface and the subsurface.

Surface (topsoil) compaction: Compaction at the soil surface
(down to the depth reached by tillage) may result from stock graz-
ing (trampling) and traffic loading (Table 1). Trampling effects
depend on stock density, animal weight, hoof size, soil moisture,
soil type, plant type and field slope (e.g., Zhao et al., 2010;
Krümmelbein et al., 2006). It mainly affects the pore geometry at
the soil surface (Nie et al., 2001; Vzzotto et al., 2000) and the top-
soil matrix (Alaoui and Helbling, 2006). It may reduce the number
of earthworms, resulting in an additional reduction in infiltration
(e.g., Hills, 1971). The compaction depth does not usually exceed
10 cm (Greenwood and McKenzie 2001). Surface compaction may
result from traffic loading, especially from tractors with mounted
or trailed implements. Below the contact surface between soil
and tire, the soil deforms under normal and shear stresses (e.g.
Horn and Rostek, 2000). The shear stress rises sharply with an
increase in traction force and wheel slip, which may lead to the
detachment of a weak topsoil layer vulnerable to erosion and sur-
face runoff (Battiato et al., 2013). Tractor passes can form an aniso-
tropic soil pore system due to the simultaneous movement of
particles forward and downwards and to wheel slippage (Pagliai
et al., 2003; Peng and Horn, 2008). The changes can form a platy
structure in the upper few centimetres with elongated pores that
are oriented parallel to the soil surface. These pores are not verti-
cally continuous and induce mainly horizontal water fluxes
(Horn et al., 2003; Pagliai et al., 2003).

Subsurface (subsoil) compaction: The mechanical strength of
structured (characterized by the matrix and macropore domains)
soils mainly depends on aggregation, actual and maximum pre-
drying, and the composition and arrangement of the pore system



Table 1
Types and causes of soil compaction.

Type of compaction Description/causes Example references

Traffic loads The principal causes of compaction are compressive forces applied to compressible soil
from wheels under tractors, trailers and harvesters, during the passage of tillage
implements on the soil (particularly powered rotary equipment)

Hamza and Anderson (2005), Arvidsson
et al. (2002), Milne and Haynes (2004)

Cattle grazing/stock trampling Trampling-induced soil compaction in a pasture characterized by its spatially
heterogeneous distribution. It mainly affects pore geometry (or structure) at the soil
surface (surface compaction)

Alaoui et al. (2011a), Krümmelbein et al.
(2006), Vzzotto et al. (2000)

Puddling Tillage induced compaction of the subsoil in paddy rice fields leading to hardpans during
cultivation in water saturated conditions

Samson et al. (2002)

Urbanization Caused by the use of heavy machinery, the relocation of building materials, and
trampling by humans, especially near sidewalks or driveways, at construction sites, and
in public green spaces

Edmonson et al. (2011), Jim (1998),
Pouyat et al. (2007)

Industrial activities Caused during extraction of minerals, installation of underground pipelines or
remodelled landscapes using heavy machinery

Batey (2009), Batey and McKenzie
(2006)
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(Horn and Rostek, 2000). The more negative the pore water pres-
sure, the more pronounced is the strength increase. Thus, under
humid climatic conditions soils usually get weaker with depth.
Subsoil compaction risks increase with farm size, machine weight
(e.g., harvester) and the drive for greater productivity. Once subsoil
damage occurs, it can be extremely difficult and expensive to alle-
viate (Jones et al., 2003). Usually, the first pass of a wheel causes a
major portion of the total topsoil compaction (Bakker and Davis,
1995; Botta et al., 2006; Silva et al., 2008), whereas repeated traffic
with low axle loads can affect the subsoil (Balbuena et al., 2000;
Hamza and Anderson, 2005).

2.2. Soil properties

2.2.1. Soil structure
Laboratory experiments have shown that the inter-aggregate

structure of soils is more susceptible to compaction than the soil
aggregates themselves (Li and Zhang, 2009). Macroporosity is
therefore more sensitive to compaction than total porosity
(Alakukku, 1996). Jégou et al. (2002) showed that soil compaction
decreases the continuity of burrow systems. Soils with mainly hor-
izontal pores are more susceptible to compaction than those with
vertical pores (Hartge and Bohne, 1983; Schäffer et al., 2008).

2.2.2. Soil texture
The degree of compaction (actual bulk density expressed as a

percentage of the reference-compaction state of a given soil,
Håkansson and Lipiec, 2000) also depends on soil texture. For
example, silt loam soils with low colloid contents are more suscep-
tible than medium or fine textured loamy and clayey soils at low
water contents, while sandy soils are only slightly susceptible to
soil compaction (Horn et al., 1995). Smith et al. (1997) showed that
a loamy soil subjected to varied pressures and moisture contents
was resistant to compaction when dried and susceptible to com-
paction when wet, while a loamy sand soil showed smaller
increases in compaction with increasing load and moisture
content.

