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In mixed cropping situations roots of the various components can usually be recognized after some

training. By spending 1 to 2 days per major species the overall ~~tterns of shallow and deep rooted

species and lateral spread can be estimated: both are important when designing fertilizer or crop

residue experiments or when designing mixed cropping systems. Results of this method are easily

understood and can be used in discussions with e.g. farmers.

For shallow rooted crops lateral roots can also be observed from the stem base by digging a small

trench, following the root. The presence of 'sinker' roots, vertically oriented branch roots from a

horizontal branch root, is of special interest here. By excavating a small area around the stem a

classification of roots by diameter and orientation can be made (Van Noordwijk et al., 1991 b). This way

replicated observations can be made and a 'typical' specimen can be sele,cted for further observation.

ii) Root mapping on profile walls

Based on results of root pattern observations (described a~O'Ie) an estimate of total root density in the

profile can be obtained by root mapping on polytene sheets. Profile walls are cleaned and straightened

with a sharp knife, after having removed stones and thick roots which would hinder the process.

Depending on soil texture, variolJs steps can be taken to facilitate root observations:

-on sandy soils a water spray (knapsack sprayer) can be used to remove about 2 mm of soil to expose

roots,

-on day soils gently brushing the soil may help. Good results have also been obtained covering the

profile wall overnight with a cotton doth soaked in a 5% sodium hexametaphosphate solution to

disperse the day prior to spraying. In dry soils compressed air can also be used to blow away crumbs of

soil; roots are remarkably resistant to such treatment.

After preparation the profile is covered with a transparent polytene sheet and carefully searched for

roots; a predrawn 10 x 10 cm grid on the polytene helps to work systematically. All roots are marked

with dots on the sheet; differently coloured pens can be used for different size classes or plant spedes.

Roots are only recorded where they intercept the plane of observations; branch roots outside that

plane, exposed by preparation of the profile wall, are neglected. Major features in soil structure and

horizonation should also be marked (Fig. 2a). Root intensity (number of interceptions, N, per unit map

area) c~n now be estimated for each soil horizon, as a function of distance to the plant. A more

detailed analysis of root pattern (regular, random or clustered) within each horizon is possible by

computer analysis of the root maps. Statistical tests of spatial correlation between roots and other map

features (e.g. cracks, tree roots, termite channels) can be performed on the basis of root intensity in

zones with increasing distanc~ to the features of interest (Van Noordwijk et al., 1992). The relation

b~tw~en root distribution and the ~,!s.1ern of cracks and macropores can be studied by infiltrating a

methylen bltJe solution (0.05 g/I) into the soil before digging an observation pit.
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Fig. 4. Design of a hand corer.

Alternatively a sharpehed steel tube of appropriate length can be driven into the soil. In this case it is

important to have a tripod and chain hoist to extract the tube, a file to resharpen the cutting edge,

and longitudinally split liners of thin metal within the tube so that the intact soil core can be pulled

out. A powered motor breaker can be used to drive the corer into the soil (Welbank and Williams,

1968), but compaction of the core will occur and should be allowed for when oJtting subsamples from

the core.

In very stony soil, or where there are many woody tree roots, coring may not be possible. Regular,

known volumes of soil (monoliths) can be taken from the face of a pit and treated in the same way as

cores.

Sample ~
Ideally the profile should be sampled to the limits of rooting depth. At depth. however, rooting

intensity is low and spatial variability high. Based on initial profile wall observations a meaningf'.Jllower

limit can be set. In some cases a linear relationship of the log of root mass versus depth (a negative

exponential root distribution) may help to extrapolate root densities in the soil beyond sampling depth.

All soils must be sampled to a minimum depth of 30 cm.

Where horizon development occurs, subdivide the cores at horizon boundaries of known depth in the

first instance and within horizons in 10 cm increments. In cultivated soil or where there are no clear

horizons subdivide the mineral soil in 10 cm increments. Surface organic horizons should be treated

separately.

