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Background

Source: http://images.wisegeek.com/photosynthesis.jpg

Plants eat air

http://images.wisegeek.com/photosynthesis.jpg
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Background

Source: http://www.ifoam.bio/en/organic-landmarks/definition-organic-agriculture

Definition of organic agriculture

"Organic Agriculture is a production system that sustains the 
health of soils, ecosystems and people. It relies on ecological 
processes, biodiversity and cycles adapted to local conditions, 
rather than the use of inputs with adverse effects. Organic 
Agriculture combines tradition, innovation and science to benefit 
the shared environment and promote fair relationships and a 
good quality of life for all involved."

http://www.ifoam.bio/en/organic-landmarks/definition-organic-agriculture
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Background

Source: http://www.ifoam.bio/en/organic-landmarks/definition-organic-agriculture

Function of organic agriculture

Production

Ecology   Socio-economy

http://www.ifoam.bio/en/organic-landmarks/definition-organic-agriculture
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Background

History of organic research

Philosophy Modern organic era Global movement

Source: OWC 2011 exhibition



Plant and Environmental Sciences

U N I V E R S I T Y  O F  C O P E N H A G E N F A C U L T Y  O F  S C I E N C E

11

Background

4 %5 %

10 %

6 %

5 %

21 %

49 %

Farming systems Animal husbandry
Crop husbandry Soil
Environmental aspects Food systems
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Source: Organic Eprints

Trend of organic research



Plant and Environmental Sciences

U N I V E R S I T Y  O F  C O P E N H A G E N F A C U L T Y  O F  S C I E N C E

12

Background

4 %5 %

10 %

6 %

5 %

21 %

49 %

Farming systems Animal husbandry
Crop husbandry Soil
Environmental aspects Food systems
Knowledge management Values, standards and certification

Source: Organic Eprints

Trend of organic research



Plant and Environmental Sciences

U N I V E R S I T Y  O F  C O P E N H A G E N F A C U L T Y  O F  S C I E N C E

13

Background

4 %5 %

10 %

6 %

5 %

21 %

49 %

Farming systems Animal husbandry
Crop husbandry Soil
Environmental aspects Food systems
Knowledge management Values, standards and certification

Source: Organic Eprints

Trend of organic research



Plant and Environmental Sciences

U N I V E R S I T Y  O F  C O P E N H A G E N F A C U L T Y  O F  S C I E N C E

15

“In relation to nutrient management, we have to consider 
that in contrast to conventional agriculture management in 
organic agriculture has to deal with scarcity of nutrients.” 

(Köpke 1995)

Diversified cropping system

Source: IOL

Precrop effects

Organic agriculture and precrop effects
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Precrop effects

“In relation to nutrient management, we have to consider 
that in contrast to conventional agriculture management in 
organic agriculture has to deal with scarcity of nutrients.” 

(Köpke 1995)
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Diversified cropping system
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“In relation to nutrient management, we have to consider 
that in contrast to conventional agriculture management in 
organic agriculture has to deal with scarcity of nutrients.” 

(Köpke 1995)

Scale of precrop effects
Precrop effects
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“In relation to nutrient management, we have to consider 
that in contrast to conventional agriculture management in 
organic agriculture has to deal with scarcity of nutrients.” 

(Köpke 1995)
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Beneath tilled layers 
(Kautz et al. 2013a)

N uptake: 47-82 % 
(Kuhlmann et al. 1989)

P uptake: 37-85 % 
(Kuhlmann and Baumgärtel 1991)

K uptake: 52 % 
(Kuhlmann et al. 1985)

Below 20-30 cm of soil depth 
(Kuhlmann et al. 1991; Guo et al. 2014)

Source: Eusun Han

Importance of subsoil
Precrop effects
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Utilization of soil structure

Identification of deep-rooting crops 

How to promote deep roots in arable land?



Biopore-associatad root growth in arable subsoil as affected by crop sequence

Soil biopores

Mechanical resistance
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within them, can drastically slow the uptake of water in
comparison with more widely distributed roots (Passioura
1991; Tardieu, Bruckler & Lafolie 1992).