2.2.3. Organic matter
Increases in soil organic matter may reduce compactibility by

increasing resistance to deformation and/or by increasing elasticity
(rebound effects; Soane, 1990). High organic carbon contents can
even reduce soil compaction at high moisture levels in clay and
silty clay soils (Smith et al.,1997; Nawaz et al., 2013; Hamza and
Anderson, 2005; Smith et al., 1997).

2.2.4. Water content
Soil water content is usually the most important factor influ-

encing soil compaction (Soane and Van Ouwerkerk, 1994; Hamza
and Anderson, 2005). Traffic experiments on arable land with
heavy excavators (weighing up to 47 tons) showed a decrease in
the frequency and volume of macropores down to depths of 0.65
m and 1.0 m for dry and wet soils, respectively (Dumbeck, 1984).
Wet conditions in autumn, winter and spring exacerbate the effect
of heavy machinery on compaction. Arvidsson et al. (2001) showed
that the risk of soil compaction with commonly used machinery in
southern Sweden is 100% for spring slurry application and more
than 60% after October in sugar beet harvesting. Yung et al.
(2010) found that high compaction was due to the footslope stay-
ing wetter for a longer period during the spring and early summer
because of cover crop residues.

2.3. Time scales of soil compaction

Environmental and management related factors tend to interact
on different time scales in driving the temporal dynamics of the
structure related soil hydraulic properties (Mapa et al., 1986;
Kay, 1990; Bodner et al., 2013). For example, Kohl and Markart
(2002) showed that compaction effects are usually largest in
autumn after the grazing period, but soils may recover during win-
ter and spring due to freezing/thawing processes, plant root activ-
ity and microbial activity. Soils which are wet during critical times
of land management operations, such as ploughing and harvesting,
can be prone to compaction and structural damage (Earl, 1997;
Holman et al., 2003) and can result in long term effects that are
mainly observed where a plough pan (a compacted layer that tends
to form just below the ploughing depth) develops. A stable, natural
soil structure may only be achieved after several years when
changing practices from regular soil loosening to no-tillage
(Wright et al., 1999). Soils under long term no-tillage with low
‘‘self-mulching potential” (low clay and organic matter content)
may tend towards high bulk density and low water permeability
(Munkholm et al., 2003).

Persistent compaction effects are often observed for the subsoil
of agriculturally used fields. Even after their abandonment, soil
compaction may be persistent over decades (Kellner and
Hubbart, 2016), indicating a long memory effect. Potential factors
controlling this memory are land-use, soil type, topography and
climate (Cambi et al., 2015; Rogger et al., 2017). For some soils,
the compaction may be measurable even after 14 years (Berisso
et al., 2012; Etana et al., 2013), and may persist over 30 years if
underground pipelines have been installed or the landscape
remodelled using heavy machinery (Batey, 2009). The impact of
13 years of cattle grazing was still measurable in a secondary teak
forest after 10 years of growth (Zimmermann et al., 2006), and for-
mer agricultural plots showed increased runoff 30 years after
afforestation (Hümann et al., 2011). While some forest soils tend
to recover in a few years (Mace, 1971; Shoulders and Terry,
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1978), others take 10–20 years to recover from shallow com-
paction (Dickerson, 1976; Froehlich, 1979; Jakobsen, 1983). Com-
paction of deep layers can persist over 100 years (Greacen and
Sands, 1980).

2.4. Macropore flow – surface runoff relationship

Macropores (i.e., biopores) represent only 0.23–2.00% of the
total soil volume, but may account for about 74–100% of the total
water flux (Alaoui and Helbling, 2006). They are the most sensitive
pores to compaction. Their volume reduction may significantly
reduce vertical infiltration and thus increase surface runoff (e.g.,
Gerke, 2006; Hendrickx and Flury, 2001; Alaoui, 2015). Severing
their connectivity between the top-few centimetres and the under-
lying macropores additionally reduces infiltration (Alaoui et al.,
2011b; Jégou et al., 2002; Alaoui, 2015).

