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REVIEW ARTICLE

Root development in potato and carrot crops – influences
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(Received 11 August 2014; accepted 13 October 2014)

Row crops such as potatoes (Solanum tuberosum L.) and carrots (Daucus carota L.) are of high economic value in
the Nordic countries. Their production is becoming more and more specialized, including continuous arable
cropping and heavier farm machinery, with increased risk of soil compaction. The result may be restricted root
development and economic losses. Potatoes have widely branched adventitious roots, whereas carrots have
taproots with fibrous roots extending from them. Under optimal soil conditions, total root length per surface
area may reach more than 10 km m−2 for both species. Maximal root depth is about 140 cm for potato and
more than 200 cm in carrots. Most of the root mass is usually distributed within the upper 100 cm, whereof
more than 50% may be deeper than 30 cm. Soil compaction causes a dense soil with few large pores, poor
drainage and reduced aeration, especially in wet soils with low organic matter content and high proportions of
silt or clay. With compacted subsoil layers, roots will be concentrated more in the upper layers and thus explore
a smaller soil volume. This will lead to reduced water and nutrient uptake, reduced yields and low nutrient
utilization efficiency. In this review article, we describe the interactions between root development and soil
conditions for potatoes and carrots, with special focus on sub-optimal conditions caused by soil compaction.
We also discuss the effects of tilling strategies, organic material, irrigation and fertilization strategies and
controlled traffic systems on root and yield development. To reduce subsoil compaction there is a need to
implement practises such as controlled traffic farming, new techniques for ploughing, better timing of soil
operations, crop rotations with more perennial crops and supplements of organic material. Moreover, there is a
need for a stronger focus on the impacts of farm machinery dimensions.
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Introduction

Northern temperate and subarctic cool and humid
climates are challenging for plant and root develop-
ment and economic crop production. Depending on
location, the soils are usually frozen during winter,
leaving 3–6 months for growth during the summer.
Some soils are also shallow due to their geological
origin and relatively low pedological age (Wohlfarth
et al. 2008). High bulk densities caused by glacial
pressure are still often found in the subsoil. With
global warming, the mean annual precipitation and
temperature are now gradually increasing in North-
ern Europe (Olesen et al. 2011). Intense rainfall has

become more frequent and the proportion of winter
precipitation falling as rain has increased (Hov et al.
2013). Hence, high soil moisture contents are likely
to occur more often, resulting in lower resistance to
mechanical loads. In addition, with the decreasing
number of farmers, farm machinery has become
larger and heavier and tillage operations are often
carried out under unfavourable (wet) soil conditions.
In such cases, with low mechanical resistance in the
soil, soil compaction and increased bulk density may
occur. From this follows a reduction in the volume
of macropores, which are important for both drain-
age and soil aeration. Scandinavian studies have
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shown that this situation may persist in the subsoil
for more than a decade (Berisso et al. 2013; Etana
et al. 2013). The implications of soil compaction for
plant and root growth are often easily seen on field
headlands.
The importance of soil as a medium for plant

growth, and the impact of soil conditions on root
growth, water uptake and nutrient acquisition, have
been long acknowledged (Russel 1912). Weaver
(1926) also stressed that root growth is greatly
affected by interactions between physical, chemical
and biological conditions in the soil. More recently,
Unger and Kaspar (1994) reviewed previous work
and concluded that the most important effect of soil
compaction is altered root distribution, with con-
sequent limitation of water and nutrient uptake.
However, they also focused on the ability of roots
to find their way to zones of looser soil and on
possible alleviation of compaction through soil man-
agement and tillage. New perspectives on plant root
physiology have been presented by Passioura (2002)
and Svistoonoff et al. (2007) who focused on the
ability of roots to sense and signal limiting conditions
in the soil (e.g. compaction or nutrient availability)
with accordingly regulation of leaf or root growth. As
concluded by Passioura (2002), such mechanisms
may reduce productivity in annual crops.
Potato (Solanum tuberosum L.) and carrot (Daucus

carota L.) crops are the main row crops grown in the
Nordic countries. They have high economic value and
require expensive inputs. The two species have very
different development patterns and root growth.
Potatoes have a widely branched adventitious root
system developed from underground stems (stolons)
and carrots have fibrous roots extending directly
from a taproot emerging from the seed. In commer-
cial production, possible yield declines caused by
increased soil compaction from heavier machinery
are hard to document, as other factors such as
cultivars, fertilizer levels and climate have also chan-
ged over time. In controlled field experiments, how-
ever, ample evidence may be found for reduced yields
of these crops due to both topsoil and subsoil com-
paction (Olymbios & Schwabe 1977; Strandberg &
White 1979; Agung & Blair 1989; Hatley et al. 2005).
There is reason to believe that restricted root

