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Abstract Hemp (Cannabis sativa L.) is mainly
grown for its fibre and is considered a desirable crop
for sustainable production systems. In a field trial
carried out over two years in Northern Italy the root
system of a hemp crop, cultivated at contrasting plant
densities, was sampled and analysed with an image
analysis software. Root length density (RLD) was
highest in the first 10 cm of soil, almost 5 cm cm−3; it
decreased progressively until the depth of 130 cm, a
part from a peak at 90–100 cm in response to a
perched water table. Roots were found to 130 cm of
depth in one year and to 200 cm in the other. Root
diameter was finer (190 μm) in the upper soil layer, it
increased with depth until 100 cm, and remained
constant at 300 μm thereafter. Following the same
trend of RLD, root biomass was highest in the first
soil layer; 50% of the root biomass was found in the

first 20 cm or 50 cm when taproot biomass was
considered or not. Total root biomass was 3.21 t ha−1

and 2.41 t ha−1 in the two years of trial, but the ratio
between aboveground and below ground biomass was
constant at 5.46. None of the root parameters were
significantly affected by plant population, which
seems to confirm the plastic behaviour that hemp
shows for aboveground development. The high root
biomass production measured in this study, especially
in deeper soil layers, provides additional evidence of
the positive role that hemp can play in sustainable
cropping systems.
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Introduction

The study of the root system is needed to understand
a crop’s capacity to explore the soil, and take up water
and nutrients (Barber 1995). Plant roots constitute a
major source of organic matter when decomposed,
and while growing are capable of both creating and
stabilizing useful soil structural features (Cochrane
and Aylmore 1994) depending on soil type, environ-
mental factors and cultivated species (Monroe and
Kladivko 1987).

Research on plant root systems under field con-
ditions is difficult (Cheng et al. 1990) and the
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traditional methods (Newman 1966; Tennant 1975) to
estimate the root length were generally laborious and
very time consuming. In recent years different
methods to estimate root length, root diameter and
root biomass have been studied. Fast procedures and
accurate analysis of digital images have been devel-
oped (Bouma et al. 2000; Costa et al. 2000;
Himmelbauer et al. 2004; Vamerali et al. 2003a).

Determination of root parameters along soil profile
is useful to understand and simulate root develop-
ment. Root simulation models have been developed
for annual crops embracing a wide range of technical
approaches (Gregory 2006a) and root parameters.

Root Length Density (RLD, cm of length per cm−3

of soil) is the most frequently estimated parameter to
determine root morphology (Vamerali et al. 2003b),
the crop’s potential for nutrient and water uptake
(Qin et al. 2006). This parameter is used in the root
growth models of Kage et al. (2000) and Robertson et
al. (1993). RLD is influenced by soil compaction
(Amato and Ritchie 2002), tillage (Chassot et al.
2001), bulk density (De Freitas et al. 1999) and
weather (Qin et al. 2004).

Root diameter (RD) is another important trait of
the root system that again effects nutrient and water
uptake (Qin et al. 2006; Gregory 2006a) and is
affected by soil tillage (Holanda et al. 1998; Qin et
al. 2004). Root diameter is also linked with root
longevity (Eissenstat et al. 2000) and the formation of
continuous pores (Passioura 2002). RD is one of the
most important input parameters for rhizosphere
modelling (Himmelbauer et al. 2004).

Root Biomass (RB) is an important parameter to
determine the costs associated with root construction
and root maintenance (Bouma et al. 2000; Veen
1980).

Field trials were carried out to evaluate the effect
of agronomic treatments on hemp yield and to
calibrate and validate a growth model to be used as
a basis for a decision support system (Amaducci
2003; Amaducci et al. 2008). During 2004 and 2005,
field trials were carried out to study the effect of plant
population on various crop parameters. Considering
that no information is available on hemp root
development, on the same field trials root sampling
was carried out. The objective of this paper is to
present the characteristics of hemp roots as influenced
by growing conditions so to provide data for crop

modelling and to evaluate root biomass left in the soil
after harvesting. The latter aspect is important to
evaluate the potential of hemp as a sustainable crop,
in particular regarding its contribution to increase
carbon sink into the soil. Hemp is considered a
sustainable crop for energy production (Biewinga and
Bijl 1996), it is a good precedent crop for wheat
productivity (Bocsa and Karus 1998; Gorchs et al.
2000) and it efficiently suppresses weeds without the
need for chemical treatments (Lotz et al. 1991; Berger
1969). The sustainability of the whole production
chain, from cultivation to the realisation of end
products, is a challenging target in agriculture
(Kirchmann and Thorvaldsson 2000). Hemp fibre
production is close to achieving this target provided
that CO2 emissions created during fibre processing
are reduced (van der Werf and Turunen 2008) or
compensated for by the CO2 assimilated and stored by
the plant (i.e. in the fibre and in the roots).