 

Excessively loose soil

 

Experience in the field often shows that crops may grow
poorly in soil that is too loose (Håkansson, Voorhees &
Riley 1988; Kirkegaard 

 

et al

 

. 1992). Many such examples
can be explained in terms of poor establishment owing to
inadequate contact between seed and soil. However, sev-
eral examples cannot be explained in this way and may
reflect similar processes to those that occur when roots are
growing in large pores. Figure 4 shows the behaviour of
young barley plants growing in soil of very low through
moderate to high bulk density. The shoot weights at both
very low and very high bulk density were about 15%
smaller than those of plants growing at optimal bulk den-
sity, whereas the root weight was reduced only at the high
bulk density and not at the low.

Although this behaviour seemingly involves a signal
generated by the direct experience of the roots it is not so
easy to interpret it as feedforward, as in the previous exam-
ples, because it is not clear that the future ability of the
roots to extract water is in danger. Possibly this response
reduces the risk of the plants lodging through uprooting
(Goodman & Ennos 1999).

 

Soil drying

 

When a soil dries many changes take place within it. It not
only holds water more strongly, but it also gets harder and
it transmits solutes less readily so that deficiency of poorly
mobile nutrients such as phosphorus is more likely. Plants
eventually respond to the falling water potential of their
leaves by slowing their growth and closing their stomata.

However, plants can also react to a drying soil well before
there is a detectable change in the water potential of the
leaves. Stomatal conductance (Bates & Hall 1981) and the
growth rate of the leaves (Saab & Sharp 1989) may fall,
apparently in response to signals received from the roots in
the drying soil (Davies & Zhang 1991). Further, both sto-
matal conductance and rate of leaf growth may fall as the
soil dries even if the water status of the leaves is maintained
high by pressurizing the roots (Gollan, Passioura & Munns
1986; Passioura 1988).

Given the common connection between the hardness
and the water content of soil it is conceivable that this early
response of plants to soil drying may be as much a response
to increasing hardness (see Fig. 1) as to falling water poten-
tial. Figure 5 illustrates how this may be so. It shows how the
development of leaf area of wheat plants growing in drying
soil is affected by both the drying and the hardness of the
soil even when the leaf water potential of the leaves is pre-
vented from falling. The plants were grown in pots that
could be encased in pressure chambers. Applying pressure
in these chambers effectively counterbalances the increas-
ing suction in the soil water as the soil dries and prevents the
leaf water potential from falling. The pots contained soil
that was packed either loosely (bulk density, 1·0 Mg m

 

−

 

3

 

) or
firmly (bulk density, 1·38 Mg m

 

−

 

3

 

). The soil was the same as
that used in the experiment illustrated in Fig. 1. At the start-
ing water content of 0·25 g g

 

−

 

1

 

 the penetrometer resistance
of the soil at the high bulk density was 2·0 MPa and was on
the verge of having a significant effect on leaf growth (see
Fig. 1). At the low bulk density the penetrometer resistance
of the soil was negligible at all water contents. Figure 5
shows that soon after the soil started to dry the growth rate
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4.

 

Effect of bulk density of soil on shoot (

 

!

 

) and root (

 

"

 

) 
weight of five-leaved barley plants relative to their maximum 
values. LSDs (

 

P

 

 

 

<

 

 

 

0·05) were 12% (45

 

 

 

mg) for shoot weight and 
15% (12

 

 

 

mg) for root weight. (plotted from data of Stirzaker 

 

et al

 

. 
1996).
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5.

 

Expansion rate of leaves of young wheat plants (as a 
percentage of that in well-watered controls) growing in drying soil 
of two bulk densities, low (open symbols), and high (closed 
symbols). The plants were grown with their roots in pressurized 
chambers to keep the shoot water potential high at all times. The 
points marked with a short bar denote that the unwatered plants 
differed significantly (

 

P

 

 

 

<

 

 

 

0·05) in leaf expansion rate from the 
well-watered plants (adapted from Passioura & Gardner 1990).
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the typical range of available water content in the soil
(Bengough 1997).