growth due to wet conditions and soil compaction
will be an increasing problem for row crop producers
in the Nordic countries. Hence, there is a need to
gain more knowledge of root growth processes. Such
knowledge is fundamental for optimizing soil tillage
and the use of agricultural machinery as well as for
irrigation and fertilizing strategies. Our main objec-
tives are therefore to describe the root development
of potatoes and carrots and discuss the interactions

of soil conditions, including soil compaction, on root
growth and crop yields.

Root growth and root function

Almost all plants require roots to provide anchorage
and to take up water and nutrients. Plant roots are
usually branched, but vary greatly in their morpho-
logy. Characteristics of special importance for nutri-
ent uptake and plant growth are the root/shoot ratio,
the root system dimensions, their topological prop-
erties (the pattern of root branching) and the distri-
bution of the roots within the soil profile (Tinker &
Nye 2000). In undisturbed soil there may be large
differences in the function of different root parts,
and some studies indicate that only about 10% and
30% of the total root length (TRL) is active in nitrate
and water uptake, respectively (Hodge et al. 2009).
Root architecture may be understood as the spatial

configuration of the number and length of lateral
organs that comprise the root system (Hodge et al.
2009). Roots elongate by growth from the root tip, as
a result of cell division in the meristem (tip) and cell
growth within the elongation zone. This axial growth
determines the root length and direction, and leads
to exploration of new soil zones. The root tip is
pushed forward into the soil, and especially by the
formation of lateral roots and root hairs, the plant
becomes anchored in the soil. For taproot crops with
little lateral root development, the depth of the root
has a significant impact on the plants’ resistance to
being vertically uprooted and/or blown over (Micov-
ski 2002). Strong mechanical resistance in the soil is
the most common physical limitation to soil explora-
tion by roots (Hodge et al. 2009). Roots therefore
follow the paths of least mechanical resistance, such
as cracks and biopores.
Root development is flexible and roots may prolif-

erate towards patches rich in nutrients (Drew &
Saker 1975). This implies that placement of fertilizer
plays a role in the roots’ ability to acquire nutrients,
as shown by Kristensen and Thorup-Kristensen
(2007) who distributed soil inorganic N vertically
by different management of cover crops. Shallow
placement of N favoured N-uptake in shallow-rooted
crops while deep placement favoured deep-rooted
crops and increased their root depths. This ability
of directed root growth varies strongly between
species, and these authors proposed that knowledge
about potential root growth should be considered
when designing crop rotations for optimal N-use
efficiency.
Dependent on the mineralization rate and their

mobility in the soil, applied nutrients may reach the
root surface by means of mass flow and diffusion
fluxes rather than by root proliferation (Chapman
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et al. 2012, and references therein). However, for
nutrients with restricted mobility, such as phos-
phorus (P), root proliferation and rhizosphere activ-
ity such as phosphatase extraction is very important.
Other factors affecting the ability of roots to take up
water and nutrients are soil temperature and aera-
tion. Low temperatures decrease uptake due to high
water viscosity, low cell membrane permeability and
reduced metabolic activity of plants (Brar & Reyn-
olds 1996). Reduced aeration may lead to hypoxia
(low O2) with effects on both root growth and root
function (Hodge et al. 2009).
In a comparative study of root development in

various crops on a loam soil in Norway, Riley (1989)
found that potatoes had highest uptake of labelled
P at 30–40 cm depth measured from the ridge-top,
whereas the uptake in carrots was mainly from the
topsoil. In the same study, potatoes took up water
from somewhat greater depth than did carrots.
Neither of the crops appeared to deplete soil mois-
ture appreciably at depths greater than 70 cm in this
soil type, probably because of very high bulk dens-
ities in the subsoil (>1.8 Mg m−3).

