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1. Introduction

The objectives of Concerted Action AIR3-CT93-0994 are to establish a representative network
of research centres where plant root studies are done in retation to nutrient and water dyna-
mics of the plant/crop/soil system. During the Concerted Action an update of old root research
methodologies is to be made and a description of new methods in used nowadays will be in-
cluded. If appropriate an attempt to standardise specific methods will be made. Updates, de-
scriptions and standardisation protocols will lead to a document (a Handbook). The concerted
Action aims further at an improved exchange of research results and methodological aspects
between the participants by initiating and maintaining electronic discussion or newsgroup on
the Internet.

Among the participants to this Concerted Action *Users* and "Core members* are distinguished.
*Core members® will have a special task in designing and writing the so-called Handbook,
during the writing process "users” will be asked to collect and to provide relevant research
data.

Three Workshops are to be hold, addressing the following points:

Workshop I: Participation by the User-group. In this workshop the state of the art of several
methodologies shall be identified and an information exchange shall take place. At this point
already a discussion on the outline of the "Handbook®, a methodological paper describing
methods in root research will take place

Woarkshop 2: Participation of the “Core-group®. Finalising the preparation of the "handbook"
Workshop 3: Final results and presentation of the Handbook

The current progress report describes the first workshop which was hold in June 1994 in -
Wageningen and contains also the results of an inventory on current root research methods,

In order to identify the current "state of the art® of root research each of the participating
research groups (Appendix i) was invited on the first day of the workshop to inform the other
participants about their research project(s), emphasising the methodological aspects or meth-
odological difficulties (See also Chapter 6 with short descriptions of the research items and
relevant references of the contributing researchgroups).

On the second day of the workshop (Appendix If for the program) specific subjects were
treated in more detail in the form of sessions. Each session was presided by an expert in the
field who was asked to give an introductory paper in order to i) give a broad outline of the
techniques now available and the degree of standardisation (or lack of standardisation) ii}
identify existing problems which impair further development iii) identify and initiate relevant
codperative activities in the next years. Chapter 3 will give a brief description of the outcome
of these sessions. During the last day of the workshop four different working groups discussed
the following topics which were considered as relevant for future root research: the use of
minirhizotrons, image analysis, sampling methodology and root activity (Chapter 4).






2. Inventory on root research methods

2.1. Introduction

To start the information exchange between the participants of this Concerted Action an in-
ventory (Appendix ill) was sent to each research group. In this inventory, all participants have
described i) the major research gquestions in the projects, ii) the methodology they use and

iii} the root parameters they assess in their research.

2.2. The results

Appendix IV gives a survey of the research questions treated by the participants, it becomes
clear that all groups together cover in their research a wide range of agricultural systems
(including forestry), plant species and physiological processes. It can be concluded that the
participating groups create an excellent platform to carry out the tasks described in this
Concerted Action.

On the basis of Appendix V the subjectsftechniques were chosen which were treated in the ses-
sions on the second day of the workshop. Considering the response to question # ¢ of the
inventory it can be concluded that the assessment of root functioning, including the criteria
for declaring a root dead or alive, is a topic of high interest for most of the root researchers
today. Also model development, the use of minirhizotrons and image analysis were considered
as important for current root research.

To quantify root length dynamics in the field the greater part of the researchers use mini-
rhizotrons, use the profile wall method or carry out auger sampling (Appendix VI). Especially
the use of minirhizotrons usually is accompanied by methodological difficulties and was there-
fore treated in a separate session.

Appendix VIl shows (based on question # 14 of the inventory} the most important root para-
meters assessed in current root research. It follows from the appendix that Image Analysis is
used increasingly to assess root length and root diameter. Also for this relatively new technol-
ogy it was concluded during the workshop that an update and description of the method was
necessary, considering the various systems and programs which are used by the participants
{Appendix VIII).

Appendix IX finally makes clear that most studies on functioning of roots deal with the uptake
of the major nutrients (NPK) and water. There is, however, a broad spectrum of external factors
which are studied to investigate the effect on root functioning.






3. Report of the sessions

3.1. Session 1: Sampling methodology

Chairman: dr. G. Bengough

In his introduction, Glen Bengough pointed out that there is still much room for improvement
in the assessment of root parameters. More attention should be paid to the positioning of
samples as root densities decrease non-linearly with the distance from the plant. Van Noordwijk
and colleagues provide sampling scheme's to account for this.

The storage and processing of soil cores can be a subsequent source of errors leading to an
underestimate of root densities. Especially fine roots (with a great contribution to root density
per unit weight) can easily be lost. Losses appear to be greater for samples that have been
stored too long at too high a temperature and for samples containing stones. Root extraction
can be improved if samples are incubated with dispersion fluids. Incomplete separation of
roots and debris (inciuding dead roots), however, may overestimate root intersections {with a
grid) and thus root density.

The participants agreed that a certain standardisation for sampling strategy is needed.

Statistics should always play an important role both in designing sampling scheme's and in
interpreting data both in terms of means and their variability. It was suggested to pay more
attention to geo-statistics (Michigan State Univ) as individual sample values can not be consid-
ered independent.

It was suggested that models which predict the rooting pattern, like the one developed by
Pages and colleagues (France), may be very helpful in defining optimum sampling scheme's.
Participants concluded that a standardised ring research program would be valuable in order
to have various methods compared by exchanging samples among several labs.

3.2. Session 2: Minirhizotron techniques
Chairman: dr, A.L. Smit

With Minirhizotrons, root quantification is directed at root countings per unit area and can be
compared with trench wall methods. As such the method is affected with errors too, although
minirhizotrons have become a major too! in root research in recent years.

Bert Smit reviewed the pro's and con's of minirhizotrons. There seems to be a lot of variation
concerning installation procedures. As an example the angle with the vertical of the minirhizo-
trons was mentioned: it varies between horizontal to vertical. Recently an article appeared
which mentioned 54° as optimal. Furthermore, installation may be problematic unless partial
or complete refilling takes place. Inflatable minirhizotrons seem to deserve more attention as
they overcome some of the problems frequently found at the interface of soil and minirhizo-
tron wall. Even in the case of inflatable minirhizotrons, however, the number of roots rather
than their length should be used for further processing since preferential growth along the
wall may occur.
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" 1t was generally recognised that minirhizotrons are excellently suited for C-ailocation and
turnover studies though it may be difficult to discriminate between living and dead roots.
UltraViolet (UV)-fluorescence seems to tell us more about the presence of phenolic substances
rather than about the senescence of roots. Besides, it was suggested that live and dead may be
inappropriate terms as even dead xylem vessels may stil! facilitate water transport and are hence
to be considered active. Probably, UV-light can be used to distinguish species in mixed stands.

. As indicated, observations from both auger samples and minirhizotrons may be affected with
errors. Consequently, it is not surprising that finking these two techniques seldom produces
Meluish & Lang’s L= 2 x N. Even without errors the conversion factor may deviate from the
value of 2 due to a non-random orientation of roots resulting from the crop growth stage, the
relative contribution of various branching orders and temperature effects. With few exceptions,
participants have often had difficulties in getting comparable root density values from auger
samples and minirhizotron observations.

- It was (as in session I) suggested that models, like the one developed by Pages and colleagues,
may be very helpful exploring possible deviations from expected conversion factor values,
finding the optimal angle of installation etcetera. Participants concluded that a standardised
ring research program would be valuable in order to have various methods compared.

Correct root density assessments require a considerable effort. Consequently, researchers should
decide a priori whether other parameters {e.g. number of root tips, rooting depth) would not
suffice to answer their questions and, if not, at what accuracy root density should be deter-

" mined. Crude methods {like visual calibration) may sometimes be perfectly suitable and save
money and time. If, for instance, one is interested in nitrate uptake it is not so relevant to know
whether root densities is exactly 7.5 or something in between 5 and 10 cm per cm3. It would be
worthwhile to develop and standardise visual methods for higher root length densities

3.3. Session 3: Assessment of physiological functioning
of roots
Chairman: dr, £, George

After a keynote presentation by Eckhard George it was concluded that roct researchers need a
reliable criterion for distinguishing functional and non-functional roots. The physiological
functioning of roots however is complex and consists of different independent processes.
Roots produce and transfer substances which are then further used in the shoot (e.q. plant

" growth regulators). Roots also play a role in the avoidance of uptake of toxic elements like
aluminium. The root function which was identified as the most important in root research was
the uptake and transport towards the shoot of water and mineral nutrients. Again however
these are two largely independent processes therefore needing different research methods.

The method to be used for measuring the root functioning depends on the research questions.
One should consider whether actual or potential uptake has to be measured, whether a limita-
_ tion by plant or by soil factors has to be expected, whether uptake should be expressed rela-
tive to root length, surface or volume. In addition the important role of rhizosphere processes
and micorrhizae in the uptake of some nutrients should not be overlooked.



These preliminary considerations should result in the definition of the root activity of interest,
and the scale and precision with which one wants it to be measured. A large overview of
available techniques was given and discussed. These include labelling, staining, collection and
analysis of root exudates or root samples. Implication of these techniques in a field situation
however is often hazardous or not feasible.

Therefore in field research, traditionally, distinction is made only between live and dead roots.
This is mostly done on a visual basis. This technique is rather arbitrary and can not be used for
all plant species. An alternative is then to measure root fluorescence. However, ample experi-
ence of this method and evidence of its accuracy is still lacking.

It was remarked that “live" and "dead"” roots are not clear terms as such. The root stele can
still be functional in water transport while the outer root cells have already died off.

Final remarks were also made with respect to the importance of root activity in heterogeneous
soils. In this type of soils also a large heterogenity in root activity is generated. As a consequence
there can in these situations no scientific value be given at average figures of root activity.
Heterogenity in the field can be mimicked at the lab by split-root experiments.

Experiments on a lab scale however are not always possible (e.g. trees).

3.4. Session 4: Image analysis in root research

hairman: dr, W. Richner
Most root length-determination methods are based on manual or visual analysis of root samp-
les. They are constrained by one or more of following factors: time of analysis, cost, limited
resolution. An alternative method using computer-aided Image Analysis has been developed in
recent years. This new tool is characterized by hard and software, the usage for washed root
samples and minirhizotron images, and the different parameter it provides.

oot | e Analysis o hed root
There is a low degree of standardization of hardware and software. Mostly, root length, area
and mean diameter are provided. Few systems additionally provide distribution of root length
vs. root diameter, number of root tips, information on root morphology, and architecture.
There is no unique system that provides all these information. A general lack of these systems
is the inability to discard debris from root measurements according to morphological traits.

Hardware

The standard equipment are CCD cameras (756 x 581 pixels). Relative inexpensive flatbed scan-
ners (400 to 600 dpi) are gaining more importance. 3-D scanners as described by Smit and
Groenwold (1992), are characterized by high resolution of 4000 x 3600 pixels. Used are all
types of computers. Most widespread are 1BM-compatible systems.

There is a large variety of products of digitizing boards depending on hard and software
(standard products, e.g. Truevision targa cards).

The storage media for images varies from video tapes, hard disks, optical rewritable disks to DAT
(digital audio tape) drives. The storage of large amounts of images on video tapes or computer
hard disks is unsatisfactory and optical disks or DAT drives might become an alternative.
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Software

The software is based on two main principles: the digital line-intercept methods (based on the
Line-Intercept theories of Newman (1966) and Tennant (1975)) and edge detection (based on
identifying the parailel edges of each root segment and separating the root from the back-
ground; most often followed by skeletonization algorithms resulting in center lines of the

~ segmented root images). The first method is widely accepted as a standard method, is relatively
fast and requires inexpensive equipment. Drawbacks are the sensitivity to non-random distri-
bution of the roots and the requirement of clean root samples (without debris). Examples for
the digital line-intercept method are Delta-T's Mk I} (Harris and Campbell, 1991) and Delta-T
“Scan* (Kirchhof, 1992).

The edge detection method is independent on random distribution of roots in a sample. In
addition to root length and area, information on root morphology (e.g., branching patterns,
root architecture, fractal dimension} are provided. Compared to the line-intercept method the
edge detection method requires more processing time. Examples for that method are
Smucker’s system {unpublished), Fitter et al., 1991, Pan and Bolton, 1991, Berntson, 1992, and
Fitter and Stickland, 1992.