The flow through macropores depends on the initial and bound-
ary conditions and the exchange between the matrix and macrop-
ore domains which in turn depends on soil moisture, texture,
degree of compaction and organic matter (Kluitenberg and
Horton, 1990; Zehe and Blöschl, 2004; McGrath et al., 2009;
Larsbo, 2011). Since these variables are rarely known at the field
scale (Jarvis et al., 2012), one usually resorts to quantifying their
spatially integrated effects as effective hydraulic properties
(Blöschl and Sivapalan, 1995). One possibility is to classify these
properties into pedons or spatial units (Addiscott and Mirza,
1998; Seyfried and Wilcox, 1995). An interesting observation is
that of structural hierarchy (Brewer, 1964; Hadas, 1987; Dexter,
1988; Dexter et al., 2008). The mean sizes of the pores separating
the soil aggregates at progressively higher levels are themselves
progressively bigger (e.g., Dexter et al., 2008). This structural hier-
archy can be extended to the hillslope scale. In humid climates, lat-
eral preferential flow can dominate stream response in catchments
with steep slopes and permeable soils on low permeability rocks
(Weiler and McDonnell, 2007; Anderson et al., 2009; Cammeraat
and Kooijman, 2009). Compaction can affect this hierarchy, possi-
bly resulting in a more heterogeneous spatial distribution of flow
processes.

2.5. Mapping soil compaction

When assessing the effects of soil compaction on floods one
would ideally like to know the spatial distribution and extent of
soil compaction, or at least the soil compaction risk. A number of
approaches have been developed for assessing the soil compaction
risk although, invariably, they have focused on agricultural appli-
cations rather than floods. Van den Akker, (1988, 1994) computed
soil stresses due to tractor wheels based on the relationships of
Söhne (1958) by dividing the contact area into small units and
aggregating the stresses from point loads of all units. Lebert
(2010) estimated the soil compaction risk for the arable land in
Germany using results of Houšková (2008), while Troldborg et al.
(2013) used Bayesian belief networks by combining data from
standard soil surveys, land use and expert judgement. D’Or and
Destain (2014) computed the preconsolidation stress (determined
based on the stress-strain relationship of soil obtained during lab-
oratory compression according to Casagrande (1936)) from pedo-
transfer functions (Horn and Fleige, 2003), based on pedological,
mechanical and hydraulic characteristics within a geostatistical
framework. Recently, geophysical techniques for investigating sub-
surface compaction in agricultural soils have been advanced, such
as ground penetrating radar (Lane et al., 2016, Wang et al., 2016,
André et al., 2012), although these are usually limited to rather
small scales. Mapping methods can be assisted by GPS based mod-
elling of spatial patterns of field traffic intensity (Duttmann et al.,
2013).
3. Experimental evidence of soil compaction effects on floods

3.1. Plot scale

Compaction of the topsoil due to tillage practices results in a
reduced infiltration capacity and increases the probability of sur-
face runoff formation during heavy precipitation (e.g., Byrd et al.,
2002). Furthermore, the spatial variability of compaction due to
the trafficked rows and non-trafficked interrows tends to enhance
the spatial variability of surface and subsurface flow paths (Liebig
et al., 1993; Mohanty et al., 1996). Kim et al. (2010) conducted field
experiments on Mexico silt loam with field treatments of uni-
formly compacted and non-compacted plots. They found an
increase in the bulk density of the compacted plot of 8%, and a
decrease in saturated hydraulic conductivity of 69%, respectively,
which would translate into increased surface runoff. Battiato
et al. (2015) studied the effect of slipping driving wheels of agricul-
tural equipment on surface runoff generation during sprinkling
experiments. They found that the runoff coefficient increased from
0.79 with a minimum slip of 1% to 1.00 with a maximum slip of
27%, indicating that all the rainwater would be transformed into
surface runoff at high slip.

The formation of a plough pan in the subsoil changes the direc-
tion of water percolation by impeding vertical infiltration and
enhancing interflow. Bertolino et al. (2010), for instance, found
that soils in South-eastern Brasilia with a plough pan at about
20 cm depth stay longer saturated after rainfall events and favour
surface runoff during intense rainy periods. Singh and Hadda
(2014) reported a decrease in the infiltration rate with increasing
subsoil compaction. They observed a decrease in infiltration rate
by a factor of 2.0–2.3 under two different treatments of their sandy
loam soil. The decrease in infiltration rate and cumulative infiltra-
tion was due to a decrease in total porosity under higher subsoil
compaction.