Soil hardness may also affect shoot growth (Boone 1986;
Brereton, McGowan & Dawkins 1986; Wolfe 

 

et al

 

. 1995).
Such effects are often explicable in terms of the inability of
the hampered roots to supply the shoot with water or nutri-
ents. However, there can also be a substantial feedforward
response, i.e. a response to compaction that cannot be
readily explained in terms of the supply of water and nutri-
ents to the shoot (Masle & Passioura 1987; Andrade, Wolfe
& Fereres 1993; Mulholland 

 

et al

 

. 1996; Stirzaker, Passioura
& Wilms 1996; Masle 1998)

Figure 1 shows the leaf area of plants whose roots were
growing in soil of various hardness. The leaf area was
closely related to the penetrometer resistance of the soil,
even when this was varied by changing the bulk density or
the water content of the soil. The elongation of the roots is
strongly affected when the penetrometer resistance is large,
but in these experiments there was no evidence that the
roots were unable to extract enough water and nutrients for
the needs of the leaves. Leaf water potential was unaffected
by compaction, and there was no response to luxurious
applications of phosphorus, the macronutrient whose
uptake is most likely to be affected by a hampered root sys-
tem. Indeed, leaves typically react very early to uniformly
hard soil, even as the first leaf is emerging, when the seed-
ling is still living off nutrients in the seed. Subsequent rel-
ative growth rate is much less affected, so that the relative
size of plants growing in soft and hard soil remains roughly
constant after the initial response, with consistently smaller
leaves and consistently slower rates of leaf appearance with
the hard soil (Masle & Passioura 1987; Masle 1998).

In the field, plants do not encounter uniformly com-
pacted soil. There, hardness of the soil is spatially, and tem-
porally because of changing soil water content, very
variable (Tardieu 1988; Kirkegaard 

 

et al

 

. 1992). Roots may
grow into and out of a layer of hard soil, such as a hard pan,
and also grow preferentially in cracks or biopores – large

continuous pores made by previous roots or earthworms
and other soil fauna (Ehlers 

 

et al

 

. 1983; Wang, Hesketh &
Woolley 1986; Volkmar 1996). Further, the uptake of water
by roots dries the soil and thereby hardens it, making it
more difficult for roots to grow in – a self-reinforcing pro-
cess (Bengough 1997). On the other hand, the exudation of
water from root tips (McCully 1995) may soften the soil in
front of the growing root, thereby easing the passage of the
root through the soil. The relative importance of these con-
trasting effects is yet to be determined.

Work with soil compacted differentially in layers (Masle
1998; Hussain 

 

et al

 

. 1999) has shown noticeable effects on
leaf growth and stomatal conductance as the roots encoun-
ter or leave a compacted layer of soil, generally with a delay
of a few days between the first experience by the roots of
the changed conditions and any effect on growth rate or
stomatal conductance. This delay may result more from the
time taken for a substantial proportion of the root system to
experience the change rather than from a delay in response
by individual roots, although even when the soil is suddenly
softened by adding water the plants take several days to
respond (Masle 1998). Young 

 

et al

 

. (1997) developed a tech-
nique for rapidly and uniformly increasing the mechanical
impedance to root growth throughout the rooting medium
by squeezing the medium. This technique gave a remark-
ably rapid effect on leaf elongation rate – within minutes of
increasing the impedance, which contrasts with the slow
response of the plants in Masle’s (1998) suddenly softened
soil. Unfortunately, Young 

 

et al

 

. (1997) did not report on
the effect on their plants of removing the pressure they had
applied to the rooting medium

 

The bonsai effect

 

Plants growing in small containers are typically much
smaller than those growing in large, even when they have
seemingly adequate supplies of water and nutrients (Rich-
ards & Rowe 1977; Peterson 

 

et al

 

. 1984; Körner, Pelaez
Menendez-Riedl & John 1989; Ismail & Davies 1998). The
anatomical response of plants to bonsai conditions is star-
tling and rather different from what one would expect from
inadequate water or nutrients. Körner 

 

et al

 

. (1989) showed
that the leaves of bonsai plants were small entirely because
they had fewer cells. The size of the cells was at least equal
to that of control plants, which suggests that the plants had
a specific response in cell division to their roots’ being
crowded. There must have been several fewer cycles of cell
division during the formation of each organ in the bonsai
plants compared with the normal plants. This response dif-
fers from that of plants growing in hard soil, which tend to
have smaller leaf cells (Beemster & Masle 1996), though it
is possible that the difference reflects the species examined
rather than intrinsically different physiological responses to
hard soil or to the totally impenetrable barriers that many
roots experience when growing in small pots.