Measurements of root growth

Root studies are demanding due to their position
below the soil surface. High variability in root growth
due to variable edaphic conditions, such as soil com-
pactness, adds to this challenge (Micovski 2002).
Several traditional methods used to study root sys-
tems were comprehensively reviewed by Smit et al.
(2000) and Iwama (2008). ‘Core sampling’ is prob-
ably the most common method, in which several soil
samples of a constant volume are taken from differ-
ent soil depths to characterize root growth. In row
crops, this method involves digging a trench across
the rows, followed by root sampling, washing, scan-
ning and calculation of their length by means of data
software. Another common method is the installa-
tion of plexiglass tubes (minirhizotrons) diagonally
into the soil, to allow the study of root development
by means of repeated camera recordings (e.g.
Rewald & Ephrath 2013).
New and non-invasive methods are developing

and would be an appropriate tool for in-situ studies
of roots (see Gregory et al. 2013), and they could
also give information on soil physics and water
distribution around single roots. However, such
methods (as X-ray and neutron-radiography) have
had too many limitations to be fully adopted (Hin-
singer et al. 2009). In Norway, X-ray computed
tomography (CT) was explored by Rosenfeld et al.
(2002) for measuring taproot growth in carrot.
Common parameters for the description of root

growth status are root length density (RLD) per unit

soil volume (cm cm−3), root dry weight (RDW) per
soil surface area (g m−2), total root length (TRL) per
soil surface area (km m−2) and maximum root depth
(Dmax, cm) (Stalham & Allen 2001). The rate of root
growth may also be measured. In studies of the fine
fibrous root system of carrots, TRL and RDW are
often measured per plant instead of per soil volume or
soil surface area. In addition, the total fibrous root
surface area per unit plant weight (cm2 g−1 dry root) is
commonly measured (Pietola & Smucker 1998).

Root growth in potato

In potato plants, the greatest above-ground growth
occurs 30–45 days after emergence (Kolbe & Ste-
phan-Beckmann 1997a). This is also the period of
maximum uptake of water and nutrients, in which
more than 40% of total nitrogen uptake occurs. The
stage of maximum biomass of roots coincides with
that of maximum above-ground biomass, about two
months after emergence (Kolbe & Stephan-Beck-
mann 1997b).
The roots which form from potato tubers are

adventitious (nodal), as opposed to the primary
roots of seed plants (Cutter 1992). Initially, they
grow mainly horizontally and to no deeper than
about 20 cm (Figure1a; Weaver 1926; Cutter 1992).
There are relatively few roots directly below indi-
vidual plants due to their initial horizontal growth.
In plant rows, however, the roots will infiltrate
throughout the entire soil volume after some time.
The downward growth of roots (Figure 1b) is
normally rapid in the first 3–5 weeks after emergence
(1–2 cm d−1), followed by a period with slow growth
(<1 cm d−1) which gradually ceases towards the end
of season (Stalham & Allen 2001). A similar initial
root growth rate (1.5–2 cm d−1) was found in a
Norwegian study on a loam soil (Riley 1989). The
reduction, or cessation, in root growth rate after 3–5
weeks is preceded by a corresponding reduction or
cessation of leaf growth some days earlier. Thus the
root development of different potato varieties may be
characterized indirectly through observations of leaf
development (Stalham & Allen 2001).
Within the potato ridges, RLD may typically reach

1–2 cm cm−3, but below the ridges it is seldom more
than 1 cm cm−3 (Vos & Groenwold 1986). Beneath
the furrows there is initially less root development
than within the ridges, but this can equalize later in
the growth period. At about 50 cm soil depth,
roots are normally homogenously distributed about
35 days after emergence (Stalham & Allen 2001). In
a study of RLD at different sampling positions,
Stalham and Allen (2001) found a maximal RLD
of 5.5 cm cm−3 at 20 cm depth in the flank of the
ridge. These authors state that the root system of
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potato is generally less surface-orientated than sug-
gested in most of the current literature. In their
vertical measurements of RLD, when TRL was close
to its maximum, an average of about 50% and 61%
of roots were concentrated in the 0–30 cm soil layer
under non-irrigated and irrigated conditions,
respectively. Besides irrigation, soil physical condi-
tions will influence the distribution of roots in
different soil depths (Ahmadi et al. 2011).
Although RLD is generally higher in potato than

in other vegetable crops, the levels are lower than
those usually found in wheat, maize and sugar beet
(Iwama 2008). Regarding TRL, Iwama (2008)
reported measurements of 10–20 km m−2 in pota-
toes. Root depth of potato may vary between cultivars
and soil conditions, and the maximum value (Dmax)
that we have come across was as much as 140 cm
(Stalham & Allen 2001). Both RDW and TRL may
vary between cultivars. Under favourable growth
conditions, late cultivars normally develop a larger