Using infiltration and dye tracer experiments, supplemented by
soil textural and structural data, Alaoui et al. (2012) investigated
flow pathways on grassland and forest hillslopes in order to iden-
tify the controls of surface runoff generation. They showed that the
two types of land use lead to different flow processes, mainly ver-
tical infiltration for the forest soil and mainly surface runoff for the
grassland soil (Fig. 1). This is due to the larger root water uptake by
trees, and thus lower soil moisture, and the larger unsaturated
hydraulic conductivity of forest soils as compared to compacted
grassland soils. The low efficiency of grassland soil macropores in
transporting water vertically downward can be explained by (i)
the fine and dense topsoil layers caused by the land use that limits
water fluxes into the underlying macropores and (ii) their
restricted number, their tortuosity, and the restricted interaction
between macropores and the matrix below the topsoil layer. The
larger root water uptake of forest soil as compared to grassland soil
can be viewed as an additional factor enhancing its storage capac-
ity (difference between total porosity and maximal soil moisture
measured during infiltration) and, consequently, may reduce the
generation of surface runoff. Storage capacity may provide key
information on the strength of macropore flow and the interaction
between macropores and the soil matrix that are highly sensitive
to the degree of soil compaction (e.g., Alaoui, 2015).
3.2. Hillslope scale

At the hillslope scale, changes in the soil structure due to
mechanical stresses resulting from tillage practices or cattle tram-
pling can increase lateral fluxes in the topsoil (interflow) and sur-
face runoff (Doerner and Horn, 2006). At the soil surface, structure-
degraded or crusty soils caused by a lack of soil cover or by heavy
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agricultural machines, may lead to ponding of water or overland
flow in sloping landscapes and potentially to increased erosion
(Battiato et al., 2015). At the hillslope scale, the conditions that
affect surface runoff generation have often been investigated using
sprinkling experiments. Scherrer et al. (2007) conducted sprinkling
experiments on 60 m2 hillslope sites at 18, mainly grassland, loca-
tions in Switzerland with rates of 50–100 mm/h during 3–6 h. They
found that infiltration inhibitors, such as compacted topsoils in
combination with surface sealing, and permanently hydrophobic
humus in combination with poor macropore development were
linked to surface runoff excess in some locations. Attributes such
as vegetation, slope, soil clay content and antecedent soil moisture
were not directly linked to surface runoff excess. Other studies
showed that compaction of water repellent, dry soils in forested
catchments may lead to a ‘temporary’ Hortonian overland flow
(e.g., Badoux et al., 2006; Schwarz, 1986; Kohl et al., 1997;
Markart et al., 2004).

3.3. Catchment scale

The catchment evidence reported in the literature is mostly
related to stock trampling effects (e.g., Holman et al., 2003;
Pattison and Lane, 2011). Stocking densities have recently
increased in a number of countries and this has been correlated
with increasing floods. For example, in Wales, 72% of the agricul-
tural land was under grassland production to support sheep farm-
ing in 2005. Sheep numbers in the UK increased from 19.7 million
in 1950 to 40.2 million in 1990 (Fuller and Gough, 1999). Stock
tends to reduce the vegetation cover, which may lead to soil sur-
face crusting and reduced overland flow resistance (Ferrero,
1991). It may also lead to a decrease in evapotranspiration
(Owens et al., 1997). Heathwaite et al. (1990) found that infiltra-
tion capacity was reduced by 80% on grazed areas compared to
fields with no stock. Overall, stock trampling may impact on runoff
generation and, possibly, downstream flood risk (Pattison and
Lane, 2011). For example, in the Derwent catchment sheep stock-
ing rates doubled between 1944 and 1975 which coincided with
a runoff increase of 25% (Evans, 1996). Similarly, increasing flow
peaks in the upper catchment of the River Lune was qualitatively
related to increased stock densities (Orr and Carling, 2006). Within
the Yorkshire Ouse catchment, over 40% of the sites investigated
after the autumn 2000 floods had high soil degradation, and this
was estimated to have caused a runoff increase of between 0.8%
and 9.4% (Holman et al., 2003). Heathwaite et al. (1989) found that
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7% of the rainfall was converted to runoff in ungrazed fields, while
this increased to 53% in grazed fields.

Although urban soils are often thought to be of poor quality and
highly compacted (Lorenz and Lal, 2009; Pickett and Cadenasso,
2009), little attention has been paid to its impact on floods
(Edmondson et al., 2011). Arnold and Gibbons (1996) and White
and Greer (2006) concluded that storm runoff and peak flow
increase with urban development as the proportion of impervious
land increases. For example, Mercer Creek, an urban stream in
western Washington, had an earlier and higher peak discharge,
and a larger volume, during a one-day storm on February 1, 2000
than Newaukum Creek, a nearly rural stream (Konrad, 2016). In
general, runoff increases with the fraction of built-up area in a
catchment, but the relationship is not necessarily linear (Chen
et al., 2015). Importantly, the location of built-up area within the
Table 2
Modelling evidence of land use change and soil compaction effects on peak discharge at t

References Model/
Approach

Catchment/area Land use distribution

Grayson
et al.
(2010)

Storm
hydrograph
data

Trou Beck (UK)
(11.4 km2)

Blanket peat: 75%

Schilling
et al.
(2014a,
b)

SWAT model Raccoon River
watershed (USA)
(9400 km2)

Agricultural area with row crop o
corn and soybean: 76%; agricultu
grassland: 17%; forest: 4%; urban
areas; water: 1%.