Root | nalysis of Minirhizotr

To analyze longevity and turnover of single roots of minirhizotron images there are two

" methods in use, The first method is tracing of roots on transparent sheets which requires no
additional hardware but is very time consuming (e.g., Cheng et al., 1990). The second one is
using computer programs, combined with manual or automated tracing roots. This method is
less laborious, length and diameter measurements can be com Sined, identification and devel-
opment stage codes may be assigned to the root, root tracing and identification codes may be
saved and recalled and overlaid to follow the same roots at subsequent dates. Drawbacks of
using this kind of computer programs are the interactively tracing of roots and the need of

_ expensive hardware for digitizing of images. Examples are C-Map/Roots software {Hendrick
and Pregitzer, 1993) and a color composite technique (Heeraman et al, 1993), which includes
automated root tracing.

To analyze automatically morphological root parameters on minirhizotron images edge detec-
tion and filtering techniques are combined. Examples are Smucker et al. {1987), Casarin et al.
{1991), Nater et al. (1992).

- Conclusions

There is a wide interest to overcome the time consuming and laborious root sample processing
by using computer-aided image analysis. Further demands on image analysis techniques have
been developed by increasing usage of Nuclear Magnetic Resonance and X-Ray Tomography
technigue in root research.

Currently good products at reasonable prices are commercially available such as Delta-T "Scan”
for washed root samples (root length, area, diameter classes) or will be soon available such as a
" program by A. Smucker, Michigan State University, for minirhizotron images (available in 1995,
analyses a wide range of root parameters, requires an UNIX-based system). So far, no program '
is available for an automated analyzing of roots on minirhizotron images.

However, there is a need of collaboration with specialists from cther fields, especially pattern
recognition and image analysis to improve algorithms for better discrimination between was-
hed roots and debris and for automated image analysis of minirhizotron images.



A collection of information about available image processing hardware, software and algo-
rithms in a database that would be kept up to date is suggested to convey this information to
interested scientists beyond this concerted action in cooperation with the american research
groups of root image analysis, Furthermore, a documentation of the state-of-the-art is required
in a handbook chapter.

A co-operation development or improvement of techniques, e.g., algorithms for the separation
of debris from washed roots, would be desirabie.
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3.5. Session 5: Model development

Chairman; dr. P. de Willigen

In this session a short survey was given on different types of models and the problems involved.
Peter de Willigen distinguished between models in which uptake is governed by uptake
kinetics (Barber, Nielsen) and models in which uptake is determined for the greater part by scil
physical conditions and in which the plant is regulating uptake by a feed back principle

{De Willigen & Van Noordwijk). Root length densities of 0.2 to 0.5 cm/cm3 are sufficient for
depletion of soil for nitrate. Root clustering or partical contact of the roots with the soil may
change substantitally the required amounts of roots for depletion.

_ Lester Simmonds distinguished between lumped parameter models (SWATRE type) and “Single
Root" models (anolog to the electrical resistance model). According to Simmonds the required
amount of roots for water uptake (3 mm day) would be 5§ km/m2. With an exponential
distribution of roots over the profile at 10 km/m2 {mostly in top layers) it means that at low
water content soon “active” soil layers will contain < 5 km root/cm?,

Senthold Asseng described a different kind of model in which the question was raised whether
root assimilates were transported to soil layers according to economic principles (where is invest-
" ment in roots economical?).

The discussion revealed that modelling root growth based on dry matter is extremely difficult
because of the fact that the specific root length is very variable. In fact simulation must be
done on a fresh weight basis which is almost impossible.

3.6. Session 6: New methods in root research

irman; dr van ijn
During this session an inventory among the participants was made to establish which new
methods have to be considered in this concerted action. Below the first list (not in order of

priority};

- Develoment of statistical procedures to further refine "old methods” such as the pinboard
method (Updating old methods with new statistical methods)
—  Heat flow rate technigque to measure transpiration /n situ
" — Root exudates {C-content)
—  Turgor probes, root tips in soils
- The use of stable isotopes in root research
— How to assess root architecture from washed samples
—  Functioning of roots in relation to NMR technique
—  The use of >N in ammonium/nitrate uptake resarch
— Image analysis in root architechture and mychorrhiza
—  Electical capacity measurements
—  The use of minirhizotrons in relation to research about the mechanical influence of the
' soil to root development
—  The use of Se in stead of S to see where new protein is built in to the roots
—~  Techniques to study P-uptake in relation tc VAM-mychoriza
—  the use of models for sampling strategy

The *Core Group” will decide on the second Workshop whether and which of these tech-
niques will be described in the Handbook
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4. Report of the Working groups

4.1. Minirhizotrons

Rapporteur: K. Groenwold

Installation

It was concluded that installation procedures should be better described or standardised with
emphasis on the following items:

- Angle of installation
- Contact with soil (disturbed and non-disturbed soils)
- The material of the minirhizotrons: glass, lexane, open frame (flexible minirhizotrons)

Observations
With minirhizotrons the following observations are possible:

Observation ion/Lack ndardisati

- # of root intersections/cm? What is the definition of a root intersection?

- length of roots/cm?2 minirhizotron surface

- length of roots/cm3 after assuming a certain "depth of view"?

- root turnover what is the definition of root turn over?
Criteria for dead or alive

- rooting depth what is the definition of rooting depth

- horizontal distribution of roots in row crops How to measure

- morpholoagy of rooting (branching) How to measure

Interpretation of minirhizotrondata

Goal

modelling
rooting depth
root turnover
root functioning?

Conversion to root length density
For uptake studies the lower rooting intensities are more interesting. However, calibration
with auger sampling often means that the higher values are dominating the conversion factor.

If rootorientation is not at random, observing only the upper side of the minirhizotrons might
lead to spurious results. But are additional observations at the lateral sides unbiased?

How important is the angle of installation of minirhizotrons in this respect? s there a change
in time of the conversion factor (due to changed orientation of root growth, or are roots seen
longer on minirhizotron tubes in comparison to auger sampling).
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Problems
Voids/spaces interfere with rooting depth, rooting intensity etc.

This problem is very difficult to tackle. How to determine the viability of the roots?

Who has experience with UV/ fluorescence of roots. Is there a relationship with
age/tunctioning of roots or does the degree of fluorescence depend morhological or
anatomical traits of the roots.

Suggested action
Develop flexible type of minirhizotron

Develop protocol for interpretation of imagesfrecording of images

Calibration methods toward volumetric root length density

4.2, Image Analysis

Rapporteur: W. Richner

The participants in this group felt it was necessary to:

- Review the literature, in order to obtain a list of relevant publications dealing with image
analysis

= Make an inventory on commercial and PD-software/algorithms and also on hardware

- To contact experts in this field (e.g. Morris Huck) who had plans to establish a database

Maintain contact with in situ image analysis procedures

t

For more information and discussion points see Chapter 3.4

4.2.1. Sampling methodology

Rapporteur M. Schenk

Protocol of the working group *Sampling methodology and processing of samples®

The working group divided the problems in four parts
parameters
sampling
storage and processing
statistical analysis

It was decided to list the items to be discussed in detail and to mention related problems. The
group did not aim of supplying already “solutions'" or "answers". This has to be done in the
next step. The list given in the following might need complementation. The group emphasized
that for all decisions on methodological aspects the target of the research has to be specified
clearly.
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1. Parameters
rooting depth (definition by critical root length density?)
root length density per volume of soil

heterogenity of root distribution (which method?)

il-r n
root architecture (root radius distribution, branching pattern, root tips)

root mass (dry matter) {how to clean the sample, loss of plant material,
losses of inorganic and organic contents of roots)

growth factors {which data have to be collected for describing
the conditions, temperature in the soil, water
content, soil structure?)

carbon flow into the root
The available methods to determine the above listed parameters are:

trench-methed
core break method
auger method

pin board method
profile wall method
minirhizatron.

It is suggested to discuss the auger method as reference method far evaluation of methods.

2. Sampling

spatial variability (which sampling strategy is supplying valid
information?)
positioning of sample {improvement by modelling of root
architecture?)
replicates
r ing of (how to aggregate the data over different
positions of soil samples and soil depths?)
ime schedyl rsamp- {which data are the most valid?)
ing duri r T
meth f samplin {which auger diameter or other technical details

for the mentioned methods)
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3. Storage and processing

soil samples (influence of time temperature and storage con-
ditions in general)

~ extraction of roots (evaluation of available techniques and their
accuracy; from soil samples how to distinguish
between dead organic matter and living roots?)

procedure for {(subsampling, visual scoring method, image
analysis)
measuring roots

4, Statistical analysis and models
nventi isti

Geostatistics (how does this method contribute to increase
the information flow from the data?)

| 4.3. Root activity

R £ r
Summary of work group discussion on root activity

There is an urgent need for practical methods to determine “root activity ™ under field condi-
tions or for soil-grown plants. While several methods to determine some aspects of root activ-
ity are available, they appear to give unsatisfactory results, or are not applicable to the specific
research interests of the participants.

The objective most often mentioned was to determine the localisation of uptake along the
root or root system. This will be important for water, but also for nutrients {nitrogen, phos-
phorus, potentially toxic elements such as Cd). A number of questions is linked to this objec-
tive: how much can mycorrhizal fungi replace the function of the root in these uptake proc-
. esses (and how can this be determined), how can the role of root hairs be determined under
field conditions, and should priority be given to select methods to determine a general root
activty or specific functions of the root? Depending on the research interest, it will also be
important to determine transport properties of roots as well as uptake properties.

Soils are very heterogeneous substrates. This spatial heterogenity is not taken into account by
most conventional techniques used in experiments for example on effects of soil constraints on
root activity. Examples for soil heterogenity were given as mechanical impedance to root

" growth, soil water distribution or nutrient availabilty. In order to determine the potential
activity of a root part, it will also be necessary to know more about the age but also about the
“history" of a root. For example, is the root adapted to high or low nutrient supply? Were the
rhizosphere conditions actively modified by the root? How does a root system react to changes
of supply in time, for example of water? Thus, measurements of the effects of temporal
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heterogenity on the root system are necessary and will also result in more information on
effect of soil environmental conditions on root longevity.

Before root activity can be determined, there must be information on the distribution of the
root system in the soil profile (this is a link to groups | and Ii). Laboratory studies on root activ-
ity are necessary to determine the potential uptake rate or longevity of different root zones,
but should use conditions (nutrient concentration in the solution, root zone temperature, soil
density) similar to those in the field as much as possible. For practical purposes, it needs to be
kept in mind that there is a need to consider how many active roots a plant requires (are there
maybe too many roots anyhow and we do not need to consider active root length as a limiting
factor), and how much of the "active” root length is in actual contact to the soil solution.

The methodology to determine root activity in soil-grown plants is not well established, so
that no recommendations for joint experiments could be given at present. Rather, new
research should focus on;

- techniques to determine the life history of a root

- methods to describe the reaction of a root to adverse soil conditions (adaptation versus
critical damage)

- experimental techniques to model heterogenity of soil conditions (for example, split-root
system)

In this respect, a coordinated research approach of different laboratories could be to use one
plant species and common experimental systems while investigating different aspects of root
activity.
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5. Conclusions

5.1. Summary of decisions/further activities

A summary of the major points which were brought up during the workshop (sessions &

working groups) as relevant for the Concerted Action:

- With the now available tools, including root growth models and statistical procedures like
geostatistics, it is possible to investigate in more detail sampling scheme's in relation to
expected heterogenity of roots etc.

- Information on the effects of washing and storing root samples on quantity and chemical
composition will be collected among the participants and included in the Handbook

- A good description of the technique to install minirhizotrons in the field is needed as well
as a protocol for the interpretation of minirhizotron observations

- Aninternational comparison between minirhizotron data and a calibration methods
towards volumetric root length density (by core sampling/ trench or pinbeard techniques)
will be made

-  The development of a flexible type of minirhizotron will be in study and if possible
initiated,

- Areview of the literature will be made in order to obtain a list of relevant publications
dealing with image analysis

- Aninventory on commercial and PD-softwarefalgorithms and also on hardware will be
made

- Inthe Handbook a description of methods to determine root activity of soil-grown plant
will be included, e.9. modern staining technique etc.