One does not normally associate bonsai with plants in
the field, but the fact that direct-drilling, the sowing of
plants without prior ploughing, often induces slow growth
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1.

 

Effect of penetrometer resistance of soil on growth of 
young wheat plants (adapted from Masle & Passioura 1987).
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Figure 2. Apical segment of a seminal root axis taken from
tbe field.
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Figure 3. Effect of distance from tbe root apex on seminal
root diameter ( # ) and mean cross-section areas of cortical
cells (A) i" a root wbicb bad grown in tbe compact soil
(47 d after sowing). Tbe root was one of a population witb
varying degrees of radial swelling. Means of botb para-
meters are presented. Cortical cell areas were means of up
to 300 cells and bars represent standard errors of means.

period 33-62 d after sowing. By the time of the main
sampling (28-31 July) roots had reached a depth of
15-30 cm (compact soil) and 60-100 cm (loosened
soil).

Plants had 4-5-5-2 seminal root axes per plant in
both treatments, whereas seminal root fresh weight
per plant was 2-72+0-42 g in tbe compact soil and
7-08 + 0-13 g in the loosened soil. Nodal root fresh
weight, measured directly, was 0-12 + 0-02 and
0-13+0-03 g per plant, respectively.

Root structure

Root morphology was altered by soil compaction:
cortical diameter increased in localized zones of
compaction though stelar diameter remained con-
stant. The root surface was uneven in tbe compact
soil lavers. Thick lateral roots proliferated to within

2 cm of tbe terminal root apices. Tbe zone of
elongation extended from 0-2 to c. 1-3 mm from tbe
apex in roots from compact soil, and 1-8 to c. 6 mm
from tbe apex in roots from loosened soil.

The seminal root axes generally thickened when
growing in compact soil, especially in the apical
O'5-l cm (Eigs 2, 3). The marked narrowing 4-5 mm
behind tbe apex might have been caused by (i) a
lower soil strength behind the apex or (ii) shrinkage
of cortical tissue after it had fully expanded. Seminal
roots from loosened soil had a constant diameter of
c. 0.9 mm apart from a slight tapering of tbe apical
2 mm. Stelar diameters were 0-30 + 0-01 and
0-32±0-02 mm in roots from compact and loosened
soil, respectively.

Increased cortical cell diameters accounted for the
thickening of compacted seminal root axes (Eig. 3).
The mean cross-sectional area of cortical cells in tbe
terminal 4 mm of roots from compact soil was
5O3O±45O/^m- (Eig. 3), whereas cells of the same
zone had a mean cross sectional area of
2550 ± 230//m- when grown in loosened soil (based
on 10-12 roots).

The length and volume of cortical cells were
smaller when roots grew in compact soil. Cortical
cell lengths 0-5-1-5 cm from the apex were
89±17/ /m and 258 + 42//m in roots from compact
and loosened soil, respectively and cell volumes at
this point on tbe root axis were calculated to be
4-5x10^ and 6-6 x 10^ /<m^ respectively (using cross-
sectional areas above).

Shoot growth and development

Plants on loosened soil had greater shoot weights
throughout the experimental period (Eig. 4). In the

_ 1-0

tn

oosz

33 41 47
Days after sowing

Figure 4. Eresb weights of sboots harvested over time
from compact ( # ) or loosened ( • ) soil. Tbe arrow denotes
tbe time of tbe main experiment and root analysis. Relative
growtb rates (g ĝ ^ d^ )̂ were 0-099 and 0123 in tbe two
treatments [ (#) and ( • ) ] , respectively between 41 and
47 d after sowing. Values are means of 5 replicates eacb
containing 10 plants. Bars represent standard errors of
means.
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Source: Stirzaker et al. (1996)
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Figure 6. Barley roots growing in soil with a) a bulk density of 1.5 Mg m -3 b) a bulk density of 1.77 Mg rn -3 e) a bulk density of 1.77 Mg 
m -3 containing 3.2 mm diameter biopores; pea roots growing in soil with d) a bulk density of t .47 Mg m -3 e) a bulk density of 1.70 Mg m -3 
f) a bulk density of 1.12 Mg m -3 containing 3.2 mm diameter biopores filled with peat. 