Peña et al.
(2016)

TETICS,
conceptual
distributed
hydrological
model

Combeima River
catchment
(Columbia) (217
km2)

1) Grassland (increase by 37.5%):
forest (decrease by 32.1%); crops
decrease by 6.2%) from 1991 to
20002) Forest
(increase by 7.0%); crops (increas
by 55.9%); grassland (decrease by
30.5%)

Fohrer
et al.
(2001)

SWAT model Dietzhölze
watershed
(Germany) (82
km2)

Forest: 55.4%; fallow area: 27.6%;
grassland: 10.1%; field crop: 0.5%.

Viglione
et al.
(2016)

Finger
printing
attribution

97 catchments
(Austria) (areas
ranging from 10 to
79,500 km2)

Intensification of agriculture with
heavy machines (area not specifie

Holman
et al.
(2003)

SCS Runoff
Curve
Number
(CN) method

4 catchments (UK):
Ouse (4829 km2);
Severn (9753 km2);
Bourne 853 km2);
Uck (103 km2)

Agricultural area (%): Ouse (71);
Severn (73); Bourne (47); Uck (53
Related structural degradation
mainly due to compaction may ha
occurred over 45% of the Severn, 3
35% of the Ouse and Uck, and 20%
the Bourne.

Roy and
Mistri
(2013)

Kinematic
wave, SCS
Curve
Number
Method

Kunur River Basin
(India) (922.40
km2)

Low infiltration rate with fine san
loam, dense forest, and degraded
wood: 55%; Fine clay to silt soil w
agricultural land (35%); moderate
infiltration rate with coarse textu
land, pasture, and open scrap area
(7%); urban area (3%)
catchment matters because of spatial flow connectivity
(Warburton et al., 2012; Sanyal et al., 2014).
4. Modelling evidence of soil compaction on floods

Numerous studies have attempted to relate land use changes
and flood changes based on hydrological modelling (Table 2). In
this review we have included studies that are not strictly on soil
compaction but more generally on land use to put soil compaction
into a broader context. The studies fall into three groups: (i)
increasing areas of compacted soils (Grayson et al., 2010;
Schilling et al., 2014a,b; Peña et al., 2016; Fohrer et al. 2001); (ii)
changes in rainfall exacerbated by highly degraded and compacted
soils (e.g., Viglione et al., 2016; Holman et al., 2003), and (iii) soil
he catchment scale.

Data used and analysis Main outcomes

Weather station
Gauging stations
Hourly measurements of surface
runoff at plot scale
Soil properties obtained from a
combination of data collected from
previous study and visual soil
examination

Peak flows are significantly higher
and lag times shorter when blanket
peat cover is reduced.

f
ral

No direct measurements of soil
properties were performed
Soil layer data obtained from the
Soil Survey Geographic database to
characterize soil properties

Converting all cropland to perennial
vegetation drastically reduced peak
discharge.
Converting half of the land to
perennial vegetation or extended
rotations reduced flooding potential.

e

No direct measurements of soil
properties were performed
(obtained using pedo-transfer
function)
Existing land use historical
evolution
Hydrometric station
Weather stations

1) First changes in land use
produced an increase of 2.1% of
mean annual maximum flow.
2) secondary changes produced a
7.0% decrease in the maximum
annual flows.

No direct measurements of soil
properties were performed (crop,
soil and tillage parameters were
obtained from regional data sets and
literature)
Daily weather data
Calibration and validation were
performed using streamflow
measurements

The decrease of forest due to an
increase of grassland amplifies the
peak flows and thus risk of flooding.

d)
Hourly and daily precipitation data
of 900 rainfall stations

Precipitation change is the main
driver of increasing flood trends in
Upper Austria.
For small catchments, land use
change plays an important role.