It is proposed to work the details for some of the points mentioned above further out on the
second workshop

Other activities foreseen

- A newsgreoup/discussion list on root research methods will be started on the Internet
- Selection of the Coregroup- Drafting of the titles of the chapters of the Handbook

- Preparing of the second Workshop in September 1995
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'5.2. Adjusted Workplan (January 1995)

Following steps can be distinguished: pericd participant
{yfqu)

Preparation of an overview of present research

questions involving root studies:

* ¥ % % =

* * * & *

* inventory of research issues with participants 9472 1

* inventory of current techniques/facilities 9472 1

* draft overview of research 94/4 1

* draft overview of relevant root/soil properties 9511 1

Establishment of Core Group of experts

~* Workshop 1. Start-up and definition activity 9472 User group

exchange of data and present position

* Workshop report 94/A

* selection of core group 951

Implementation of outline of joint activities

* try-out of draft experimental protocols in (field-) (94/3)-96/3 User-group
experiments

. * elaboration of novel methods (i.e.image analysis) 95/1-96/4 wgr RIA

* titles and draft key-words of chapters for Handbook 95/2-95/3 Core-group

* support and editing assistance 95/3-96/2 1

Evaluation of progress and adjustments to protocols
Workshop 2:; evaluation of activities 95/3 Core-group
adjustments of protocols, and methods 96/1-96/2 User-group
definition of key root characteristics 95/2-95/4 1
workshop report 95/4 1
try-out in (field-) experiments 95/2-96/3 User-group

Preparation of Handbook on root research methodology
drafting and revision of chapters for Handbook 95/3-96/2 Core-group
meeting of lead-authors 96/3 Core-group
finalize chapters and editing of Handbook 96/3-96/4 1, Core-Gr.
printing of Handbook 97/1-97/2 1
Workshop 3 9772 User-group

5¢.Commun.
* Workshop report 97/3 1

Coordination

Overall coordination, including initiation of inquiries, organisation of workshops, editing of

the Handbook and Workshop reports will be done and organised by participant 1 (Van de
Geijn and Smit)
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6. Root research and literature references
from the participating research groups

6.1. Belgium

taboratory of Soil Fertility and Soil Biology,
Katholieke Universiteit Leuven.
Jan Buysse, Erik Smolders, Roel Merckx.

General

All research activities within the group are linked with the development of a conceptual model
describing the bioavailability of nutrients and xenobiotics in the soil. Purpose is to predict

~ levels of soil-born constituents in plants by modelling all plant-physiological and soil chemical

processes involved. Up to now, efforts have been concentrating on the description of the

processes involved for nitrogen and 137Cs. In the short run, research on Cadmium will be

started as well.

Nitrogen

As an important macronutrient, nitrogen nutrition is known to have a strong influence on
both total plant growth and on biomass partitioning over roots and shoots. For spinach plants,
relations were derived describing the interdepence of growth, biomass partitioning and the
level of nitrogen nutrition. The uptake capacity of the root for nitrogen was described in func-
tion of the plant's N nutrition state and the external nitrate concentration.

Special emphasis is given to the processes of biomass partitioning. Theoretical growth models
(e.g. Thornley, 1972) have hypothesized a determining role for C and N substrates in determin-
ing both growth and biomass partitioning. In a series of experiments with different genotypes
under different N nutrition levels and different light regimes, it is investigated whether growth
and biomass partitioning can indeed be controlied and predicted by the levels of Cand N
substrates.

Finally, the soil factor is included in the model. At this moment, a model simulating most soil
and plant processes at the individual plant scale, is being developed. The simulation model will
be used to determine the importance of the different plant and soil parameters on the uptake
of nitrate and on the growth of the different plant parts.

Radiocaesium

Agricultural land in Europe has been contaminated with radioactive caesium and strontium af-
ter the Chernoby! accident in 1986. Nowadays, the problem is still pertinent in some acid and
peaty soils having a small capacity to adsorb Cs irreversibly.
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In nutrient solution experiments, the relation between Cs and K uptake was investigated. It

~ was concluded that at K levels higher than 1 mM, Cs uptake was not so much related with K
uptake but rather with the external Ca concentration. This was interpreted by considering the
Cs uptake dependent on the partial loading of Cs on the root ion exchange complex. However,
at external K concentrations lower than 1 mM, the uptake of Cs is seen to increase consider-
ably independently of the external Ca concentration. Iinflux and efflux experiments for K and
Cs were done subsequently to enable interpretation of these results. The internal distribution
of Cs in the plant was investigated by measuring the upward and downward flows of Cs and K
as influenced by the K nutrition state, the external K concentration and the genotype.

Finally, the importance of the different processes in the soil and the plant will again be
weighed by bringing them together in one simulation model.

Cadmium

" The bioavailability of Cd is strongly influenced by complexing agents in the soil solution.
Experiments relating uptake by the plant and the speciation of Cd in the soil solution are
now carried out in cooperation with the CSIRO, Division of Soils, Adelaide, Australia.
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6.2. Danmark

Royal Veterinary and Agricultural University, Copenhagen
N.E. Nielsen

Research

Some Danish studies on root and root function
Development of Methodologies

Studied on plant parameters controlling the efficiency of nutrient uptake from soil which
included studies of the kinetics of nutrient uptake by plants from soil, root length and root
density in soils were initiated more than 20 years ago (1, 2).

Now we are studying processes in the rhizosphere using a newly developed technigue

(3, 4 0g 5).The technique allow us to study rhizosphere processes of plants at various states of
nutrition and growth. According to this method plants are pre-grown and experimental grown
under regulated climatic and nutritional conditions. In the experimental set up a root mat deve-
fops on a nylon screen {53 pm mesh) in a column of test soil. At termination of experiments the
test soil columns are separated from the root mat, quickly frozen in liquid and nitrogen and
‘sliced” into thin layers (0.2 mm) using refrigerated microtome.

The results show that the developed plant growing technique allows us to study for instance
phosphorus depletion in the rhizosphere of plants grown at various states of nutrition and
growth with i) a high degree of rhizophere resolution, ii) control of water and nutrient supply
to the plants, iii) control of soil pH in the soil root interface, and iiii) good repeatability.

Using 1CO,-pulse-labelling technique rhizodeposition of carbon by field grown barley was
studied successfully(7, 8).

Modelling which also includes modelling of the root dynamics is a valuable technique in our
simulation of important processes in the soil plant atmosphere system (9, 10 11).
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6.3. France

" INRA {Montpellier & Colmar)
F. Tardieu & §. Pellerin

inter: ligh il tem n il water nti
The objective of the work is to model, with a daily timestep, root elongation, ramification and
trajectories as a function of three key environmental variables, namely soil temperature, cumu-
- lative light intercepted by leaves and soil water status. A first series of experiments has pro-
vided elements for modelling root elongation as a result of intercepted light and soil tempera-
ture. On going experiments concern (i) the effects of soil water status on elongation, and (i)
modeling the trajectories of secondary roots
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6.4. Germany

- University of Hannover
Institute of Plant Nutrition, (Fachbereich Gartenbau)
M. K. Schenk,

Genotypic differences of N efficiency in cauliflower

Cauliflower takes up large amounts of nitrogen but less than half of it is exported from the
field with the curd. It is speculated that genotypes have different N efficiencies.

Aim of the research is to identify genotypes having different N efficiencies and to study causal
relationships. Efficiency is differentiated in "N uptake efficiency® and “N use efficiency®.
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The research programme is in cooperation with the Research Station for Arable Farming and
Field Production of Vegetables at Lelystad and a breeding company. The three genotypes used
in this programme were preselected by the breeding company and were supposed to have dif-
ferent N efficiencies.

The genotypes were planted in the field in 1993 on two sites, one in Holland the second in
Germany on the research station of the Department of Horticulture. The trials had two nitro-
gen leveis: N supply of the soil and 250 kg (Nyin + Nfenilizer)- T characterize uptake efficiency
spatial distribution of roots and nitrate content in the soil were measured.

The results of the first year showed that on both sites one variety was less N-efficient in terms
of curd quality. This observation was in accordance with the experience of the breeding com-
pany. Other results were:

¢« The nitrogen level did not affect root length density in the soll in both vertical and
horizontal direction.

«  Root length density was up to 50 higher next to the plant compared to further distances.
The decrease from 12,5 cm to 45 cm distance from the plant was small. Differentiation of
vertical distribution of roots in the deeper layers 15-30 ¢m, 30-45 cm and 45-60 ¢m was
minor.

s Root length densities decreased with depth of the soil. The upper layer contained twice
or 4 times more roots than the layers 15-30 or 30-45 ¢cm, respectively. The differentiation
between 30-45 cm and 45-60 cm was minor.

e Root length densities on the site in Germany were about 1/3 lower than in Holland. This
was partly due to a smaller shoot mass in Germany, because the crop was grown 4 weeks
more towards the end of the vegetation period.

e Comparison of the genotypes based on the root:shoot-ratio shows that the more
N-efficient genotype had more roots per unit of shoot. This was consistent on both sites
and more pronounced than in terms of root length density. However, there was also a
tendency towards higher values for the same variety.

e The Nmin residue remaining in the soil at harvest at the N deficiency level was similar for
alle genotypes suggesting that variation of root length densities did not affect the NO5-
exhaustion from the soil.
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Hohenheim University

Institute of Plant Nutrition (230),

70593 Stuttgart

Germany

Christof Engels, Eckhard Gearge, Horst Marschner

mm f activiti
We investigate the effect of soil environmental conditions on root growth, root activity, and
root-shoot-relations in several plant species. In specific projects, the influence of different root
zone temperatures on root growth, shoot demand for nutrients, and nutrient uptake of maize
and wheat is studied. Furthermore, root growth and nutrient uptake of maize is followed
during and after a period of drought in the topsoil. This is carried out with a view to deter-
mine whether drought in a fertile topsoil also results in plant nutrient deficiency, in addition
to direct drought effects on plant water potential. It is also studied how much water roots in
deeper soil layers can absorb and transport to the shoot in relation to plant demand. In an-
other experiment, the reaction of Norway spruce, pine, and Douglas fir to local nutrient supply
in soil is compared. One of the aims of this project is to study whether increased root growth
in a fertilized scil zone is followed by a decrease in root growth in non-fertilized, low-nutrient
soil zones. Additionally, at different forest sites, the seasonal time-course of root growth is
monitored using “root windows" in Norway spruce and beech stands with different atmos-
pheric input of nitrogen. In most other projects, rhizoboxes with different dimensions are used
" to determine root growth non-destructively along a transparent front cover. The soil in the
boxes can be watered at different soil depths, and soil water potential and nutrient concentra-
tions in the soil solution are monitored at regular intervals. in some experiments, the root
zone temperature is controlled by placing the rhizoboxes in large cooling containers. We plan
to use image analysis to quantify the root morphology and root growth along the transparent
cover. By supply of 1%C in some of the experiments, we plan to follow below-ground carbon
distribution.
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Humboldt University
Berlin
 Senthold Asseng (now CSRIO Austrafia)

An overview of root projects at Humbaoldt University Berlin, Germany

A four years root growth modelling project was carried out by Senthold Asseng, Christel
Richter (both Humboldt University Berlin, Germany} and Gerd Wessolek (Technical University
Berlin, Germany) from 1930 to 1993. To simulate vertical dynamics of biomass, water and
nitrogen in a winter wheat crop, an existing wheat crop mode! and an existing soil model
(water, nitrogen, temperature) were linked by a root routine. The root extended model
considers the dynamics and feedback's of the major crop characteristics and soil properties.
The root routine simulates the following:

- dynamic shoot root ratio controlled by ontogenesis, water and nitrogen stress;

- root growth in horizontal soil layers which considers such soil properties as water,
nitrogen, air, density, temperature and the recent root distribution;

- ontogenetically and soil specifically controlled exudation and mortality rate;

- root age and soil water driven root activity;

- water and nitrogen uptake.

The main process of the modelled root growth is a root distribution algorithm according to an
*economic principal of the plant®. Daily assimilates available for root growth are distributed
beginning from the top layer to deeper layers according to soil layer hospitality. A downwards
limitation for the assimilate distribution is modelled by calculating daily maximum rooting

. depth. This principal is confirmed in several comparisons of simulation and field measurements.

The new system model is calibrated with data sets of Mdncenberg, Germany in 1989/90. A vali-

dation of the model was carried out with further data sets of the same site in the following

year of 1990/91. Frequent root measurement data were obtained by using monolith method

and hand washing the root samples in both years. Further measurements using minirhizotrons

in a water stress experiment with wheat were carried out for model-experiment comparisons
at Michigan State University in 1992.

The model is used to simulate water and nitrogen use efficiency of the crop. The complex sys-
tem behaviour is studied by simulation experiments with different environmental impacts like
soil restrictions and climate change assumptions.