root mass than do earlier cultivars. Under dry soil
conditions, however, different drought tolerance may
cause high variation between cultivars within both
early and late maturity classes (Iwama 2008). In gen-
eral, genotypes with large root masses are less sus-
ceptible to drought stress than those with smaller roots
(Deguchi et al. 2010;Wishart et al. 2014), and there is
a positive correlation between total rootmass and final
tuber yield (Iwama 2008; Wishart et al. 2013).
Root hairs represent significant extensions of the

root surface, and may be of great importance for
rhizosphere activities. Most plants have root hairs,
and Dechassa et al. (2003) have reported an average
length of 0.18 mm in potato. These authors also
found that root hairs contributed to about 50% of
the total P uptake in potatoes.
Root development in potato seems to be strongly

affected by irrigation regime, and is deepest when soil
moisture is moderate in the upper layers (Stalham &
Allen 2001). Deep root development can thus be
achieved by limiting irrigation during early growth
phases. Deep roots reduce the need for irrigation in
dry periods. This may account for the positive yield
responses after early drought periods that were found
in several Scandinavian irrigation trials (Linnér 1984;
Dragland 1985; Riley 1990), provided adequate soil
moisture was maintained later.

Root growth in carrots

Carrots give priority to shoot growth for a long
period after emergence and may reach a maximum
photosynthetic capacity as late as 90–130 days after
sowing. The most intense growth of the edible roots
starts late and continues throughout the autumn in
late-harvested crops (Salo 1999; Suojala 2000). The
edible roots are storage organs for assimilates and
consist of an enlarged fleshy taproot where the upper
2–3 cm has developed from the hypocotyl (Weaver &
Bruner 1927). According to these authors, the upper
part of the taproot may reach a diameter of 4–6 mm
about 1.5 months after sowing, tapering to about
1 mm at about 80 cm depth. During this first
growth period, few branches occur on the taproot
(Figure 2a). These results correspond well with
Norwegian reports of limited uptake of labelled P in
carrots until four weeks after emergence (Riley 1989).
Weaver and Bruner (1927) found that the upper

15–20 cm of the taproots had reached a thickness of
about 2.5 cm two to three months after sowing.
Deeper than this, the taproots became gradually
thinner and were found to a depth of 1.3–1.5 m
(Figure 2b). At this stage several 40–60 cm long
lateral fibrous root branches developed, mainly
horizontally, in the upper 20 cm soil layer. These
were further branched with short roots. At the time

Figure 1. Illustration of early (a) and fully developed
(b) roots in potato.
Source: Weaver (1926).
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of harvest (3.5 months after sowing), most of the
root branches had started to grow vertically down-
ward and had reached a depth of 90–180 cm
(Figure 2c). The maximum depth of the thin taproot
was 2.3 m at this stage. These early descriptive mea-
surements of carrot growth have been supplemented
by more recent studies of root growth in 150 cm
deep polyvinyl chloride (PVC) pipes (Westerveld
et al. 2006). In the latter study it was shown that the
carrot root system extended to about 150 cm depth

and that more than 50% of the lateral root system
was found below 30 cm depth.
Root development studies using minirhizotrons

have shown a linear relationship between root depth
and accumulated temperature (degree days, °C)
based on measurements within the 10–90 cm rooting
depths (Thorup-Kristensen & Van den Boogaard
1999; Kristensen & Thorup-Kristensen 2007). The
average rate of rooting depth was about 0.75 mm per
degree day. Extrapolation of this growth rate until

Figure 2. Illustration of early (a), medium (b) and fully developed (c) roots in carrot.
Source: Weaver and Bruner (1927).
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harvest would give a final rooting depth of about
1.6 m (Thorup-Kristensen & Van den Boogaard
1999), which corresponds well with the findings of
Weaver and Bruner (1927). In a study of N-uptake
by different plant species, carrots had a significant
uptake down to 1.3 m depth, whereas white cabbage
took up N even below 2 m depth (Kristensen &
Thorup-Kristensen 2004). By contrast, more shal-
low-rooted crops, such as onion and lettuce, have
maximum root depths of approximately 0.3 and
0.6 m, respectively (Thorup-Kristensen 2006).
Measurements of carrot roots within PVC cylin-