).

ve
0–
of

No direct measurements of soil
properties were performed (detailed
observations of soil horizon
properties at the pedon scale)
Soil structural degradation was
qualitatively linked to the type of
management system to illustrate
the potential magnitude of the
hydrological impact of the
extrapolated soil structural
degradation

Excess rapid response runoff during
autumn floods of 2000 was related
to the highly degraded and
compacted soils in fodder maize
fields (due to harvesting under wet
soil conditions).

dy

ith

re

No direct measurements of soil
properties were performed
Curve number of the watershed was
obtained from Soil Conservation
Service to link land use, soil
characteristics and peak discharge

Peak flood discharge was mainly
due to the low infiltration capacity
of the fine material covering 55% of
the basin (e.g., degraded wood land)
and agricultural land (35%).



Fig. 2. Attribution of observed trends of mean annual floods in Upper Austria
(1950–2012, 97 catchments) to land use change (intensification of agriculture with
heavy machines), climate and river training, y axis is dimensionless (from Viglione
et al., 2016).
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type effects, i.e. fine texture and low infiltration capacity of
degraded forest and wood land soils (Roy and Mistri, 2013).

4.1. Area of compaction

Most studies reviewed found a direct relationship between
increased area of compacted soil and peak discharge. Grayson
et al. (2010) reported that the storm hydrograph in their 11.4
km2 catchment was significantly affected by the area of bare peat,
so revegetation of eroded blanket peatland could be beneficial in
reducing flood peaks. Schilling et al. (2014a,b) suggest that land
afforestation in the Raccoon River watershed could reduce both
the number of flood events and the frequency of severe floods.
Peña et al. (2016) analysed the relationship between changes in
topsoil hydraulic properties (static storage capacity and saturated
hydraulic conductivity) due to changes in land use and peak flows
using a conceptual distributed hydrological model (Table 2). In
their study, grassland area increased by 37.5% while forests and
crops decreased by 32.1 and 6.2%, respectively, between the 1991
and 2000 scenarios. These changes produced an increase of 2.1%
in the mean annual floods. In the 2007 scenario, forest and crop
areas were increased by 7.0% and 55.9%, while grassland was
decreased by 30.5% compared to the 2000 scenario which trans-
lated in a 7.0% decrease of the mean annual floods. Fohrer et al.
(2001) used the SWAT (Soil and Water Assessment Tool) model
to quantify the hydrologic response of several catchments to land
use change and noted that a decrease in forest cover may amplify
flood peaks for the Dietzhölze catchment in Germany.

The outcomes cited above are supported by other studies. Hess
et al. (2010) modelled the impacts of improved soil conditions on
peak discharges across England and Wales. They showed that
changes in land management can reduce small floods while the
effect on large flood peaks (100 year floods) is less than 5%.
McIntyre and Marshall (2010) proposed that agriculturally
improved grassland (which at some point had been drained,
ploughed and fertilized) produces a flashier response than grass-
land in a more natural condition in the UK. Naef et al. (2002)
modelled the effect of converting pasture to forest showing that
fast-response dominant runoff processes may become slower.
However, subsurface flow processes, occurring mainly in the deep
soil layers or in the bedrock, are often outside the sphere of influ-
ence of land use change. Yan et al. (2013) attributed changes in
streamflow to changes in the extent of farmland, forest and urban
areas in a Chinese catchment while Chen et al. (2015) reported a
direct relationship between rapid urbanisation and peak discharge.

4.2. Rainfall and compaction

While the studies mentioned above have focused on a single
driver, a number of multidriver studies have been published
recently. For example, Villarini and Strong (2014) and Prosdocimi
et al. (2015) considered precipitation and a land use indicator as
covariates in US and UK contexts, respectively. While Villarini
and Strong (2014) attributed flood changes to rainfall variability
changes, Prosdocimi et al. (2015) focused on the dominant role
of urbanisation. Viglione et al. (2016) reported precipitation
change to be the main driver of increasing flood trends in Upper
Austria, while they identified land use change as an important dri-
ver in small catchments (Fig. 2). They reasoned that the effect of
land use change on floods decreases with catchment area due to
a shift in runoff generation mechanisms. In small catchments with
short response times, floods are mostly generated by high inten-
sity, short duration storms, so the infiltration excess mechanism
is dominant. In large catchments with long response times, floods
are mostly generated by low intensity, long duration storms, so the
saturation excess mechanism is dominant. Since land use change
affects the infiltration excess mechanism more strongly (through
reduced infiltration capacity associated with soil compaction) than
the saturation excess mechanism, the land use change effect on
floods decreases with catchment area (Fig. 2). In their four UK
catchments, Holman et al. (2003) showed that rapid response run-
off during the autumn floods of 2000 was related to the wide-
spread highly degraded and compacted soils in fodder maize
fields due to harvesting under wet soil conditions. At larger catch-
ment scales, agricultural land management does not seem to have
affected flooding in the UK (O’Connell et al., 2007) which suggests
that the effect of compaction does decrease with catchment area.