The new model is a tested tool for a wheat crop on sandy soil and different tasks concerning
the behaviour of the atmosphere-crop-(including root)-soil system. It can be used for further
~ modelling and special analysis in the examination of that complex system.

A further crop modelling project including root growth is supervised by Christel Richter
{(Humboldt University) with barley. This project started in 1993 and goes through 1996. Root
dynamic is followed by frequent auger sampling and hand washing of samples in a field
experiment at the experimental station Blumberg of Humboldt University.
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6.5. Great Brittain

Silsoe Research Institute
Wrest Park, Silsoe, Bedford, England MK45 4HS
A R Dexter. W R Whalley

RESEARCH ON ROOTS AND RELATED SUBJECTS

The work of the Soil Science Group at the Silsce Research Institute includes work on roct
growth, soil structure, soil mechanics, and soil water physics. Other work within the Institute is
on aspects of image analysis which are relevant to root research including both hardware and
software (e.g. image segmentation algorithm) approaches.

The Soil Science Group has projects and expertise in se6eral aspects of root research. These are
described briefly below.

a) Ability of the roots of different varieties of rice to elongate through strong soil.
in this project we are varying soil strength in a controlled way and are measuring the ef-
fects of soil strength on the elongation rate of rice roots. The effects of water stress and
temperature are also being considered.

We are attempting to determine the shape of the "response surface” {elongation rate as
a function of soil strength, water stress and temperature), and to deveiop a mode! for
this.

As part of this work, we have collaborated with Dr G Bengough at the Scottish Crop Re-
search Institute to make direct comparisons between our methods for measuring the
maximum growth pressures of roots.

(b) Effects of seedbed conditions on the establishment of seedlings of carrot and onion.
The work includes the determination of the "response surfaces* of the roots of carrot and
onion as described for rice in (a), above.

The physical and mechanical properties of field soils are being determined, and will be
combined into an integrated model for plant response to soil conditions.

The mechanical properties of soil crusts and shoot emergence forces are also being deter-
mined.

{¢) The effects of soil physical conditions and soil structure on root pathogenic fungi.
This is mainly a *fungus” project, and is examining the effects of soil conditions on the

propagation of pathogenic fungi, However, cotton, radish and wheat are being used as
host plants.

(d) Effects of soil structural parameters on root behaviour.

We have no research in progress in this area at present. However, we have many years of
research experience and many publications on aspects of this problem.

Earlier work investigated the effects of seedbed structure and sub-soil structural parame-
ters {such as biopore density and crack patterns) on root environment and dynamics.

All the above four areas are in need of further research, both separately and in terms of inter-
actions between them and other factors in the soil-root-crop continuum. We are keen to

develop new research programmes on the effects of soil structure, soil strength, and of other
physical factors on plant roots.
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Glenn Bengough, David Robinson

Research

Root research at SCRI is integrated within a broader framework of the crop and soil sciences,
and in particular with soil microbiology, soil physics, crop physioclogy, and more fundamental

- aspects of the physiology of root function. Research is performed at a range of scales, from the
physiology of individual cells, through lab and controlled environment experiments, to full
scale field experiments,

Some topics which are receiving particular attention at present include

- interactions of plant roots with the soil biology of the rhizosphere.

- the use of stable isotopes to study nutrient and water uptake by old and young roots,
carbon flow in the rhizosphere, and the effects of elevated CO, on nutrient uptake and
carbon cycling.

- effects of soil physical conditions on root growth (including effects of mechanical
impedance, aeration and water stresses, and root-shoot communication).

- use of computer simulation of root architecture to study field sampling techniques and
strategies (coflaborative project with Dr L Pages, INRA, Avignon).

In addition to the above research areas, there are established research groups looking at the
. physiology of transport within roots, the infection of roots by pathogens, and the applications -
of non-linear mathematics in biology.
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6.6. italy

Instituto Sperimentale Agronomico
Bari
" D. De Giorgio, D. Ferri, A. Castrignano

Research
Information’s on research activity undertaken in our Institute for a Concerted Action in the EC-
AIR Programme.,

" OBJECTIVES

The main objective of our working group is studying root growth and development of herba-
ceous plants in order to understand and quantify processes influencing root dynamics, such as
soil tillage, irrigation, fertilisation and cropping system.

All gathered information, together with the principal meteorological parameters, will be used
- for validating a simulation modetl of root growth.

Our activity is included in a more comprehensive research project granted by the italian Ministry
of Agricultural and Forestry and aimed to optimise agricultural management in order to meet
opposite requirements, both yield and environment protection ones,

METHODOLOGY

" The trial have been carrying out in field on experimental plots, managed with different soil
tillage and N fertilisation treatments and cropped with durum wheat, sunflower and grain
sorghum.

Root dynamics is studied by using minirhizotron method and monitored with a REES 92 mono-
chromatic video camera.
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Some days before sowing, the minirhizotrons are inserted at 45 degree angles to the soil surface
and in order to insure an excellent minirhizotron coil contact a 50-51 mm diam core is removed
by a tractor mounted hydraulic soil sampler. A 10-cm tube section is left above-ground and
wrapped with black plastic tape to exclude light.

The video camera is inserted in each tube at particular times during the crop cycle and the
tube number, date and depth are video recorded. The root number is counted on a monitor in
the laboratory and recorded using a computer program. Treatment codes are assigned to each
tube number and the coded files are then transferred to the statistical and graphics package
SAS/SATS and GRAPH and elaborated.

For the whole crop season at quite regular time intervals the following physical and chemical
measurements are made: soil water content, bulk density {using a neutron and gamma probe),
soil temperature (using PT 100 sensor ) and the main soil nutrient contents.

Moreover, in our group is going to study the effects produced by root activity on the fate of
soil nutrients. Soil will be then collected form the minirhizotrons at such a distance not affect-
ing root recordings and will be separated form the "bulk soil”" by shaking.

Organic C, pH and macro and micro nutrients will be determined on each soil.

The measured parameters will be used in input to a mathematical model that is a new advanced
version of CERES-Sorghum model. The program will simulate daily root length density and
carbo-hydrate partitioning along the whole rooting depth during the growing season and will
also calculate some stress factors, expressing the effects of both dynamic and static constraints
on root growth (coarse fragment content; soil strength, temperature, aeration, nitrogen
availability).
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Padova University

Institute of Agronomy,
Padova, Italy

Mosca G., Bona S, Vamerali T.

" Research
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6.7. The Netherlands

AB-DLO Haren
P. de Willigen, G. Brouwer, F. Meijboom, M. van Noordwijk (now Indonesia)

The research is concentrated on quantifying and modelling nitrogen flows under field
vegetables. In the project a quantification and mathematical description of nitrogen dynamics
is done as a function of different fertilisation levels and supply of crop residues. A special point
of interest is the interaction between root distribution and uptake.
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AB-DLO Wageningen
S. v.d. Geijn, J. Groenwold, A. Haverkort, J, Schréder, A.L. Smit

Research

- Utilisation of nitrogen in relation to rooting characteristics (maize and field grown vege-
tables)

- Effects of nematodes {potato cyst nematode, root knot nematodes) on root growth and
root functioning (peas, potatoes)

- CO,-effects on rooting dynamics

" The experiments are carried out in the field and in a modern rhizotron facility
(The Wageningen Rhizolab)

Methods to assess the root distribution and intensity:
- minirhizotrons

- Augersampling

- trenchwall method
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6.8. Portugal

UNIVERSITY OF EVORA -
Oliveira, M.R.G

Research

In the last years we have been carrying out field experiments in association with mainly two
programs on irrigation.

~ A - Experiments made in association with the research program on * The technological quality
of processing tomatoes in the Mediterranean countries®.

Under drip irrigation, a small soil-root volume per plant causes problems if application of
water or nutrients is delayed for even a short period of time. In the context of this program we
have developed two trials:

TRIAL 1 - a 2-year trial to evaluate the effects of four different water regimes on root growth
. and distribution of tomato, under drip irrigation.

Treatments: irrigation at -10; -20; -40; and -60 kPa corresponding to 85; 65; 55; and 50 % of
field capacity, respectively.

Methodological approach used in this trial was the trench profile method (Bohm) and a5 x5
cm grid,
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The paper about this experiment was submitted for publication in the Journal of the American
Society for Horticultural Science.

TRIAL 2 - a 2-years trial to study water regimes and nitrogen levels on tomato root growth at
four dates along the growing season.

Treatments - besides water regime, nitrogen levels (50, 150, and 250 kg ha), were applied with
drip irrigation.

Methodological approach- used in this trial was the collection of soil-root samples, with an
auger, at different depths. Samples were taken in three different places, in relation with plants
near the emitter and replicated for plants between emitters, until maximum rooting depth..

B - Experiments made in association with the research program on "The technology of surface
irrigation, with long furrows, in Mediterranean Brown soils*®.

Surface irrigation systems are adequate methods for Mediterranean regions, but Mediterra-
nean brown soils have an heterogeneous infiltration process and the control of water along
the furrow is important to prevent water waste at low end and non uniform soil water con-
tent.In the context of this program we have studied maize root growth under two field ex-
periments:

TRIAL 1- to study maize root growth in relation with water distribution along the furrow and
between furrows,

Treatments - Distances from the irrigation pipe ( 70, 170 and 270 m ) Furrows were located be-
tween each two rows (1.5 m apart). Methodological approach - in this trial soil-root cores were

taken on five dates along the growing season. Samples were located in four different places.

TRIAL 2 - with the objective of studying the effects of loosening the B horizon by subsoiling on
maize root growth,

Treatments - A - control; B - subsoiled; C - subsoiled with mole draining.

Methodological approach - the minirhizotron technique , endoscope and camera.

Papers, from these two trials were accepted for oral presentation at the conference on
Agricultural Engineering (Italy - 29th Aug. to the 1st of Sep., 1994).

A full report will be sent for publication in the “Journal of the Agric. Eng. Res.".

THIS YEAR we are trying to improve our experience with the minirhizotron technique. A new

field experiment with the objective of studying sunflower root growth in relation with water
distribution in the soil profile, resulting from furrow irrigation, is being carried out.
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6.9. Spain

Instituto de Recursos Naturales y Agrobiologia, CSIC

Dr Felix MORENO Investigador Cientifico, Head of the Department of Sustainability of the
Scil-Plant-Atmosphere System

Dr Enrique FERNANDEZ, Colaborador Cientifico, memher of the mentioned Department

. Research activity concerning the root system:
General aim: influence of different management systems concerning irrigation and tillage on
the root system.

Species: species of agricultural interest in the area (olive tree, maize, cotton, wheat).
Experimental conditions: normally field conditions, with some lab experiments.

Studied aspects: Root distribution, root activity, root dynamics and root histology. Most of the
~ experiments has been integrated studies concerning several of those aspects.

Main actual interest: Sap flow through roots of different kind and under different soil condi-
tions.

Root distribution:

Influence of the soil water regime on the root distribution of olive trees. Field experiments
with trees under dry-farming, drip-irrigation and pond irrigation.

Root distribution on cotton cropped on saline soils. Field experiments.

Root distribution on wheat under different tillage systems, Field experiments.



49

Root depth of maize cropped at the traditional way of the Guadalquivir Valley (Sevilla). Field
experiments. :

Methods: The trench method and the auger-sampling method. Determinations of weight, di-
ameter, length (intersection line method)

Root activity:
Uptake of water and nutrients from different areas of the soil explored by the root system of
olive trees under drip-irrigation and dry-farming conditions. Field experiments.

Method: Labelling with 32p; liquid scintillation counter.

Root dynamics:
Influence of the soil water regime on the dynamics of the root system of olive trees. Field ex-
periments with trees under dry farming, drip-irrigation and pond irrigation.

Root dynamics on cotton cropped on saline soils. Field experiments.

Methods: Minirhizotron observation tubes. Endoscope for direct observation .

Root Histoloqy:
influence of the soil water regime on the root histology of olive trees grown in containers.

Method: Optical microscope observations.

Sap flow measurements (experiments to start on Sep. 94):
Measurement of the root activity and root sap flow on olive trees under different water condi-
tions. Field experiments.

Method: The heat-pulse technique; combination with soil water depletion measurements.
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6.11. Switzerland

Institute of Plant Sciences

" Swiss Federal Insitute of Technology (ETH, Zarich

Hubert Buergi, Dr. Boy Feil, Markus Liedgens, Dr. Walter Richner, Dr. Alberto Soldati, Prof. Pe-
ter Stamp.