ders show that 75–90% of the TRL of carrot roots
consists of very fine fibrous side roots, with a dia-
meter of about 0.15 mm and a TRL per plant
ranging from 130 to 305 m (Pietola & Smucker
1998). This implies a very large root surface area of
1500–2000 cm2 g−1 dry root weight. Furthermore,
the RLD was measured to 0.2–1.0 cm cm−3 in the
0–30 cm soil layer, which is a lower density than that
of potatoes. Kristensen and Thorup-Kristensen
(2004) measured a TRL in carrots of 11 km m−2,
which is comparable to the levels found in potato.
Root hairs on carrot roots are very short, with an

average length of only 0.03–0.04 mm (Itoh & Barber
1983; Dechassa et al. 2003). This is only about 20%
of the root hair length found in potato, and root hairs
in carrots do not seem to contribute to more than
0.3% of the P uptake (Dechassa et al. 2003). The
most important characteristic to ensure P uptake in
carrots seems to be a large root area per unit of plant
weight (Itoh & Barber 1983).
Based on X-ray CT of carrot storage root growth,

root elongation appears to be a continuous process
(Rosenfeld et al. 2002). It seems to elongate faster at
low temperatures (9–12°C) than at higher tempera-
tures (18–21°C; Rosenfeld et al. 1998; 2002). The
formation of a rounded root tip was completed about
45 days after seed germination, irrespective of tem-
perature within the range from 12°C to 21°C
(Rosenfeld et al. 2002). Although these carrots had
well-rounded root tips, they continued to elongate
until harvest. At the lowest temperatures (9–12°C)
this elongation partly took place by bulbous growth
below the rounded root end, which later became
part of the storage root. At higher temperatures
(18–21°C) storage roots appeared to elongate by a
continuous increase in thickness of the lower parts.

Soil compaction and root growth

Soil compaction, mainly from heavy traffic, is a result
of soil aggregates being forced together causing a
decline in the amount of large pores (>30 µm), poor
drainage and reduced aeration (Wolkowski & Lowery
2008). The soils most susceptible to compaction

appear to be wet soils, especially those with low
organic matter content and high proportions of silt
and clay. Sandy soils, although forming weaker
aggregates, may also be compacted (Wolkowski &
Lowery 2008). Once compacted, sandy soils show
little natural recovery as, unlike clay soils, they have
low swelling and shrinkage. In addition to direct
restriction of root growth, soil compaction may lead
to long-term negative effects such as increased emis-
sions of greenhouse gases, increased run-off and
erosion, as well as increased requirements for fertilizer
and traction power (Soane & van Ouwerkerk 1995).
Three main sources of mechanical resistance

restrict root penetration into the soil (Bengough et al.
2011). These are the pressure required to expand
cavities, the pressure to overcome soil friction and,
finally, the turgor expanding cell vacuoles which
must overcome the tension in their cell walls. In
cultivated soils used for row crops, a dense com-
pacted layer often underlies loosened topsoil. When
root systems encounter such hard zones, they may
proliferate in zones of looser soil, resulting in more
concentrated root growth in upper soil layers (Lipiec
et al. 2003). This flexibility in root development has
been reported in several experiments, showing that
although the TRL per plant may be maintained in
compacted soils (Montagu et al. 2001), the roots will
then explore a smaller volume of soil.
Soil compaction causing reduced root distribution

will lead to reduced water and nutrient uptake,
mainly due to greater distance between neighbouring
roots (Lipiec et al. 2003). This will necessarily also
limit yields, and result in lower utilization efficiency
of applied nutrients. Research in crop plants such as
barley, wheat and sunflower has indicated that soil
compaction may reduce yield levels also by means of
inhibitory signals from the roots about root growth
restrictions (Passioura 2002). However, increased
soil bulk density does not always lead to reduced
yields. This is because a moderate degree of
compaction under dry conditions may benefit the
root system by improved unsaturated hydraulic
conductivity and a better root-soil contact (Lipiec
et al. 2003).
Soil mechanical resistance as measured with a soil