As the soil fails ahead of a growing root, the fracture 
may lead to other zones of weakness in the soil and 
hence to a crack or biopore. 

Water uptake 

A change in bulk density alters the volumetric water 
content of the soil, the movement  of water in response 
to gradients in water content, the root-soil contact and 
the mechanical impedance to root growth (Figures la, 
b; Figure 2). In turn, the mechanical impedance affects 

root length, root diameter and the volume of the pot 
explored. We tested the hypothesis that plants would 
have more difficulty in extracting water from soil of 
bulk density 1.12 Mg m -3 or 1.78 Mg m -3 compared 
to soil 1.45 Mg m -3. Measurements of root length, 
root diameter and the volume of pot explored as a 
function of bulk density were drawn from Experiment 
1. Assumptions were made which would favour the 
acceptance of the hypothesis as follows: only one third 
of the measured root length was active in taking up 
water; the transpiration rate was the highest value mea- 

1.50 Mg m-3 1.77 Mg m-3 1.77 Mg m-3 with biopores

Soil biopores
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Figure 6. Barley roots growing in soil with a) a bulk density of 1.5 Mg m -3 b) a bulk density of 1.77 Mg rn -3 e) a bulk density of 1.77 Mg 
m -3 containing 3.2 mm diameter biopores; pea roots growing in soil with d) a bulk density of t .47 Mg m -3 e) a bulk density of 1.70 Mg m -3 
f) a bulk density of 1.12 Mg m -3 containing 3.2 mm diameter biopores filled with peat. 

As the soil fails ahead of a growing root, the fracture 
may lead to other zones of weakness in the soil and 
hence to a crack or biopore. 

Water uptake 

A change in bulk density alters the volumetric water 
content of the soil, the movement  of water in response 
to gradients in water content, the root-soil contact and 
the mechanical impedance to root growth (Figures la, 
b; Figure 2). In turn, the mechanical impedance affects 

root length, root diameter and the volume of the pot 
explored. We tested the hypothesis that plants would 
have more difficulty in extracting water from soil of 
bulk density 1.12 Mg m -3 or 1.78 Mg m -3 compared 
to soil 1.45 Mg m -3. Measurements of root length, 
root diameter and the volume of pot explored as a 
function of bulk density were drawn from Experiment 
1. Assumptions were made which would favour the 
acceptance of the hypothesis as follows: only one third 
of the measured root length was active in taking up 
water; the transpiration rate was the highest value mea- 

1.50 Mg m-3 1.77 Mg m-3 1.77 Mg m-3 with biopores

Source: Stirzaker et al. (1996)

Soil biopores
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“The round voids in the soil formed by biological activity” 
(Kautz 2015) 

Source: Eusun Han

Biopores

Soil biopores
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“The round voids in the soil formed by biological activity” 
(Kautz 2015) 

Root penetration Earthworm movement

Source: Eusun Han

Biopores

Soil biopores
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Research design

Project structure

26

DFG-FOR 1320 (2009-2012) 

Crop sequence and nutrient 
acquisition from the subsoil

DFG-PAK 888 (2014-present)

Biopores as hotspots for nutrient 
acquisition from the subsoil

Biopore genesis
Root growth

Shoot growth

Biopore utilization
Drilosphere property

Anecic earthworm

Optimization of research methods
Investigation on relevant factors
Suggestion on future research

(2012-2015) 

Project structure
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Campus Klein-Altendorf
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Research designCentral Field Trial (CeFiT)

Deep loess soil (WRB: Haplic Luvisol)
Mean air temperature: 9.4o

Annual precipitation: 603 mm

Trial A (2007-2013)
Trial B (2009-2015)
Trial C (2012-present)

Campus Klein-Altendorf in Rheinbach
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Findings

• Biopore genesis under perennial fodder cropping

• Root morphology as affected by soil biopore systems

• Biopore-root-shoot relationship
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Han, E., Kautz, T., Perkons, U., Lüsebrink, M., Pude, R., & Köpke, U. 
(2015). Quantification of soil biopore density after perennial fodder 
cropping. Plant and Soil, 394(1-2), 73–85. 