Materials and methods

Field setting

Field trials were carried out in 2004 and 2005 at the
experimental farm of the University of Bologna, in
Cadriano (32 m a.s.l., 44° 33′ N, 11° 21′ E). The
experimental lay out was a completely randomized
block design with three target densities (120, 240, 360
plants m−2) replicated three times. In both years
nitrogen fertilisation was applied before sowing at a
rate of 60 kg ha−1, which proved to be the optimal
dose in the area where the experiments were carried
out (Amaducci et al. 2002). Sowing was carried out
with an experimental machine (Vignoli) on 8th April
in 2004 and 6th April in 2005. Inter-row distance was
13 cm and the genotype was the monoecious Futura
75. In both years the preceding crops was wheat and
the soil had been ploughed at 35 cm during the
summer after wheat harvest and then harrowed before
sowing for seed bed preparation.

Soil samplings were carried out in both years at the
end of flowering (cod. 2305, Mediavilla et al. 1998)
on 28 July in 2004 and 14 July in 2005. Two soil
samples per plot 130 cm total depth were taken
placing the auger (a self constructed “Shelby” tube
sampler) in the inter-row and pressing it with the
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hydraulic arm of a digger. One sample was used to
determine soil texture and the other to study the root
system. In both cases the soil core (7.4 cm diameter)
was divided in 10 cm long sub samples. In both years
and for each plants density, but only in one replicate,
soil samples were carried out until 200 cm to
investigate the maximum depth of the hemp root
system.

Considering that soil within plant rows contained
only fine roots, after harvesting a cubic soil sample
(3375 cm3) was collected along the row in each plot.
These samples were washed in water so as to separate
the taproots. These were counted, dried at 105°C for
24 h, and weighed.

Meteorological data

The meteorological data were collected at the agro-
meteorological station of the Agricultural Faculty of
the University of Bologna in Cadriano. Water table
depth was monitored with phreatimeters to 2.5 m
(Fig. 1).

Analysis of soil texture

The texture obtained by particle-size analysis using
Esenwein levigators and according to the USDA
classification was loam (42% sand, 37% silt, 21%
clay) in 2004 and silt-clay-loam (8% sand, 61% silt,
31% clay) in 2005.

Root analysis

Prior to root extraction soil samples were kept in a
solution of oxalic acid (2%) for 2 hours. Thereafter
soil samples were washed in a hydraulic sieving-
centrifugation device (Vamerali et al. 2003a). Roots
were recovered from the water using a 0.5 mm mesh
sieve. Every root sample, after being cleaned from
organic debris by hand, was put into tins filled with
a 10% ethyl alcohol solution to prevent mould
growth.

Root development was studied measuring root
length density (RLD, cm cm−3) i.e. the total root
length per unit of soil volume, using images of
roots samples. To facilitate image acquisition roots
were coloured in a methyleneblue solution (4%) for
10 minutes (Himmelbauer et al. 2004), washed from

the colouring excess and then spread over a thin layer
of water inside a Plexiglas box. Images were acquired
using a normal scanner device (Canon, CanoScan
3000 ex) with a resolution of 300 DPI (Vamerali et al.
2003a).

To prevent overestimation of RLD values due to
shadow effect the scanner cover was modified with
the addition of neon lights (Bauhus and Messier
1999).

Photo scans were analysed with Axio Vision 4.5
(Zeiss), which uses the high – precision algorithm
Fibrelength. This software can use different file
extensions. The images were analysed as bitmap.
The resolution adopted for Axio Vision was 300 dpi
(Vamerali et al. 2003a).

Root biomass was measured after drying root
samples at 105°C for 24 h.

The tissue C and N content in fine root (from non-
coloured subsamples) and taproots were determined
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Fig. 1 Rainfall (mm) measured at 10 days intervals (columns)
and water table depth (cm) (dashed lines) registered along the
cropping season in 2004 and 2005
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by Elemental Combustion System CHNO-S Costech
ECS 4010 (Costech Instruments).

According to Gale and Grigal (1987) the distribu-
tion of root biomass along soil depth was analysed
fitting the following function to experimental data:

Y ¼ 1� bd

where Y is the fraction of root biomass cumulated
from the soil surface to the depth d. β is a
dimensionless coefficient that describes the shape of
the cumulative distribution of root biomass with
depth.

Statistics

The experimental design was one factor (planting
density) randomized complete block design with split
plot (soil depth) combined over years. Analysis of
Variance was carried out on all data and Bartlett’s test
was performed to assess the homogeneity of variance
between years. Means resulted significant after
ANOVA were separated according to Fisher’s LSD
test for P≤0.05.