penetrometer may pose a major limitation to root
growth at about 2 MPa (Bengough et al. 2011). The
soil water content may also limit root growth, because
mechanical resistance increases and hydraulic con-
ductivity declines with decreasing moisture content.
Root growth stops completely at the permanent
wilting point (matric potential of –1.5 MPa). There-
fore, the relationship between soil matric potential
(i.e. the force of adhesion of water to solid particles in
soil) and soil strength is an important determinant of
root elongation (Bengough et al. 2011).
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Soil compaction may be especially detrimental in
the subsoil, where drainage capacity can be reduced
and ameliorative amendments are difficult and/or
expensive. Compaction damage to subsoil is depend-
ent on soil type, moisture status and protection by
the overlying soil layer (Spoor et al. 2003). The total
porosity of mineral soils lies normally between 30%
and 70%. Root growth may be restricted below 35%
porosity on sandy soils and below 50% on clay
soils (Hatley et al. 2005). Compacted soils are also
easily waterlogged with a risk for extensive surface
run-off, and gas diffusion is extremely slow under
such conditions.
Physical tilling and subsoiling to repair compac-

tion damage may increase yields but seems to have
only a temporary effect (Hoorman et al. 2009, with
references therein). Precipitation, gravity and traffic
will often recompact the soil again. Extensive tillage
also reduces soil organic matter content. This may
increase compaction damage as organic matter acts
as a sponge to absorb weight and water (Hoorman
et al. 2009), in addition to helping the formation of
stable aggregates. In Norwegian compaction trials
with cereals, subsoiling was found to remove the
harmful effect of compaction, but conventional
ploughing often had an equally beneficial effect
(Riley 1986 and unpublished results). Another way
of controlling compaction is the use of controlled
traffic farming (CTF). This is now increasingly being
adopted internationally and may include use of the
same traffic lanes over several years, thus ensuring
zero wheel traffic on most of the tilled area (Wolk-
owski & Lowery 2008). However, farm implements
for different operations are not produced with equal
widths, and this has limited farmers’ interest in
this method. A modified CTF system has been
developed that is adopted within single seasons
except for harvest and primary tillage, but not on a
permanent basis (Vermeulen & Mosquera 2009).
Satellite-based navigation systems increase the relev-
ance of CTF, and seasonal CTF is used on com-
mercial organic farms in the Netherlands. However,
due to the careful preparation of ridges for row crops
such as carrot, positive effects of CTF was only
found for flat-bed crops such as spinach, onions and
vining peas. Especially the latter benefitted from
seasonal CTF, with yield increases of up to 30%
(Vermeulen & Mosquera 2009).

Soil compaction effects in potatoes

Potatoes are sensitive to soil compaction throughout
its growth period, but especially 3–5 weeks after
emergence when root growth rates are at its max-
imum in loose soils (Stalham & Allen 2001). The
risk is increased because potato producers often

perform continuous arable cropping without grass
leys, which contributes to depletion of the soil orga-
nic matter content. Furthermore, repeated opera-
tions with heavy machinery are required in potato
production, and the soil conditions may not always
be favourable (Ball et al. 1997).
In a series of British field experiments, Stalham

et al. (2007) established a relationship between cone
penetrometer resistance and rates of root penetration
into the soil. Under ideal conditions, root growth
rates were about 20 mm d−1 in the upper cultivated
zone, but were halved as the resistance reached a
value of 1.5 MPa. At a resistance above 3 MPa, roots
grew less than 2 mm d−1. Rooting density (km m−3)
was also reduced by compaction, especially between
10 cm and 40 cm depth. A survey of 602 commercial
potato fields in Britain by the same authors showed
that two out of three fields had a mechanical
resistance above 3 MPa within the upper 55 cm of
the soil. Under such conditions, compaction may
prevent downward root growth from reaching its
potential depth, and thereby reduce water and
nutrient uptake.
In practice, soil compaction reduces canopy devel-

opment in potatoes and thereby yields (Hatley et al.
2005), although there are examples of opposite
effects with more rapid early plant development.
For example, in sandy loam subsoil compaction can
increase capillary water transport with improved
early plant growth. Later in the season, with more
drought stress, this effect may cease and yields may
nevertheless be reduced compared to non-com-
pacted fields (Hatley et al. 2005). From experi-
mental records, Hatley et al. (2005) reported up to
37% potato yield reduction in compacted soil in the
Netherlands, as compared to soil with a more
favourable structure. Stalham et al. (2005) reviewed
16 experiments with artificial compaction in potato
since 1940 and 13 of them showed a significant yield
decrease. On average compaction reduced yields
with 18 t/ha. In a Norwegian study with two and
four tractor wheelings, total yield was reduced with
8% and 13%, respectively, compared with no wheel-
ings (Guren 1985). From all these experiments,
there is no doubt that potatoes may be severely
affected by compaction.
Autumn ploughing of wet soils may lead to