Research
Stress physiology in maize

a) Chilling-stress
These investigations are mainly focussing on root morpholegy, root internal anatomy, and
water uptake of maize seedlings as influenced by low temperatures. A better knowledge
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of seedling root growth at low temperatures is beneficial for maize breeding for cool cli-
mates and for the design of sustainable cropping systems (e.g., mulch systems with a low-
ered topsoil temperature due to plant residues). Previous field and growth chamber stud-
ies were mainly dealing with the investigation of morphological and anatomical root
traits and their suitability for yield prediction.

Applied methods: Monolith methods, growth-chamber based system that allows for verti-
cal temperature gradients in the root zone, image analysis of washed roots, manual
measurement of anatomical traits.

b) Drought stress
Cooperative Projects are undertaken with Kasetsart University (Bangkok, Thailand) to get
a better understanding of mechanisms limiting maize growth at low water supply.

Previous root studies focussed on the effects of low water supply on seedling root growth.

Applied methods: Manual measurement of root morphological and anatomical traits, time
domain reflectometry (TDR).

rowth of mai edlings as influen ocalized suppl mmoni nd nitrat

Main objective of these investigations is to study the response of root morphology and physi-
ology to an enhanced ammonium supply. For ecological reasons, NH4 should be the preferred
source of nitrogen in plant nutrition.

Applied methods: Split-root system, image analysis of hydroponically grown roots, analysis of
nitrogen contents in shoots and roots.

Investigation of inable cr ing systems

The main objective of these project is to investigate the response of plant roots to adverse
conditions often encountered in sustainable systems. Such knowledge will be useful in the de-
velopment of ameliorated and new systems. Research focuses primarily on the investigation of
root growth and interspecific competition in intercropping systems.

a) Maize mulch systems
Previous and ongoing projects are investigating spatial and temporal patterns of maize
root growth and root competition for water and nitrogen in living-ryegrass mulch sys-
tems. Experiments are conducted in the field and in a non-weighing lysimeter system.

b} Other systems
Planned projects will investigate root growth and competition in cassava-bean intercrop-
ping systems in Columbia and in perennial ryegrass-white clover stands in a free-air car-
bon dioxide enriched experiment (FACE).

Applied methods: Auger sampling, image analysis of washed rocts, minirhizotrons in the
field and in a now-weighing lysimeter system, suction lysimetry, TDR.
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Lab. voor Bodemvruchtbh. en Bodembiol.
Kardinaal Merciertaan 92

B-3001 Leuven

Belgium

tel 432 16 321605
roel.merckx@agr.kuleuven.ac.be

fax +32 16 321997

ETH Institat fir Pflanzenwissenschaften
Universitatsstrasse 2

CH-8092 Zirich

Switserland

tel +41 1 26323878
richner@ipw.agri.ethz.ch

fax +41 1 2620496

ETH Institit fir Pllanzenwissenschaften
Universitatsstrasse 2

CH-8032 Zarich

Switserland

Hohenheim University

Inst. of Plant Nutrition (330)
Postfach 7005 62

70593 Stuttgart 70

Germany

tel +43 711 4593664
george@rs1.rz.uni-hchenheim.de
fax +4% 711 4593295
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mailto:roel.merckx@agr.kuleuven.ac.be
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http://rz.uni-hohenheim.de
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Group Name Participant Adres
1st workshop

D1 dr. Barbara Dinkelaker no Universiteit Hohenheim Inst. far
Pflanzenernahrung
Postfach 700562
70593 Stuttgart
tel. -
fax 449 62303 68336

D dr. H. Marschner no Universitat Hohenheim
Inst. of Plant Nutrition (330)
Postfach 7005 62
70593 Stuttgart 70
Germany
tel +49 711 4593664
fax +49 711 4593295

D2 dr M. 5chenk yess Universitat Hannover
inst. far Pflanzenerndhrung
Herrenhauserstrasse 2
D-30419 Hannover
Germany
tel +49 511 7622626
fax +49 511 7623611

D_3 dr. 5. Asseng yes CSIRO
Division of Plant Industry
Private Bag PO
Wembley WA 6014
Australia
tel + 61 99 387 0615
s.asseng@ccmar.csiro.au
fax + 619 387 8991

DK_1 dr N.E. Nielsen yes Royal Veterinary and Agricultural University
' Soil, Water and Plant Nutrition
40, Thorvaldsensvej
DK-1871 Frederiksberg C
Copenhagen
Denmark
tel +45 35 2834380
Niels Erik Nielsen Pagsci. kvl.dk
Tara.S.Gahoonia@agsci.kvl.dk
fax +45 35 283460



mailto:s.asseng@ccmar.csiro.au
http://kvl.dk
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Group Name Participant Adres
1st workshop

E dr. E. Fernandez yes Inst.de Recur. Natur. Y Agrobiol. de Sevilla
Campus de Reina Mercedes 5/N
Aptda 1052
41080-5evilla
Spain
tel. +34 5 4624711
jefer@cica.es
fax +00 34 5 4624002

E_1 dr. F. Moreno ho Inst.de Recur. Natur. Y Agrobiol. de Sevilla
Campus de Reina Mercedes S/N
Aptdo 1052
41080-5evilla
Spain
tel. +34 5 4624711
jefer@cica.es
fax +00 34 5 4624002

F_1 dr. S. Pellerin no INRA
Laboratoire D'Agronomie
28 rue de Herrlisheim
B.P. 507
68021 Colmar Cedex
France
tel +33897 24923
pellerin@colmar.inra.fr
fax +33897 24933

F.2 dr. F. Tardieu no INRA
Lab. d'Ecofysiclogie
34060 Montpellier
France
+3367 612617
tardieu@msdos.
montpellier.inra.fr
fax+3367522116

F_3 dr. P. Denoroy no INRA

Station de Bioclimatologie
78850 Thivernal-Grignon
France

+ 33130815560
denoroy@bcgn.grignon.inra.fr
fax +33 13081 55 63
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Group

Name

Participant
15t workshop

Adres

F_4

GB_1

GB_1

GB_2

GB_3

GB_3

dr. L. Pages

dr. D. Atkinson

dr. J. Hooker

dr G. Bengough

dr. A. R. Dexter

dr. W.R. Whalley

no

no

yes

yes

yes

yes

INRA, Centre d'Avignon

Ecophysiologie et Horticulture
Site Agroparc, Domaine St-Paul

34914 AVIGNON CEDEX. 9
Loic @ AGRO1T.AVIGNON.INRA.FR
Fax: (33)90 316028

SAC

West Mains Road
Edinburgh EH9 3)G
Ux

+ 44 31 667 1041
fax + 44 31 667 2601

SAC

Land resources
Crabstone estate
Bucksburn
Aberdeen ab%1tq
UKk

+ 44 224 715455
fax +44 224 713423

Scottish Crop Research Institute
Invergrowie

Dundee DD2 5DA Scotland

UK

tel +44 382 562 731
cepgb@scri.sari.ac.uk

tax +44 382 562 426

Silsoe Research Institute
Wrest Park, Silsoe
Bedford MK45 4HS

UK

tel + 44 525 860 000
dexter@bbsrc.ac.uk

fax +44 525 B6O 156

Silsoe Research Institute
Wrest Park, Silsoce
Bedford MK45 4HS

UK

tel + 44 525 860 000
dexter@bbsrc.ac.uk

fax +44 525 8560 156
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mailto:dexter@bbsrc.ac.uk
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Group

Name

Participant
1st workshop

Adres

GB_4

GB_4

GR_1

i1

dr. L. Simmonds

dr. M. Rounsevell

dr. N. Papamichos

dr. A M. Castrignano

dr .D. De Giorgio

dr. 5. Bona

yes

no

no

yes

no

yes

Univ. of Reading

Dept. Soil Science
London Road

Reading

UK

+44734 318911
asssimmd@reading.ac.uk
fax + 44 734 869858

Cranfield Univ,

Soil Survey and Land Research Centre
Silsoe, Bedfordshire MK45 4DT

UK

+ 44 525 860 428
ssm@silsoe.cranfield.ac.uk

fax +44 525 86 1147

University of Thessolonika
54006 Thessolonika
Greece

tel + 30 31 998924

fax +00 30 31 472633

Instituto Sperimentale Agronomico
via C. Ulsiani 5

70 125 Bari

ltaly

tel +39 B0 5366922
romito@.evm.uniba.it???

fax +39 80 5563020

Instituto Sperimentale Agronomico
via C. Ulsiani 5

70 125 Bari

Italy

tel +39 80 5366922

fax +39 80 5563020

Univ. di Padova

Dipartimento di Agronomia Ambientale
e Produzionii Vegetali

Via Gradenigo 6

35131 PADOVA

ttaly

tel 439 49 8071945
colterb@ipdunix.unipd.it

fax +39 49 8070850



mailto:asssimmd@reading.ac.uk
mailto:ssm@silsoe.cranfield.ac.uk
http://uniba.it
mailto:colterb@ipdunix.unipd.it

- Group Name Participant Adres
1st workshop
2 dr G. Mosca no Univ. di Padava

Dipartimento di Agronomia Ambientale e
Produzionii Vegetali

Via Gradenigo 6

35131 PADOVA

faly

tel +39 49 8071945

agra09@ipdunivx.it

fax +39 49 8070850

NL_1 G. Brouwer yes AB-DLO vestiging Haren
P.O. Box 129
9750 AC Haren {(Gr)
Holland
+ 3150337361
brouwer@ab.agro.nl
fax + 3150 337291

NL_1 J. Groenwold yes AB-DLO vestiging Wageningen
P.0O. Box 14
6700 AA Wageningen
Holland
+ 31837075873
groenwold@ab.agro.nl
fax +31 8370 23110

NL_1 dr. M van Noordwijk No ICRAF/SARRP
Forest Research Centre
Jalang Gunung Batu 5
p.o.box 161
Bogor 16001
Indonesia
+62 251 315 567
ICRAF-Indonesia@cgnet.com
fax + 62 251 315 234

NL_1 ir. J. Schroder yes AB-DLO vestiging Wageningen
P.O.Box 14
6700 AA Wageningen
Holland
+ 318370 75965
schroder@ab.agro.nl
fax +31 8370 23110



mailto:agra09@ipdunivx.it
mailto:brouwer@ab.agro.nl
mailto:groenwold@ab.agro.nl
mailto:ICRAF-lndonesia@cgnet.com
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Group Name Participant  Adres
1st workshop

NL_1 dr. AL Smit yes AB-DLO vestiging Wageningen
P.O. Box 14
6700 AA Wageningen
Holland
+ 318370 75977
a.l.smit@ab.agro.nl
fax +31 8370 23110

NL_1 dr. 5.C. van de Geijn yes AB-DLO vestiging Wageningen
P.O.Box 14
6700 AA Wageningen
Holland
+ 31837075850
geijn@ab.agro.nl
fax +31 8370 23110

NL_Y dr. P, de Willigen yes AB-DLO vestiging Haren
Qosterweg 92
P.O. Box 129
9750 AC Haren (Gr)
Holland
+ 3150337304
willigen@ab.agro.nl
fax +31 50 337291

P_1 dr M. R. Oliveira yes Universidade de Evora
Dep. de Fitotechnia
Apartado 94
7001 Evora Codex
Portugal
tel +351 66 711188
mrol@evunix.uevora.pt
fax +351 66 711163

S_1 dr. T. Lundborg yes Univ. Agric. Sciences
Plant Breeding
5-268 31 Svalov
Sweden
+46 41867077
tomas.lundborg@vff.slu.se
fax + 46 418 67081



mailto:a.l.smit@ab.agro.nl
mailto:geijn@ab.agro.nl
mailto:willigen@ab.agro.nl
mailto:mrol@evunix.uevora.pt
mailto:tomas.lundborg@vff.slu.se
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Appendix Il:
Program First Workshop

First Workshop EEC-Concerted Action AIR3-CT93-0994

The dynamics of rooting patterns in relation to nutrients and water in soils
Development, standardisation and documentation of hodologie

14-16 June 1994

Kasteel Hoekelum, Edeseweg 124, 6721KE Bennekom
tel. + 31 8380 32124

fax + 31 8380 32208

PROGRAM

Juesday 12 June

-12.30h Registration
12.30 -13.30h Lunch
13.30 -14.50h Contributions of Participants |

Everybody is invited to inform the other participants about histher re-
search project(s) with the emphasis on the methodological aspects or
methodological difficulties.