Results

Soil and meteorological data

The soils in the two years had different textures
throughout the entire sampling depth (Fig. 2). In 2004
the soil was sandy loam. Sand content was on average
45–50% in the top 100 cm and 20–30% from 100 to
130 cm. Clay content was approximately 20% along
the whole soil profile, while silt was 30% in the top
100 cm increasing to over 50% at 130 cm depth. In
2005 the soil was mainly silty clay loam, with an
average silt content of 60% with values ranging from
50 to 75%, it had a low sand content (10–15%) and
clay ranging from 30 to 45%. Soil organic matter in
the top 40 cm was 1.5% and 1.7% in 2004 and 2005,
respectively; the pH (in H2O) was 7.1 in both years.
Total rainfall, from sowing until harvesting, was
282 mm in 2004 (close to the long term mean of the
region), and 178 mm in 2005 (Fig. 1). From sowing
date until the end of June water table was 20 cm higher
in 2004 compared to 2005, due to the higher winter
precipitation, 578 mm from October 2003 until April
2004 and 440 mm from October 2004 and April 2005.
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Fig. 2 Soil texture determi-
nation carried out on sam-
ples taken along the soil
profile in 2004 (a) and
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Root analysis

RLD values were significantly affected by soil depth
but not by plant population or year of cultivation.
RLD values were highest in the first 10 cm of soil,
they decreased sharply from 10 to 30 cm, kept stable
from 30 to 70 cm and then showed a progressive and
significant increase until 80–110 cm. Under 110 cm
RLD showed a linear decrease until 130 cm. In both
years root sampling was carried out on all the plots of
one block until 200 cm, in 2004 roots were found
until the deepest layer, while in 2005 no roots were
found below 130 cm (Fig. 3). Despite this difference
it can be noted that in both years almost 50% of the
root system (represented by RLD) was concentrated
in the first 50 cm of soil.

Root Diameter was another parameter influenced
only by soil depth. In particular root diameter was
lowest in the top layer of soil, increased linearly until

60 cm, was constant from 60 to 110 and then
increased until 130 cm (Fig. 4).

Root dry matter (RDM) was significantly affected
by soil depth and year of cultivation. Within the
explored soil layer RDM was significantly higher in
2004, when it summed to 1.83 t ha−1, than in 2005
when it was 1.40 t ha−1.

Below ground biomass of hemp was 74% larger
when tap roots are taken into account. Dry matter of
the taproots was 1.38 t ha−1 in 2004 and 1.01 t ha−1 in
2005. As a consequence total below ground dry
biomass for hemp was on average 3.21 t ha−1 in 2004
and 2.41 t ha−1 in 2005. Taking into account the dry
matter accumulated in the tap root it was calculated
that 50% of total RDM was concentrated in the first
20 cm of soil in both years. The above ground
biomass measured at the moment of root sampling
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was 17.6 t ha−1 and 13.0 t ha−1 in 2004 and 2005
respectively, consequently the ratio between above
ground dry biomass and root dry biomass was similar
in both years and on average equal to 5.46.

Average RDM decreased down the soil profile
following the same trend already shown for RLD: it
was highest (244 kg ha−1) in the first 10 cm, then it
decreased until 30 cm to then remain fairly constant
from 30 to 80 cm (approximately 120 kg ha−1). It
showed a slight increase at 90–100 cm and then
decreased sharply to reach its minimum value at
130 cm depth (42 kg ha−1) (Fig. 5). Similar to RLD,
50% of RDM (excluding taproot biomass) was found
in the first 50 cm of soil in both years. Root biomass
distribution down the soil profile was studied fitting
the simple asymptotic function firstly proposed by
Gerwitz and Page (1974) and thereafter widely
adopted by other authors (from Gregory 2006a). The

value of the dimensionless coefficient β, obtained
fitting this function to the hemp root biomass data in
the first 130 cm, was 0.984 (R2=0,94).

The analysis of C/N ratio of root biomass was not
affected by plant density, year of cultivation or soil
depth and it was 88 for the tap root and 31 for the fine
roots. In both roots fraction the carbon content was
approximately 41%, while the nitrogen content was
1.31% in the fine roots and 0.48% in the tap roots.

Discussion

Multiple experiments proved that above ground
biomass of hemp is not affected by plant populations,
within a large range, due to the plasticity of this crop
(Amaducci et al. 2002; Venturi and Amaducci 1997;
van der Werf et al. 1995). None of the root parameters
evaluated in this manuscript were significantly affect-
ed by plant population, this seems to confirm the
plastic behaviour of hemp also for below ground
development at least in the range of plant populations
herein evaluated and for the given inter-row distance.