especially severe soil compaction in potato fields, as
the tractor tyres run directly above the subsoil in the
bottom of deep furrows. In addition, wheelslip may
cause smearing (Davies et al. 1973), which is
detrimental at this soil depth (Hatley et al. 2005).
Premature tilling in spring, under wet conditions,
may also cause soil compaction and reduce yields.
Experiments including this practice the UK showed
delayed emergence, a reduced rate of foliage
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development and a shorter duration of canopy cover
(Stalham et al. 2007). This resulted in restricted
light interception and consequently reduced yields.
It was concluded that it was clearly better to
postpone tillage and planting for some days to allow
the soil to dry, rather than to risk significant yield
losses due to soil compaction. Another way to
maintain better soil structure is to use the same
wheel tracks for seedbed preparation, planting and
weed control (Spoor et al. 2003).
A CTF system, with permanent compacted traffic

lanes, has been shown to decrease the energy use
and increase potato yields significantly (Lamers et al.
1986), mainly due to increased O2 availability in
the subsoil under wet soil conditions. The average
penetration resistance under the lanes was 3.5 MPa,
and compaction occurred down to 0.8 m depth.
Average yield levels (1976–1984) were 3% higher
with CTF in traditional potatoes, and 7% higher in
seed potatoes. The latter are harvested earlier with a
shorter growing season and are hence more suscept-
ible to adverse soil conditions. Average energy sav-
ings for primary tillage was calculated to be 48%,
and less soil tare was found on the potatoes. Since
the costs of adapting all working operations to a
CTF system may comprise about 30% of the farm-
er’s total production costs per year, CTF was only
recommended for small arable farms specialized in
expensive crops that react positively to loose soil,
such as seed potatoes, tulips and onions (Lamers
et al. 1986).
Subsoiling may mitigate severe compaction in

potato, but this is not always the case, and should
be carefully assessed in each occasion. In fact, in a
review of results only 28 out of 83 experiments with
subsoiling or reduced traffic in potato showed
significantly increased yields (Stalham et al. 2005).
Furthermore, in the cases with subsoiling, most of
these yield increases were small, and yield increase
originated from operations before rather than after
planting. It should be noted that subsoiling is only
relevant when it breaks a compacted soil layer, and
in many of these experiments the level of compaction
prior to cultivation was not described. In a more
recent study by Copas et al. (2009), under controlled
compaction levels, no consistent effects of subsoil
tillage was reported and support the conclusions
by Stalham et al. (2005). There are, however, also
reports of significant yield increases following sub-
soiling. Especially in strongly compacted subsoil,
subsoiling under dry conditions has been shown to
be an effective way of reducing soil resistance and
increasing potato yields (Stalham et al. 2007). Other
studies have shown 10% yield increases by combin-
ing subsoiling and controlled traffic lanes in seed
potatoes (Lamers et al. 1986), and Albertsson et al.

(2010) found a significant increase in starch yields
(0.9–1.4 t/ha) following subsoiling in sandy soils with
compacted plough pans. Albertsson et al. (2010)
suggest that differences in cultivation depths, timing
of management and machinery used are important
factors that might explain different results of sub-
soiling in potato.
Frequent supply of manure or other organic

material to the soil improves soil structure and
aggregate stability, and has been shown to benefit
root development in potato (Opena & Porter 1999).
Many growers expect extra irrigation and fertilization
to compensate for compaction damage, but such
measures can never eliminate the problem (Stalham
et al. 2007). Instead, extra irrigation may lead to
waterlogging when the drainage is impeded, whilst
extra fertilization implies lower nutrient use effici-
ency and probably a larger environmental impact.