13.30-13.50 v.d. Geijn

13.50-14.00 Dexter/Whalley

14.00-14.10 George

14.10-14.20 Richner

14.20-14.30 Lundborg

14.30-14.40 Hooker
14.40-14.50 Asseng
14.40 -15.20h Tea/Coffee break
15.20 -17.30h Contributions of Participants Il

15.20-15.30 Bengough

15.30-15.40 Simmonds

15.40-15.50 de Willigen/Brouwer

15.50-16.00 Nielsen

16.00-16.10 Buysse

16.10-16.30 Break

16.30-16.40 Bona

16.40-16.50 Schenk

16.50-17.00 Castrignano

17.00-17.10 Oliveira

17.10-17.20 Fernandez

17.20-17.30 Smit/Groenwold/Schroder
19.00h- Dinner
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Based on the inventory (see annex Table 2) we have chosen 6 subjects which shall be treated in
more detail. In each session we would like to have i} a broad gutline of the techniques now
available and the degree of standardization (or lack of standardization) i) identification of ex-
isting problems which impair further development iii} identification and initiation of relevant
codperative activities in the next years

830 -10.00h Session 1
Sampling methodology (dr. G. Bengough)
Statistics of sampling in the field
Errors in washing and storage procedures
Scaling problems
10.00 -10.30h Break
10.30 -12.30h Session 2
Minirhizotron technique (dr. A.L. Smit)
"Installation technique
Conversion of minirhizotron data to volumetric root length density
More efficient recording storage and retrieval of images
Distinction between species
12.30 -13.30h Lunch
13.30 - 15.00h ssi
Assessment of physiological
functioning of roots ( dr. E. George)
Distinction between dead and alive roots in samples
Effect of soil structure and physical conditions on root functioning
15.00 -15.30h Break
15.30 -17.30h Session 4
Image analysis in root research (dr. W. Richner)
New possibilities with image analysis for quantitative measurements of
root length, diameter distribution, root morphology/architecture
17.30 -19.00h Excursion to the Wageningen Rhizolab {J. Groenwold)
19.00 - Dinner

ursda un

8.30 - 10.00h Session 5
Model development {(dr. P. de Willigen)
Modelling of root architecture/morphology
Modelling of uptake
Interactions betwen root distributions and root activity

Standardization of root parameters
10.00 -10.15h Break

10.15 - 11.00h Session 6

New methods in root research (dr. S.C. v.d. Geijn)
11.00 -13.00h Working groups

13.00 - 14.00h Lunch
14.00 - 15.00h Operational plan
15.00 Closure of the workshop
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Appendix 1I:
Inventory Form

EEC-Concerted Action AIR3-CT93-0994
The dynamics of rooting patterns in relation to nutrients and water in soils

Vi men ndardization an mentati hodologi

Bt T 1 - 12 1T U OOV ORTN
2. NS UL UNIVETISIEY. i ccreecrrerse e st st rsarsst e st bae s arsansvassas s sensannssastas e verae s b revas e e pevaaraarereran s
3. ALTESS. ciiieieceree e e e rie sttt s bt a R e R R bR s p st R e aan e senanreeeae s Amr R SER A bar s e e n e ar st am e s e
. Y. crvecrerrreeerseeieoresnrserssseneeseressrsnsssane s e sesssrassensaesasssnsanssre e st s seme sass R aeRe s ROe R e sans seRe et e e ReaaTRrn ven e
B COUNITY: ettt ecsnbe st ns bbbt sis s v bbb s s dmenasermesrms s s RS E b S ee At or e b bR b Aok bmereaRba b smrecn
8. TRIEPRONET .eeieereiceiesesireseerrsrirssesssneresresssssmsssarrestssesssssssesssassesssesssssssesssenessssssssanaesssnsnessaneranesss
S = O O ST O SRS
B,  ErMAIL e s e e s st e bR
e [nthis inventory you are asked to give details on those projects in your research

group in which the physiological role of roots is one of the key factors. In the case

of more than one project please give the details for each project separately by

filling in Appendix A.
9. Could you mention (i r of priority, n r 1{high low)} some of the tech-

niques in root research {or the main technical drawbacks) which in your opinion should
receive attention in the concerted action, e.g.

- installation of minirhizotrons in the field

- conversion from minirhizotrondata to volumetric root length density

— development of new methods

- use of image analysis (purpose?)

- assessment of physiological functioning of roots, also separation between dead and
live roots

- washing procedure of scil auger samples

- model development of root growth/distribution/morphoplogy

- other

-----------------------------------------------------------------------------------------------------------------------------------------

.........................................................................................................................................

10. Could you mention other research groups in your country which deal with root
research as described in the concerted action?

....................................................................................................................................................
....................................................................................................................................................

----------------------------------------------------------------------------------------------------------------------------------------------------
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Appendix A
inventory

First Inventory EEC-Concerted Action AIR3-CT93-0994
The dynamics of rootmg patterns in relatlon to nutrients and water in soils
. Developmen n n ment dologi

1. Title of project:

----------------------------------------------------------------------------------------------------------------------------------------------------
----------------------------------------------------------------------------------------------------------------------------------------------------

----------------------------------------------------------------------------------------------------------------------------------------------------

Projectidentification {e.g. number):

ENANRWN

. Project leader. .................. SO retrrasessstussaeeresiessen i b n e s ne st ar e sa e sertarasans sarnns
. INSEULE/UNIVErSILY: ... e s s a s s ean
Labour in scientists_months/year/project: ...
. Start of the project (year): .......... romrrerres S reeteessesiRseISesEeeetesrernanIEe R Rt b snreeneas setarnnensnn
. End of the pro;ect (Y QALY ocoeeeecreercsrencneere s savassass s ars s s e s st s st s s mas et eee s aa e ean
. Indicate the main research question(s) for thls project:
" 10. Plant species involved: .................. reremmressesseessrissrmeestbReSaRERIESEAYEe RN YRS RS bR L s srnerranenrnaeenren

11. Indicate in which environment(s) the experiments are done (more than one tick
is possible):

FIelt.civeiiiercenreireeenresreeseneessseeseessnnsnesane ;S0 type(s): it raaesereseeses
Rhizotron-like facility.....vmcsnriaiine Q; with undisturbed soil3  with disturbed soil Q
GrEENNOUSE. .t eeereerreersneeeiseeesasssssinasess 0; potsize<2/0 <1010 >1010
Growth chambers......cooceeeneveceecrrrcencne Q
Pot experiments........cveceemrncerrecsnrcssnnens a
Other, ViZ. ..cccceernrerrrreesersesrsnessensane Q
eeienesieneresessr ettt tsRSRE PO e RS SR b Q
............................................................... Q
............................................................... Q
12. Indicate the level of integration at which the research is done:
field/crop-level .......reevvrvrerrnceeeeneees Q
plant level ... eireecerereereerrec e a
organ (root) level ....ovvreeeerrceeercene. Q

cellular [evel e ececereieereeeccenas a
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13. Which technique(s) are used in this project to quantify root dynamics or root
morphology:
Minirhizotrons .......ccovecvcenccnninereesanes a
Profile-wall ....ccmviircnvrnnsnnnnniien &
AUger sampling .coeeeennneernesnennnenas a
Core-break method ..............
Rhizotron-facility ...ceecccecnercennne 0
17 o113 2 4 o o SR 0
ONET, VIZ. covrririrsecireonenrerermressaressssssnseonssessensens vevsreressassnsrsnsn reeirasmaueEsteereare st ateeeia s atseae s branaes

PITTT PP TS D T T T T T T T L T P P T PP PP T TN
aResasipsisasNtaT LIRSS TN AR ERALaRLLaR R RARE R T P T T PP R T teevenarreraTarees serrazenaren LYYV SrhasatanERETTereTrr -
B L D T T T T D D P D T T LT L LT L TP T TP P TP P PPN
................................................ B L L T R e L P T T P T Ty Py T T Py T PP T

............ T T T T T LT L T T T P T T PP P PO P PP T T

14. Which root parameters are quantified?
Roo ami
Q Length of roots per plantivolume soil farea soil/
Description of method: Line [ntersect Methodf .......vmccimsmnnennincincsnnaesessns

setanran Benwsranamsan. L Ty T Y R Ty T P T P T PP P T Armvanryanee S T LR PP e “evdamrrvasnraaney

----------------------------------------------------------------------- B T LT T T T T R P

srsestidrrasrranan

0 Mass of roots
Q dry weigh per plant/volume soil/area soil/ .......... eeserressiennnaas eerrerereenrreeaeares
Q fresh weight per plant/volume soil/area soilf ...ccveiceesinnees
O Diameterofroots Method.......icuieriimmmimmennrienienrnes reeeesesstersansessnsserennr

- L T P T P P e P e PP PP PR TP e T wemrwanr R T T TP P R Y PO PP YTy

L T R L e L L T L e LT P Py assessssenessesssunnnEna LR Y T

D R T TP TP P P PP R L L T T TP P T T PP P P PP ann

-------------------------------------------------------------------------------------------- LT P P T T P T

QO Areaof roots Method ...cienreecrrecsreessnenas rerensrenias ttivanrisenseesasesiensesnsessnesin

O Turnover of roots  METROU ...oovcciiiiisecerccieccinnnissccessnsresssssssrsssesensessssnsassenssesasanesssanes

L L e T T T T TP T T Y

LR T T T T YT T Ty

--------------------------------------------------------------------------------------------------------------------------------------------

Functioning of roots
Uptake of water .....cccvvceneeee. vemsvanerrrensnnes 1

OLhEr, VIZ. .ccorenrecscineerescennenenne Q
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nfluen rn rs on rowth:

Pathogens ......ccmvvrerressnnanns Q viz. . S

Soil physical factors ......... RUUR o IRV, S .-
Soil chemical factors ............... Q viz. . SR, cetreereris e a s a s n s s s sasrrenn s
Other, ..coene. rreeroaaaneneenian SR I Y AU OSBRI

15. Isimage analysis used in the project? .. Qyes O no

If yes, please indicate briefly hard- and software, and how it is used

T TLEYR IR TYY

16. Please describe briefly any on-going field experiments in 1994 which could
possibly be used for methodological comparisons in this concerted action.




V-1

sadojos| ajqeys
a|diynu Buisn walshs agoaw-tos

(1anouiny ‘Buiyduelq uerd syl ug sassadoud payul uo ‘03 uaaey
129YM 136uay) aInPa3YRIe Waiss s1004 duaNpul T0D paleAdla sao0q | paieadld jo sPape ayy Buneibauy | paniguosuigoy S
SUCISUBWHP £ Ul dInPaliydse
3001 }0 $|3polu uone{huwils
sanb|uyoal Yeaiq-aJ0d pue Jjabne Buisn (Burdwes 210 ‘Buiddew
‘Buiddew 3001 ‘suosozpyaiuiu Bugsn pazejnsies syjbuaj Joo. ayy uo 1004 ‘suUcnOZIYIIUIL) YIbud| J00I
|eJanas | uonisod Bujjdwes pue ainpaiiydie WalsAs 1004 JO S1PIHE 3JE 1BYM putinseaw 104 spoyraw Bulkprmis | sebegdmybnobuan v
swis|uebiooIw
ejejoazuej obeield s33epnxa JooJ thuny Y 03 3 JO MO[4 'S1001 343 P21BID0s5E PUR 100 OUI XN|}
‘auuasad wnifoy 0} D 4O MOj) 3Y) 53001 Jo Ymoib syl uo 5)aa9) 10D pue N JO 13343 uoqied uoIQ) pajead|a Jo PalI | pIel|iiN JUCSUIRY £
winiieyddes 1axy 53004 Apooa 40 Juawdojanap
*ds winaesaiy ‘ds ‘vaRaL WY ‘Alaebuo] 1001 “ialaweip 1004 ‘uonanpoud
sngny ‘be wnipl4dd jo Mipipoliad !Ajjepadse pue Ajlunwiuod puejpoom Buisiucjodal pue|poom paxil
“suuad snuntd e o Juawdojanap sapads punoib mojjoy ays ui sabueyd ssassy | uebiyain -N € W Juawdo|anap 100y j2bojuosupy Z
suadod wnjjogl
‘auuasad wnijoy 18h0|3 pue sselb ‘aau) Ag awn swiayshs Ansauo)ube
‘wiyae snunig Y4ady Yum Lojpnposd 1004 UO (19 “1] “HN) SI01BY INBUP JO 1243 YL u] Bup/o jesjwaypoaborg | seyoopmosuY 1
sapads Jueld uonisanb yoiseasay pafoad jo jayll awelN |Joquunpy

pafoad sad suonsanb yoieasas ujepy :g 12quunu uoisand)