Biopore genesis under perennial fodder cropping
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Biopore genesis

Lucerne (Luzerne) Chicory (Wegwarte) Tall fescue (Rohrschwingel)

1, 2 and 3 years of fodder cropping with;

31

Findings

Source: Wikipedia



Biopore-associatad root growth in arable subsoil as affected by crop sequence

Biopore genesis
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Findings

0.5 m

0.5 m

45 cm

Revealing biopores

Source: Eusun Han



Biopore-associatad root growth in arable subsoil as affected by crop sequence

Coarse-sized BP (BPcor): >5 mm
Medium-sized BP (BPmed): 2-5 mm
Total BP (BPtot): >2 mm

2010 in Trial A (TA)
2012 in Trial B (TB)

Two-year fallow

Biopore genesis

Source: Eusun Han
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Biopore-associatad root growth in arable subsoil as affected by crop sequence

Biopore genesis
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Findings

14 %

But is it necessarily better....? 

Hydrophobic “skin” 
left by the old 

lucerne endodermis 

Decomposed roots

Source: John Kirkegaard 



Biopore-associatad root growth in arable subsoil as affected by crop sequence

Biopore density (BPD; mean ± one SE) of all size classes (BPtot: >2 mm), coarse-sized (BPcor: >5 mm) and 
medium-sized (BPmed: 2-5 mm) affected by fodder crops (A: lucerne, chicory and tall fescue). Small letters indicate 
significant differences between the treatments within BP class (Tukey’s HSD, P≤0.05). Differences are not 
significant without indication. 

Biopore genesis
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Findings

Source: Han et al. (2015a)



Biopore-associatad root growth in arable subsoil as affected by crop sequence

Biopore density (BPD; mean ± one SE) of all size classes (BPtot: >2 mm), coarse-sized (BPcor: >5 mm) and 
medium-sized (BPmed: 2-5 mm) affected by fodder crops (A: lucerne, chicory and tall fescue) and cropping duration 
(B: 1, 2 and 3 years). Small letters indicate significant differences between the treatments within BP class (Tukey’s 
HSD, P≤0.05). Differences are not significant without indication. 

Biopore genesis
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Findings

Source: Han et al. (2015a)







Han, E., Kautz, T., Perkons, U., Uteau, D., Peth, S., Huang, N., Horn, R., 
& Köpke, U. (2015). Root growth dynamics inside and outside of soil 
biopores as affected by crop sequence determined with the profi le wall 
method. Biology and Fertility of Soils, 51, 847–856. 

Biopore-root-shoot relationship



Biopore-associatad root growth in arable subsoil as affected by crop sequence

Spring wheat (SW)

Tall fescue (Fes)

Chicory(Chi)

Tall fescue (Fes)

2011 20122010

Chicory(Chi)

Findings

Treatments
Chi-Chi-SW
Fes-Fes-SW

Biopore-root-shoot

Source: Wikipedia
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Biopore-associatad root growth in arable subsoil as affected by crop sequence

Preparation of the profile wall

Findings

Biopore-root-shoot

Source: Eusun Han
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Biopore-associatad root growth in arable subsoil as affected by crop sequence

Recording the Root Length Unit (1 RLU=5 mm)

Findings

Biopore-root-shoot

Source: Eusun Han
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Biopore-associatad root growth in arable subsoil as affected by crop sequence

5 cm

  5c
m

Recording the Root Length Unit (1 RLU=5 mm)

Findings

Biopore-root-shoot

Source: Eusun Han
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Biopore-associatad root growth in arable subsoil as affected by crop sequence

Root length (km m-2) of SW outside BP (A; RLbk) and inside BP (B; RLbp) beneath 45 cm of soil depth 
affected by crop sequence (Chi-Chi-SW and Fes-Fes-SW) and growth stage (tillering, booting, 
anthesis and milk) in 2012. Small letters indicate significant differences between crop sequence within 
growth stage (pair-wise t-test, P≤0.05).