Soil compaction effects in carrots

The growth rate of young carrot taproots, the length
of edible taproots and the final carrot yields is
reduced by compaction on most soil types, com-
pared to loosened soils (Olymbios & Schwabe 1977;
Strandberg & White 1979; Agung & Blair 1989).
Olymbios and Schwabe (1977) found that carrots
grown in compacted soil (bulk density 1.46 g cm−3)
had 32% lower commercial root weights than those
grown in medium compacted soil (1.31 g cm−3).
Experiments have also shown a clear relation between
high penetrometer resistance and reduced growth of
the edible taproots in fine sand, while compaction of
organic soil had less effect (Pietola 1995). Severe
compaction in the upper soil layers may also lead to
deformed roots and higher numbers of conical-
shaped roots (Strandberg & White 1979; Taksdal
1984; Agung & Blair 1989; Pietola 1995). In a Nor-
wegian trial with compaction at high axle load on
loam soil, the reduction in carrot yield was far
greater than that found in potatoes and cereals (Riley
1994). In this trial compaction reduced both the
total and marketable carrot yields by about 20%. In
another Norwegian trial with different intensities of
tractor wheelings, Guren (1985) found a reduction
in total yields of 13% and 30% with two and four
wheelings, respectively. Furthermore, the fraction of
misshapen roots increased significantly with more
intensive wheeling.
Finnish studies have also indicated that the growth

of the fibrous roots of carrots may suffer from soils
being too loose (Pietola & Smucker 1998). This is
because a minimum of soil compaction in the upper
soil layer is necessary for water and nutrient absorp-
tion, especially during crop establishment and early
growth. In an experiment with three passes of a
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tractor (weight 3 Mg) on both fine sand and organic
soil, the above authors found that TRL per plant and
the corresponding root surface area and total root
volume were stimulated by soil compaction. Others
have made similar findings. Thus, the carrot yields in
very loose soil (1.02 g cm−3) were lower than at an
intermediate soil density (1.31 g cm−3; Olymbios &
Schwabe 1977).

Concluding remarks

At optimal soil conditions, most of the root mass of
both potato and carrots is distributed within the
upper 100 cm of soil, but roots may reach down to
about 140 cm in potato and more than 200 cm in
carrots. Both species are thereby relatively deep-
rooted crops. Nevertheless, concentration of roots in
the upper soil layers is often observed in practice.
This is mainly due to soil pans and subsoil compac-
tion which strongly affects root growth.
With current global warming, the growing season

is expected to become longer in the Nordic regions.
However, with generally more precipitation, more
frequent rainstorms and increasingly heavier farm
machinery, field operations that result in soil com-
paction are expected to occur more often. This may
lead to reduced root development, limitations on
water and nutrient uptake, reduced yields and
economic losses. Yield reductions of 20–30% have
already been reported for both crops. In addition,
especially carrot quality is reduced in compacted
upper soil layers, due to increased levels of mis-
shaped storage roots. Besides restrictions on root
growth from soil compaction, there is also a risk for
increased emission of greenhouse gases, more run
off of water and pollutants, and less effective fertil-
izer and energy use.
Ameliorations by physical tilling and subsoiling

seem to have a limited effect on yields, except when
carried out under dry conditions on strongly com-
pacted subsoils. The effect is often only temporary.
The most important factor is therefore to reduce the
risk of damage to the soil structure. Once the subsoil
is compacted, the damage, measured as reduction of
macropores, may persist for more than a decade.
There are several options for avoiding subsoil

compaction and obtaining better root growth, and
some of them should be implemented to avoid yield
decreases. First of all, farm machinery should be
dimensioned with a realistic level of soil strength in
mind. In most cases this means that reduced weights
should be aimed for. CTF may be an interest-
ing supplement, but is challenged by the lack of
coordination within the farm machinery industry.
Alternative techniques for ploughing with all wheels
running on the topsoil, or possibly without axle

loads, e.g. by winching, may also reduce subsoil
compaction significantly.
Optimal timing of soil operations, with the soil

structure in mind, is a well-known factor, and is often
the most readily achievable strategy. This involves
avoiding autumn ploughing on wet soils and post-
poning tilling and planting in spring until the soil has
dried. With regard to the cultivation system, crop
rotations with more perennial crops and also supple-
ments of organic material would improve the soil
structure, making it more resistant to compaction.
We recommend that further research focuses on

the plant’s physiological responses to soil conditions.
How do adverse conditions explored by the roots
affect shoot growth and yield potential? Can obser-
vations of the shoot growth give useful information
about the extent of O2 limitation and/or soil com-
paction in different soil types? Gene-based techni-
ques for easier and more precise measurements of
root mass should also be elaborated.
In conclusion, increased soil compaction and

thereby restricted root growth may explain recent
yield reductions in potatoes and carrots, and is a
threat to a future economic and environmentally
sound production in the Nordic regions. To improve
this situation, it is urgent to implement new prac-
tices. These should be based on current physical and
biological knowledge, such as that presented in this
review article, along with further research.
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