(suonsand Yd4easay) sjjnsal Aiojusaau]
Al Xipudddy




V-2

J—

110s 3y Bu1aMma) 19138 33214N Jusunu pue yimoiH 1001 3o Manaday

j1os Guiip ul axeldn JuarInU Jo} Sioe) Buwn

53Uz

JIOS IUAIDHIP W YIMoaB 100 Jo uonenfial 3y} Ul pas|oau] s1opey
A|ddns Juainu pue Jalem

J

aztew Jo
e3dn Jualnu pue yIMoJ6 1001 Lo

aziew SNOUSBOWOY-UCU UG SUOILIPUG) J3pUn YImoah 1001 jo fipnseld | Buiiamas pue Builip J10s jo 5133 Jaupsiey £l
53343 JO WisijogelawW 3jeapAyoqied
auwd pue axnuds Jo Aunabuoj pue JaAouan} 3004 Yyimosb
auid ‘asruds pue yimoib 1001 uo (6 'N) siualnu jo Ajddns [e30)| 0 138443 3004 uo Ajddns Juainnu Jo 1343 Jausiey Z\L
Kyape/Abojoydiowyimold 1001 U] SUOIJELIEA J133USD 51e0
apyyoud (105 ay1 vl wnjwped | pue Jeaym ul wnjwped jo Jodsuesy
$1E0 JEaym J0 ae1dn 1oy AyandesAbojoydiownyimolt 3004 Jo aduepodw] pue ajerdn Uy uo)eLes 513Ul Biogpun Ll
uoljebiu dup pue
uejd ay} jo ped punoibanoge sy} jo asuodsal ‘auejeq [sawiBal Ja1eMm JuaJaLp Japun 540D
1338M JO JUSWSSISSY “(ABojolsy 1001 pue sjweufp yool ‘Ayaide puolw|y pue 2|0 uo asaydsowly Zapueulay
pucuw|e 'aa|o 1004 "UOPNGLISIP 100.) 3WIB31 191EM 03 WDYSAS 1001 O asuodssy -Juej4-10S WalsAs 3y Jo Apnis Jouion ol
1Buny suaboyied jueld jo uonebedosd uo (asaydsoziys suaboyjed
ysipes “JEaym ‘Uonod ay3 uy *dsa) 3unPna3s pue suoilPUod [edisAyd 110s Jo sPayd | ueld auioq |1os Jo siweudp jeneds uebi||In23x0Q 6
. jlos buols
|tos Buons ajensuad | ybnoiy) 53001 331 o YIMOIE 3} Joy
2o 03 231 JO SANIALIEA JUAIALP Jo Kpge ayd ut iiqeuea dnauab | siseq epnjad pue |edibojoisfyd ayl JnxaQ 8
$9240} 23Uab1dWa Jo0Ys pue JUIUIYSIqeISa
uoIuO J04BD sales uonebuo| 3001 UO SSL)S Jalem pue dURPadul [eaUeYIL Bupass Gupuanjjul sioped FEWE T ¢
yidop Buizoos ajoym aly buoje Buuoluued ayeipAyoq.es
pue Alsuap yibua) 1004 Hejnuas o} JuawWdoaasp |PROW j1os
(suonozijiuny) uonnGsip | syl uluonNjoAd JuaLINU pue JEaYM
JeYM wWnInp 1004 pue axyexdn pue Ayjigejieae JuaLiINU UAAMIAQ diysuonie|ay wnunp 3o ssjweudp ywosb Jooy o)bio|n ap 9
sajpads jueld uonsenb Yieasay »aloud Jo 1L aweN | Jaquny




V-3

sassadoid 353y} uo ainesaduwiag JO 33UAN[HU| AL pue I pue SJUSLENUY

auuasad | 40 19)5UBIY 0} UOIIB|J L) SI004 pUB BZILOIAW UIIM]3G UONIRIBI)
wnyjof ‘suadad S31BWI[D pUe SUOIIEDO] JUDIBLHP swayshs Asasojoibe siBeaiy
wnyfoyny snurd Uade 1B 52343 UIYUM DdN jo Buipfo pue Buuoniued jo uoneayijuenb uy bupAs [ed1wayroaborg ssoyprwedey oz
S|108 UEBURLIAIPIWN Ul ADojouydal
uozioy-g ayy Buiuasoo| 40 123442 Syl pue uoiNgLISIP J33em {1os uoiyebyll] adeins 1apun sdosd
49MO}uUns ‘az|ew :0} uoniejal ul swapned Builoos jo Apnig | jo swianed Bunood Jo Iweudp ay) CFTEY T 6l
SUOLIPUO0D P|a1}
Japun ayexdn Jajem 3004 Gunendjes
ade {105 pue SI00J JD2EIU0D 0} UO[IE}RS Ul @3e1din 131eMm O uoije|nwis uy 3dadu0d PEJUOD 1004 JO SN uasuaf/uas|aIN 8l
1eaym ‘Aapieq J10s wol) axe}dn squaws|a ades)
‘aziew ‘a/u ‘adel pue 4 jo fHuaidiysa ayy buljjonuod
‘eounb ‘winut) 13sq sadAiouab pue s3|3ads jue|d
Jebns ‘ead 'urdng L1a341p sadfiouab [e2120 pue sanads Jujed op Aym SNOtIeA JO $3553004d Asaydsoziyy uaspaIN Il
stwa)sAs buiddo.d u) uaboiyu
W4341P YUM pue sj10s 'sdoud Juaiapp Ul uoneso|dxa 1004 Jo Apnis |[ea16ojoiq jo uoneziwndo ‘syueid
‘(leaym-peaiq pue aziew) | snoununba| pue eiqoziyl usamiaq
51249 YHA uoie10d doud e ul ueaqhos ul uonexiy-tN Jo uoneloldxy UO(PRIBJUL DY JO SISeq JeINd3 O 250N gl
jros ay3 jo  Aypeded idaxuo Ayiqejieae
Aiddns yuaiinu, 3yl uo YImo.6 Jued Jo aduanpul luonNGUIsSIP ue Jo Juawdofesapisiualinu
ueaq eaym ‘yoewds 3001 pue yimodB 3001 UO SUOI|PUOD JUSLINU JO BIUBN[U] 30 Jajsuesy yue|d-ol-|10§ XN 11
ICEYET ndul uabonyiu diaydsowse
JO $3WI3 JUAIBPIP 18 pUE SWLIOY J00s Juasapip {q axeidn usboiunN | 3UaI3HIP YIIMm 52115 152404 Je aeydly
SUOIJIPUCD jeziyriodAw pue $100J 0O ayedn
y233q “aan.ds INBLILD JUBIHP YIIm says 153304 Je yimoaB yood Jo wened auny | ueboayu pue saiweudp yimoab jooy Jauyasien vl
sapdads yuelqd uonsanb yoleossoy olfoad jo oL awenN | JaquinN




V-4

sjuaiInu o dn Buidwnd
U1 neIpAY) sauUBARS [RANIRU UL S3ITads fpoom SO 0L B} u)

sas13 'uasbodoipue | 353193u) |2128dS sasouwnba) yim saanysed Jo Juawanoidw 'uoibay sinyaaisyhig
sayjuesolils ‘eadmod [ayes ay) ut swashs |eanynduibe ajgeuieisns jo Juawdo(aaag | (SSd) 2UUdl|Iyes ouepns uolPnpold Juabipan 2p L2
{enualod Jajem (j0s pue
sniejs 1ajem (1os pue 3ubi) "aumesadway | sumesadwal jlos 461 paydadiaul
9Zlew JAMOPUNS [J0 uolDUNY B se sauoalel) pue uolielayiwel ‘uoiebuoc)a ool [apopy o} asuodsal ¢ se uoilebuo|a Jo0y naipie] 92
ayeldn pue uopnquIsip
300J UI3M3DQ UOITIRIDIUL 1 152493U) JO Julod jeRads 'sanpisa
1jo%0uq Yoeulds dous jo Ajddns pue s|aA3| UONES||IS) JUAIINP O LOIDUN, e se sajqelabaa pial} Jopun smofy
}93) ‘synouds sjassnug | soiweudp uaboaiu jo uondudsap edlewsayiew pue uonedyuenyd [uaboau Buljapow pue buifjiuend) uabifipA 3P 14
{42al e uiyum sdoud Jo uoissaddns uo siseydwa sdoJ> ajqelaban Ag uonesiiun
1e10ads Yy3m) UCLIEI0JUAS pUB UOIESILOJIYIUAS JO JuaWaACIdul pue 2yejdn uo (spusnu ‘Ja1em
3001 }33q ‘Yoeuds Aq sajqejaban umoib-piay Jo uoiiesijiin usboliu Jo Judwaaocidwy *s3004) A1uabolalay JO 13843 | plOMUBCIDIWS vz
(sa1ep Bbunueid jo Juswauodisod ") aimessdway
(los aseanuy pue Juawade|d JUILANU S L3NS SJUSLINU PUe 51001 uaboiyu Jo sasso} pue
O uonesi|exojufs pue uonesiuoayauls asoaduw Aew jey) s1010ey UCHESI|IIN 3Y) 0) Pajejal Se 5300
aziew 30 UONEJIUBP] "IZIBW JO UOIIESIHIN 1U3LINU JO Juawarosdw) azieus o BuuOPUNY PUE LLIMOID JapRUYIs £2
JBMOHNED Ul ADUIILYD
1mojlned A3ua1dy4a asn-N pue A2uapiya ayeldn-N U] s3dualagp adAjouan -N $0 sa3uaIdpIp ndjousn Ruayds rd 4
Ayaabuog pue Jarouuny 3001 d1ebisaaly -
g ssesbaks aoeds pue Jaem ‘N 10} uoIINAdWOoD 1004 d3ebisanuy - swaysfs yapnw azew
‘Jl pue azlew do ssesb-aks ynw Buia) e Ul 3Ziew Jo Ymoab 1004 s1eDi3sanu) - u) uonysdwod pue ymoub ooy Jauydy miepios 1z
sapads jueld uojysanb ydieasay paloid jo jpu} awep | sequiny




abeloys pue Buiysem Bupnp sjuaLnnu pue Jajieuw Aip jo 5507

> L
sjapow 10} elep uieyqo oy (paeoquid "5°3) spoyiaw pio bunepdn 9

Jaaouuny o Juawissasse Buipnpu) S

PIat) ay3 i Suiddew pue suonoziyl jo asnayl

uotpnposd 10} saduanbasuod ayl pue Ajjigejteae Ja)em pue JUdLIINU UO LUOIINQLIASIP 100J J0 5199442 3y} Butjapow Buipnjauy £

swa)shs 1004 2343 Joy sdiys uoilejas dulaWo||e Jualwdojansq z

51001 anjie/peap ‘Buiuoniued-) ‘Ypolh 100J ssasse 0} s1aden) D, pue D, JO asn ayy 1

sajdwes 1004104

L4 B i L v _»o sanparoud abesoys/Buiysepy
OE] 9 S L E v i P SUQJIOZHYIIUIW JO UDNE| RISy
67| 6 ol < Z s S v Fa L | spoyiaw mau 4o uswdoianag
0g] ot \4 4 13 14 L i £ rd £ sisAjeue abew jo asny
ssewl pue Al o)

el 2 3 s< t l vE 4 Z v £ L Z Z | eiep vonoziynuiw voisianuod

TEl SL| ¢} 4 4 £ £ 3 £ S £ s S Z 28 S wawdolanap 1PPow
(anyje pue peap)

51004 jo Buluonzuny

£z st z £ l { S 42 z v 1 [4 [4 ! i € “Joishyd 30 Rwssassy

Auopd Jap b sabium ybno6| uas | naip asu | esea Sioq |oibioin| seu- | zep- | J; uos  [soydiw

dane | ¢ [-eups| ep | yws | -uag | -joIN | -seL Prrayds] -ydny | -no |edso | -purt| ap  |yasiepnuewiay -xaq E_u._os__ -uiyly | -edey dweN

doys)Iom uj pateas) aq PINOYS YIIYAM UIIeBs3I 3004 JO sanbiuldal § Ju uolsand

(doysyiom ay) ul pajeas} 2q o} sonbiuydal) syjnsaa A1ojuanu]