P≤0.006
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Findings

Source: Han et al. (2015b)

Biopore-root-shoot

Inside biopores Outside biopores



Biopore-associatad root growth in arable subsoil as affected by crop sequence

Root length (km m-2) of SW outside BP (A; RLbk) and inside BP (B; RLbp) beneath 45 cm of soil depth 
affected by crop sequence (Chi-Chi-SW and Fes-Fes-SW) and growth stage (tillering, booting, 
anthesis and milk) in 2012. Small letters indicate significant differences between crop sequence within 
growth stage (pair-wise t-test, P≤0.05).
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Source: Han et al. (2015b)

Biopore-root-shoot
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4 times



Biopore-associatad root growth in arable subsoil as affected by crop sequence

Root length (km m-2) of SW outside BP (A; RLbk) and inside BP (B; RLbp) beneath 45 cm of soil depth 
affected by crop sequence (Chi-Chi-SW and Fes-Fes-SW) and growth stage (tillering, booting, 
anthesis and milk) in 2012. Small letters indicate significant differences between crop sequence within 
growth stage (pair-wise t-test, P≤0.05).
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Source: Han et al. (2015b)
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Biopore-associatad root growth in arable subsoil as affected by crop sequence

Root length (km m-2) of SW outside BP (A; RLbk) and inside BP (B; RLbp) beneath 45 cm of soil depth 
affected by crop sequence (Chi-Chi-SW and Fes-Fes-SW) and growth stage (tillering, booting, 
anthesis and milk) in 2012. Small letters indicate significant differences between crop sequence within 
growth stage (pair-wise t-test, P≤0.05).

P≤0.006
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Findings

Source: Han et al. (2015b)

Biopore-root-shoot

Inside biopores Re-entry to bulk soil

Source: Huang et al. in Prep Source: Athmann et al. (2011)



Biopore-associatad root growth in arable subsoil as affected by crop sequence

Shoot biomass (A; t ha-1), N (B; kg ha-1), P (C) and K uptake (D) of spring wheat affected 
by crop sequence (Chi-Chi-SW and Fes-Fes-SW) and growth stage (tillering, booting, 
anthesis and milk) in 2012.
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Source: Han et al. (2015b)
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Biopore-associatad root growth in arable subsoil as affected by crop sequence

Shoot biomass (A; t ha-1), N (B; kg ha-1), P (C) and K uptake (D) of spring wheat affected 
by crop sequence (Chi-Chi-SW and Fes-Fes-SW) and growth stage (tillering, booting, 
anthesis and milk) in 2012.
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Findings

Source: Han et al. (2015b)

Biopore-root-shoot

Biomass N uptake

P uptake K uptake

P≤0.003
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Utilization of soil structure 

Identification of deep-rooting crops

How to promote deep roots in arable land?
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Department of Plant and Environmental Sciences, 
University of Copenhagen

DeepFrontier

Deep-rooting crops
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DeepFrontier Down to 5 m

Deep-rooting crops
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DeepFrontier
DeepRootLab

Deep-rooting crops

Source: ICROFS

Taastrup, Denmark
55 o 40’ N; 12 o 18’
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2.5 m

+2.5 m

Minirhizotron

Minirhizotron method
Deep-rooting crops
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Deep-rooting crops

Source: Han et al. submitted
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Deep-rooting crops

Source: Han et al. submitted
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Biopore genesis to biopore utilization

Future research

Source: Huang et al. in Prep
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DeepFrontier

To
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l N: 15N

P: δ18 O-P
K: 41K, Li, Rb
S: Se
Ca: Sr

Future research

Quantification of plant resource uptake
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DeepFrontier
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Quantification of plant resource uptake

Future research
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Research must go on.
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What about Asian deep roots?
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Conclusions

Organic agriculture and deep roots

Köpke, U., Han, E. et al. (2015). Optimising cropping 
techniques for nutrient and environmental management 
in Organic Agriculture. Sustainable Agriculture 
Research, 4(3), 15–11.
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“Organic Agriculture is designed to derive large parts of nutrients from the solid phase.”

Diversification of cropping system

• Enhanced access to the subsoil
• Improved nutrient status of drilosphere

Subsoil heterogenization

Role of deep roots in organic agriculture
Conclusions
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Root science as part of crop science
where are we and what are the 

challenges?

- root science vs. shoot science
- methods, being “in the dark”!
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“We should cherish and grow young organic leaders.”
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