4.3. Soil texture exacerbating compaction effects

The effect of compaction on increasing peak discharges may be
enhanced if topsoils are fine textured with low infiltration capaci-
ties. Roy and Mistri (2013) showed a direct relationship between
the extent of area covered by fine material and peak discharge in
their Kunur watershed (India). Based on the hydrological soil
groups, the areas with particularly large peak discharges were
characterized by fine sandy loam, dense forest and degraded wood
land (55%), followed by areas characterized by fine clay to silt soils
and agricultural land use (35%). Similarly, Alaoui et al. (2011b)
found that, compared to forest hillslopes, grassland hillslopes had
higher micropore volumes in the topsoil down to 0.35 m. The top-
soils of the hillslopes that generated surface runoff had higher clay
contents than the hillslopes without surface runoff. As clay content
was closely correlated with micropore volume, the authors con-
cluded that the high clay content enhances matrix flow, delays
water routing into the macropores, and thus increases surface
runoff.
5. Research gaps

Research gaps on soil compaction effects on floods mainly
remain at the medium and large catchment scales, and in particu-
lar regarding the question whether the effects really decrease with
area and why. We consider the following to be key research gaps.

5.1. Areal coverage

A first order control of the effect on floods is the total area of soil
compaction within a catchment which, however, can vary tremen-
dously in space and time depending on agricultural practices
(Fiener et al., 2011; Green et al., 2003). Methods are needed to
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reliably map soil compaction in the landscape. These may be based
on a combination of field surveys, spatial soil data and, possibly,
remote sensing.

5.2. Patchiness/Connectivity

The spatial arrangement of compacted soils may be equally
important as their area per se. This is because of the role of spatial
connectivity and patchiness on runoff generation and routing from
the hillslope to the catchment scales (Western et al., 1998). A bet-
ter understanding of the effects of connectivity and location would
be useful for deriving scaling relationships for upscaling land-use
change effects to the catchment scale.

5.3. Temporal variability

The seasonal variability in topsoil compaction due to regular
agricultural practices such as harvesting and subsequent field traf-
fic is important for flood generation, if maximum rainfall coincides
with maximum compaction during the year. Current models do not
account for this variability. More research is needed on under-
standing these links across scales.

5.4. Feedbacks

Many of the processes involved in compaction effects on floods
are interlinked (Rogger et al., 2017). For example, the mechanical
and hydraulic processes during soil deformation are coupled,
which exacerbates soil compaction since more compact soils gen-
erally remain wet for a longer time of the year. Identifying the
most important feedbacks related to soil compaction processes is
therefore of key interest for upscaling their impacts to the catch-
ments scale.

5.5. Masking

In most instances, changes in floods at the catchment scale are
related to more than one control, including climate and river train-
ing. Quantitative knowledge of these components is necessary to
isolate the impact of soil compaction on floods. Blöschl et al.
(2007) and Viglione et al. (2016), among others, suggested that
the impact of land use on floods decreases with catchment scale,
but more quantitative analyses in different climates are needed
to attribute flood changes to their drivers including soil
compaction.

5.6. Model parameterization

Studies on land-use change impacts at the catchment scale cur-
rently are mostly modelling studies that are based on assumptions
of how model parameters change with changing land-use (e.g.
Salazar et al., 2012). An important task is to improve soil com-
paction parameterization at the hillslope and catchment scales.
The parameterizations should account for flow connectivity and
patchiness.
6. Ways forward

We believe that the research gaps summarised above can be
addressed by focusing on four research strands: (i) synthesizing
past research related to soil compaction and runoff by meta anal-
yses, (ii) complementing this knowledge by additional field exper-
iments, (iii) developing novel methods for mapping soil
compaction, and (iv) learning from disciplines such as agricultural
sciences and soil physics where extensive knowledge on soil com-
paction exists.

6.1. Meta analyses

As suggested by Rogger et al. (2017) comparative meta analyses
of existing studies related to soil compaction and runoff processes
would be a first step towards generalising the findings from indi-
vidual case studies (see, e.g., Koricheva and Gurevitch, 2014;
Mutema et al., 2015). Soil compaction studies have often been per-
formed in agricultural contexts, but do address very relevant infor-
mation related to flood processes such as changes in pore
structure, hydraulic conductivity and bulk density. To facilitate
future meta-analyses it would be important for publications to
fully report the relevant information, ideally in a consistent way
(Koutsoyiannis et al., 2016). Data on soil physical properties mea-
sured in the field, compaction assessments and maps of com-
paction susceptibility of soils should be made publically available
in a similar way as the European Hydropedological Data Inventory
(EU-HYDI, Tóth et al., 2013) and the HYPRES-database (Wösten
et al., 1999).