A\ Xipuaddy



ONISHEoAb a1 SANDILYHD] 1BUOTUPEI-UoU 1O 35N B1ep dnewsiqosd 3o sisheue “6°3) Wieasal 1001 Uy SINSS |ENSHvG 8

si1319wWweed
Q'S g 1004 JO UO|}1EZIRJEPUEIS
s312ads 1004
or v JUBISLIP UM UOIPIUNSIC
Ayaoe ool
0€ £ -UDINGLISIP 100 SUOIIIRIBIU|
ABojoydio
0t £ J00Y/RAINPBPYIR JOO
suoIlpuod pedisiyd
0t £ PUB 2UN13N13S [0S JO 133447
sabew) o
|eaalilal pue abeiols ‘Buipiodal
U313 Asow) anbiuyray
0z Zz UDJJOZJYIUIL JO LOREIIPOW]
jJuawdojaaap 1004
0} Buipaodre waysis yool syl
ol i Ul SBIUAIRIE JOOI JO UOIINGHISIG
(Swa|goad
1811511818 + Swajgoud]
az g€ t Gujjels) ABajopolpaw Suydues
Ayoud J8p  |uablnm ybno6) uas | naip 3u | eJjaa bioq [oibioin| sou- | zap- | 93 uos [soysmu
“Jane -uuas| ap | yws | -uag | <oy | el puayis -yay [ -0 |exsow|-puny| ep |ysiew|ueusay -xaqg -edeg wep

xv_uaz_-:_v_&




Vi-1

SMOPUIM 3001 "S316D LamouBLy souysiepy | VL
x x souypsiepy | EL
saxoq jooy souypsiepy | T
saxoq j00y x Biogpuny | Ll
X x X zapuewsayoualopy | O
ueds-1d ‘Aed-x ‘Bojisia uebl|ipuaixaq 6
ssalls
J21BM PUE [EJIUBYI3W JO SUOIIRLIGWIOD USSP
13pun Alojeloqe) ay)l u) sniesedde |epads isxag| 8
$S3115 JBIEM PUE [E2)UBLIIUI JO SLOIIEUIqUIOD
ua13p Japun fioreloqge] ayl ul snyesedde [erads Jopag | £
X obioigep| 9
U2XE3 51S3ARY SAIDNASI( ‘3PS 3| LACLIIL
Y1E3UDQ |iSIA S100Y *IPIS I|GRAOWID BUO YIIM
(W $0°0 X 0'0 X () $agny urys Guoj up umosb sooy , | uaneyparyquosuiqoy | S
. x X X X sabeq/ybnobusg | ¥
s30d Woly UoIPLIXI Panp X pieyiguuosupy | E
X [sBoguosuppy | €
X x ioonuosudly | b
Buijdwesg
joounyds | uonoziyy |yesig-aiod|  sebny llem 2j101d | SUOROZIYI-IUIN

BYO

ABojoydiow pue sanueuip Jooa Ajnuenh 0} pasn sanbjuyda) gl s uonsaInd

(pasn Aj3uasind sanbjuypaj) sjnsaa A10juaau]

IN X1puaddy




Vi-2

Dyt $0 UONIRIOdIODU)
PI31} 41 Ul smopuim

pue syuodoapAy ui uoieBuo|a 1001 Bumoj oy X napse) | L2
sinysasyig
pJeoquig mabypmep | 92
paeoquig x x uabypmap | 2
X X x piomuscinaiug | YT
X X X poups | €
X quayg | €2
X X sauprymepios | L
x X X sibeyvsoyedey | 02
X X enaayo | 61
X ussuspuasiaiy | 8
51001 03 Ajuiixoud Ju=1a41p 40 siafe|
108 Uy} u sassanoud ataydsoziys jo Buldpnys ussjain | L}
X X X X esopy | 9b
wayshs yueid ajoym 30 Burysep wpiayy | St
Bujdweg
sy | 300muds | uosoziyy |jeaiq-eied|  sebny l1em ajyoig | suoioziy-iupy




Vi-1

powayy a5 YT =17 g,

sisfieue sbew =vj.
poylaw ucisnjoul
uiyjesed ay) Buisn uoed)}1558 )0 Zopueusdd
51001 Jo ABOJ0ISIH SUCIIOZIYHUIW jenuew mp n joudiop | 0l
uebyio
1R81RQ 6
siadiye> stadijjes
3 adodsoIw YUM JUDWIAINSRAW PASIP Japaqg 8
siady|jed ssadijjed
3 adodso.diw UHM JUBWIRINSESLW PP Jxaq L
SUOIIOZIYSIUIW
U3IM S300J # WioJ} uoisiaauod | olbioin ap 9
sdi} UBARY/IDIH S
3004 # ‘sapousaju) Yibua] ‘y| sisf|eur poYO3 CAPIA vl Mp vi| mosugoy 5
ael
|opow walsAs Ymmoub joo. ‘Bulydueig 310429 saue|d yum Buiz sabed
1001 JO uolRIIUIY  saw) Bej 'sjeasadtul Buiyduedq -32543)U1 Jaquinu pue yibua) | /ybnobuag b
pigjItN
sisf|eue Joyod oapIA Mp vi| posuppy £
sabewloapiasbulaes jaboyy
Je}A0Y adoososow vipue g 11 uosuIqly z
{awels 03pIA JO sebeun adoosoiiw JNOOH/
‘bas) sisfjeue poyo) vi| puewiwoy | mypuemp| wesboid joosdepwd pue v uosSuINlY L
51001 1ape’d|
P40 Abojoydaiopwy Janown] | easy 18welq Jossely yibuay Pafoid "au

siajaweied 3O0OY i) U UOHSIND

(s1930wieaed jooy) sjjnsas A1ojuaanu]

ZIIA Xipuaddy



wi] noapaer| oz
sinysasyNig
mp n fusbimap | 9z
51001 1Y) pue pa
(Wwy >) uys w uonedLIsse]d gnsjes |  adolsoniw mp I |uabynmap | 2
V1 % €1ep uonoziysuiw | pjomuacin
dUIDSAION|J-AN| sishjeue 1oyo2 VI mp WO} UCISIaAUOD B ] pws! vz
ejep uoNOZiyHuiw
W0} UOISIBAUOD 3§ | Japoiyas | g2
in Juays | zZz
aiemyos s100Y pue pa3 ewep FETYEY
sabew) uosjoziysupL [B|N5jED v MP |U0JIOZIYIIUIW WO} UOISIRAUGD mepjos 17
yealq sibetyy
Aeaq-2:03 | 2403 | edug-al0d mp | eaiq 9Jo3 g suoiOZIYIuW soplweded [ 02
mp 1 RIAAIO | 6L
pa) uasual
g[n3jes mp n fuasiain 8L
p
oyaw
jenxads uasjaIN L
pa3
enyjes | adodsoniw mp Jtewo) exsop | a9
pai
ejnojey | adodsonw My n PI3N S
Vi V| Joulpsiely | bl
uoJ3OZIYI BYY
30 Jjem 3y} Buoje
{vI) bBuiyouerq My Mp vi| Joupsiey £l
(v1) buyyoueiq bujuie;s My MD vi| Jsupsie | z1L
5ax0q 1001 uone|nijel sandwoz |  biogpuny 1
$3004 lapeai
130 ABojoydiowy Jaaouint | easy Jajawelq JO ssepy yibuan waloiag | -u

Vil-2



ViiI-1

Janowany “sajdwes 100J Jo tbua| 1oy pasn ~abew-1D ) ‘ebew - g ‘abew)|-HIN
DIRMBOS NSIP 31qeImal eand (siaxd goor X 009g) Jeuueds-ag uolnjosal UBIH (QIN 091/0Z) X} YIsoluDe taiempleH plomuacioaus § pz
Guawdojanap uj} sabewn uosjoziynu pesipubip Jo sisAjeue pajewoine
pue suies3 jexbojdoyiow Joy pasn waishs erpawe) djoqoy (Uonuoy) s|axid OEZ AQ DO0E UORNJOS3I YIim eidwed
say boud "(uaupuniy (NOYLNOM) @1eMy0s S/ODINI pue sempley Bujssano.id abeus; (0¥ Jeaiasareds ung) Jayndwo?) ISoH Jauydty mepjos | 1e
3w} U) 53004
jenpiatpuy Ul sabueyd ssasse 0] “alem)os sjooy de-D pue (dug uoisiaan.]) pJeoq abewl 94 yoyyl yuniossadoidoniw 98208 sibeyipy soyiweded | 0z
334 J0u exopn | g
J3ndwod 98y dINODVd PUe diLL-DX |9PON BIBWED UOISIA QDD YUM (uij1ag) Jiuonwi Ag D-abeuw Jauydsiely | vl
12andwod 981 JIW0DDVd PUe dI LL-DX [FPOW BISLWED LOISIA Q3D Yiim (Ujaag) duonw Ag D-abew| spuyrsiep | g1
19IndWOd 981 dINODYd PUE dLLZ-DX [FPOIN BISWED USISIA DD Yum {U1]1ag) Jluosiul Aq D-abew ssuyosuepy | 2y
DojisiA Ul papecjumop ale sueds-1) “Butuuess- 13 pue Aes-x "HOTSIA uebifflo Jaaqg | 6
J3lawelp Ueas ‘sdiy 1001 4O # 'S3POUIalul Jo Yibuaj 104 "AlUN JICA 18 UM 3IBMIJOS ‘asempley uedsibep udARy L34 JUOSUIqoY | §
uedsibey Jooy depy'd pleiy JuosuinyY | €
51004 yum pajenosse 1buny o soiweufp uo pasn ose ‘uedsibepy Joay depy'd [abogy vosupy | 2
uedsibepy 100y depy'd Jaoon/ uosuply | |
IEMPIEH/DIEMYOS swen

Pafosd ay) ug sisijeue abeus Jo asn 'SL Uolysand
(sisAjeuy aew] Jo asn ayl) sy|nsas Aiojuanu]
1A xipuaddy



Viil-2



IX-1

£|1qejieae Juainu woymapw | st

aamesadwa) X Jauysiein | vl

AUJIGENEAR JUILIINU “JUIJUOD J1D)EM |10S X X X X suysiey [ £t

A ddns Juaiinu by X Jauwsiew | zi

P P diogpun | 11

(dup ‘puod} weisAs uoilebidli ‘aduepadwll JUBILOS J31EM X X Zopuewsaj oualop | 0L
$5243S JIIEM PUR UNPNIIS 'BIUCPOZIYY “welb sadAwouuewwnes uebi|po payxag [ 6
ainjedadwa) ‘aauelsisal [EJIUBLYIIN FENVERE K
{(d4mesadwal) $$2415 1918M pUE |edIueyIaL gl ¢
51018} [E3ILI3YD pue |exsiyd X olbicinap | 9
‘0D 'N uaiem X X uaaRy /1214 uosSUIGoY | §
sabed pybnobuag [ ¢
‘on X PARIIIIN JUOSUYY | E
x X jobods uosupy | 2
4N00H/ UosUIY | |

yimoib Joou uo sio)e} [eusalxa §o adxuanjul | JAYI0 | @xeldn-y | aedn-g | axeydn-N axeydn-o%H Japea) pafoid | "au

531004 jo Bujuonund iyl Ju uoisand

(s1004 jo BuluoiduNn} Uo Yd24edsay) s}jnsay A1ojusnuj

X1 xipuaddy




X2

100J 3y} 303 XNj} uogJed ‘ainjesadwal ‘jenuatod sarzem lo0s x naipael | [z

ued [10s ‘Juol) Jajem Jo Ljpdap X X X sinysasyfig puabi i ep | 9z

x uabypmap | SZ

sapojewau ‘uabosiu ‘ainjeiadws) 19jem X P plomuscInaiweg | e

sanjesadwial ‘Juawaseid Aungs Juawadejd-N x X x sapoags | g7

quaps | ZZ
. don yanui Buiay|

yum vonitaduwod ‘sjana| uaboinu wasayip 'saw)baa 1a1em Jualap X X Jauyory mepjos | 12
SUONBADIUY SHDadS

‘suoiPaul {EZIYLiodAw ‘sio1dey [ediwayd pue |exsiyd ‘suabotied X % X siBeay|y soydweded | 02

: yibuauys pue uonNuUISIP J21eMm |jos X eu3nO | 61

UISUI[ JUISIBIN | 81

X X X X uasiaIN | L1

X exson | 91

Ymouf 3004 uo $103304 JRUIAIND JO axuanpul | apo | qeydn-y | exeidn-4 | ayerdn-p [oyerdn-oTH Jopea) alfoad |

4