The heterogeneous development of hemp root
system, as expressed by the change of RLD and
RDM values down the soil profile, is a consequence
of the mathematical branching structure underpinning
root architecture and especially of the heterogeneous
resource availability in the soil in terms of nutrients
and water (Lynch 1995; Doussan et al. 2003). In
particular, RLD and RDM values in both years
(Figs. 3 and 5) were higher in the first soil layers
which is common to most plants (Amato and Ritchie
2002; Vamerali et al. 2003a; Qin et al. 2004; Wilhelm
et al. 1982) and is a consequence of the more
favourable conditions in terms of nutrient and oxygen
availability of the top soil (Anderson 1987; Cheng et
al. 1990; Gregory 2006b; Pietola 2005). The increase
of RLD registered in both years around 100 cm soil
depth could be explained by the presence of a perched
water table at approximately 120 cm from the surface
(data not shown). The RLD increase observed in 2004
at 170–180 cm could also be explained by the
presence of a deep water table that was never lower
than 190 cm (Fig. 1).

Considering that root growth and rooting depth of
crop plants is restricted by physical and chemical
impediments (Gregory 2006a) the absence of roots
under 130 cm in 2005 (Fig. 3) can be explained by the
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presence of a silt layer at approximately the same
depth (Fig. 2). Moreover, the depth containing 95% of
all roots is generally deeper in coarser soil, as in 2004,
than in clay or loam soils (Gregory 2006b).

The comparison of RLD distribution of hemp with
that of maize, winter wheat, oat, barley and sugar beet
reported by other authors (Vamerali et al. 2003a;
Pietola 2005; Qin et al. 2006), seems to indicate that
in deep soil layer hemp has a higher development of
roots (Fig. 6). This finding is in agreement with the
high value of the coefficient β that describes the
shape of the cumulative distribution of root biomass
with depth according to the function proposed by
Gerwitz and Page (1974). Comparing the β value
found for hemp (0.984) to that of other agricultural
crops and natural biomes (King et al. 2003; Jackson et
al. 1996) it is apparent that hemp has a deep root
profile distribution. Since deep rooting is favourable

and is usually found in water limiting environments
(Schenk and Jackson 2002), this feature of hemp
likely contributes to its suitability in Mediterranean
environments, where in fact it is traditionally culti-
vated without irrigation (Venturi and Amaducci
1999). Another positive implication of a deep root
system is linked to the accumulation of biomass in
soil zones where mineralization is limited and
consequently carbon is stored for longer times (Liebig
et al. 2005; Lemus and Lal 2005). Overall comparing
the results of fine root biomass of hemp with that of
other agricultural annual crops indicates that hemp
has a larger production of fine roots compared to
wheat, cotton and sorghum (Wechsung et al. 1995;
Upendra et al. 2005) and similar to that of maize
(Piper and Weiss 1993).

Finer roots, that provide a high interface of contact
with soil favour water and nutrient uptake (Eissenstat
1992), are usually found in favourable soil conditions
where gas exchange and nutrients are higher and soil
compaction lower; this is in fact the condition of the
top 30–40 cm of soil that had been ploughed in our
experiment and where roots of lowest diameter were
found (Fig. 4). The increase of root diameter along
the soil profile that we found for hemp was also
reported for sugar beet (Vamerali et al. 2003a) and in
the first soil layers for maize grown under conven-
tional tillage (Qin et al. 2006) and for wheat (Mosca
et al. 1992). The increase of root diameter is generally
associated with the ability of thicker roots to exert
higher growth pressure (Rosolem et al. 2002) and
consequently to grow in high resistance soil layers.
This is the case when compacted soil layers are
encountered or in general with the increase of soil
bulk density along soil depth (Liebig et al. 2005;
Gregory 2006b). The further increases of root
diameter measured around 120 cm can be explained
by the presence of a compacted soil layer (Chassot
and Richner 2002; Qin et al. 2004; Matechera et al.
1992), the presence of which seems confirmed by a
suspended water table at 120 cm of depth.

The difference in the C/N ratio between fine roots
(88) and tap root (31) is an effect of the higher
nitrogen content of the fine roots (1.31%), which
being the active part of the root system have a larger
concentration of transport protein (Gregory 2006a),
compared to that of the tap roots (0.48%). The carbon
content of both fine and tap roots was 41%, which is
in accordance with analyses carried out in previous
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experiments with different crops (Hadley and Causton
1984).

Conclusions

None of the root parameters evaluated in this
manuscript were significantly affected by plant
population, which seems to confirm the plastic
behaviour of hemp not only for above ground but
also for below ground development. The plasticity of
hemp root development was also confirmed by the
uniformity of root parameters despite the notable
differences in the soil properties in the two years.
When roots are not blocked by compacted layers they
can reach up to 200 cm depth to reach the water table
(if present).

Hemp is considered an ideal crop for organic
agriculture (Stickland 1995); high root biomass
production measured in this study and particularly
its distribution in deep soil layers provides additional
evidence of the positive role that hemp can play in
sustainable cropping systems.
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