6.2. Additional field experiments

Existing long-term experimental sites should be upgraded to
better address the question of soil compaction effects on floods.
Specifically, the evolution of hydraulic soil characteristics and its
dynamics during the year, including changes in the macropore vol-
ume, connectivity and functionality, should be monitored over
long periods of time in addition to runoff. Of particular interest is
the memory effect of soils, i.e. how fast a change in soil conditions
translates into a corresponding change in flood characteristics. In
order to obtain a mechanistic description of the coupled mechani-
cal and hydraulic processes, tailored field experiments should be
conducted. These would consist of treatment and wheeling exper-
iments on plots under different crop management practices and
soils, where soil deformation and stress-strain processes are mea-
sured as well as the stress induced changes in hydraulic conductiv-
ity and their time dependency during loading and soil deformation.
This research should build on the findings of the meta-analyses
mentioned above.

6.3. Mapping soil compaction

There is a lot of potential in developing new mapping methods
that may assist in understanding the spatial compaction patterns
and thus upscaling compaction effects to the catchment scale
(Blöschl, 2006). Data from geophysical techniques such as ground
penetrating radar (Lane et al., 2016), GPS based modelling of field
traffic (Duttmann et al., 2013) and perhaps remote sensing data
(e.g., Ryan et al., 2014; Joshi et al., 2016) could be combined. Since
soil compaction may persist over decades, knowledge of the land
use history would be a benefit.

6.4. Bridging gap between different disciplines

Collaborations between hydrology and sister disciplines has
dramatically increased in the recent decade, but there is room for
improvement in particular regarding soils. Bringing soil science,
pedology, agricultural sciences and hydrology closer together
through joint projects, conferences and publications would assist
in a more permanent contribution to advancing science. Batey
(2009) noted that ‘‘several authors recommend that monitoring of
soil physical conditions, including compaction should be part of rou-
tine soil management”. We suggest that monitoring compaction
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processes would also be of enormous benefit for water
management.
7. Conclusions

Based on the literature review, we can distinguish three ways in
which soil compaction impacts peak discharge at the catchment
scale: (i) by an increase in the area affected by soil compaction;
(ii) by changes in rainfall events, exacerbated by highly degraded
soils; and (iii) by coincidence of soil compaction with fine topsoils
in degraded lands. More specifically, the following conclusions can
be drawn on the effects of soil compaction on floods:

1. Experimental studies at the plot and hillslope scales suggest
consistent evidence of the impact of soil compaction on increas-
ing surface runoff. Locally, compaction tends to reduce infiltra-
tion and increase surface runoff. With increasing scale, the
tendency of reduced infiltration and increased surface runoff
persists, but is modulated by numerous other factors such as
surface sealing, permanently hydrophobic humus, and poor
macropore development. At the catchment scale, studies tend
to be more speculative as most of the evidence comes from
non quantitative reasoning. Increasing floods in some regions
were attributed to increased stocking densities, as suggested
by marked differences of surface runoff between grazed and
ungrazed fields. The literature suggests that storm runoff
increases with urban development as the proportion of imper-
vious land increases, but this relationship is not necessarily lin-
ear. The location of built-up area within the mosaic of land uses
may affect the spatial flow connectivity and consequently sur-
face runoff in many ways.

2. Modelling studies suggest that soil compaction may affect peak
discharges at the catchment scale, but the magnitude of this
effect varies between studies. In small catchments with short
response times, floods are mostly generated by the infiltration
excess mechanism from high intensity, short duration storms.
In this case, the reduction of infiltration capacity by soil com-
paction can have a major effect on flood peaks. In large catch-
ments, where floods are often produced by the saturation
excess mechanism from lower intensity, longer duration
storms, the effect of soil compaction of flood peaks is less obvi-
ous. Overall, soil compaction effects on floods tend to increase
with the size of the compacted area, but its spatial arrangement
in the landscape does matter.

3. Research gaps include the reliable mapping of soil compaction
in the landscape, understanding the patchiness of compacted
soils and the spatial connectivity of flow paths. They also
include a better understanding of the temporal variability of
compacted soil characteristics, feedbacks between floods and
soil compaction at different time scales, and unravelling the
multitude of factors that may mask the relationship between
soil compaction and floods. Future research and funding should
give high priority to understanding the links between soil com-
paction and floods at the catchment scale, as it will provide key
information on one of the important drivers of floods.
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