Sampli!]Q intensity

Even in the most homogeneous soils a considerable spatial variability of root density will occur. For

auger samples of abolJt 385 cm3 (10 cm height, 7 cm diameter) a coefficient of variation in root

weight of at least 40% may be expected (Van Noordwijk et al., 1985a); on heterogeneous soils the

coefficient of variation may be much higher. This variability implies that large number of replicate
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that of Smucker et al. (1982), now commercially available, uses less water and accepts smaller samples

but requires both water pressure and compressed air. After e/utriation roots must still be sorted by

hand and this may take several hours. Neither apparatus handles organic soils. With both hand and

machine washing, loss of fine roots occurs and a periodic check of washing water and residues should

be made to quantify such losses; such losses should be kept less than 5 % of root weight (which may

imply that they are still over 10% of root length); this loss is distinct from that due to respiration and

loss of cell contents from remaining root tissue.

Presoaking overnight in 5% sodium hexametaphosphate expedites the process of washing roots from

day soils, but the chemical discolours the roots, particularly in soils with hi~lh organic matter content

and may disrupt the tissue, making subsequent identification of live roots nlore difficult. Such

pretreatment will also interfere with chemical analyses and should therefore be avoided if possible. Any

lengthy washing procedure may alter the element content of root tissue ar)d a subsample hand sorted

with a minimum of water and processed on the day of sampling must be used for analysis.

Classi~inQ ~ ~
Fine roots are the most important part of the root system for water and nutrient uptake, as they form

the largest part of total root length or root surface area. For woody perennial vegetation there is a

fairly obvious distinction between the more or less permanent, secondarily thickened roots and the

ephemeral, unthickened roots. This functional distinction usually falls somewhere between 1 and 3 mm

root diameter. Roots above 10 mm diameter are not adequately sampled by coring. For herbaceous

perennial and short lived vegetation no such clear distinction exists. For TSBF studies these roots should

be separated into <2 mm and >2 mm classes. In mixed vegetation separation of roots of different

species may be difficult and not' necessary for TSBF research.

It is desirable to separate root samples into living and dead categories. This is particularly important in

crop situations where old, dead roots from the previous crops may still be present. Living roots can be

distinguished by their lighter colour, turgid appearance and flexible rather than friable nature when

manipulated. Some preliminary anatomical investigation may help in establishing criteria for making

decisions. Incubation of excised roots in soil in modified litter bags can be used to establish visual clues

to the root decay process. Cross checking between operators and working block by block in stead of

treatment by treatment help to reduce experimental error. Congo red staining has been used to

differentiate wheat roots with intact epidermis from ones without (Ward et al., 1978). Stain in 1 %

aqueous solution of Congo Red for 3 min, rinse, blot dry, then saturate for 3 min in 98% ethanol

before a final rinse. living roots stain dark pink to bright red. The criteria for making the living/dead

distinction must be clearly stated. Where adequate criteria cannot be developed, asses total root mass

only.
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ter. At least 20 readings per sample are required (assuming three samples per treatment per layer),

Mvcorrhizas

It is desirable to have some measure of the type and intensity of mycorrhiz;31 infection in each

treatment. At peak root biomass take approximately 60 cm of fresh clean root at random from each

depth and stain to visualize fungal hyphae. The method of Phillips and Hayman {1970} can be

followed with samll adaptations: short {ca 2 cm} lengths of roots (stored in alcohol-acetic acid mixture

after washing) are heated for about 1 hr at 900C in 10% KOH {or left for 2-3 days at ambient

temperature}, washed in water, if necessary (dark tissue) bleached in alkaline peroxide (3% NH40H in

3% H202' prepare daily), washed in water, acidified for 3 min in 1 % HCI, stained for 5 min at ambient

tempearture in 0.05% trypan blue {Merck Art No. 11732} in lactic acid and destained in dear lactic

acid. In the original description lactophenol (1: 1: 1: 1 mixture of phenol, lactic acid, glycerol and water)

was used in stead of lactic acid. As phenol is toxic it should not be used, unless staining results are

unsatisfactory. A modified procedure W3S described by Kormanik and McCraw {1982}. For roots with a

high lignin content the KOH treatment may have to be intensified. After s1aining the samples are

inspected under a {dissecting} microscope. Vesicular arbuscular mycorrhiza (\lAM) infection is character-

ized by the formation of unseptated hyphae outside the root and inter- and/or intracellular hyphae in

the cortical cell layers of the root {Sieverding, 1991}. The percentage of root sections whid1 has

mycorrhizal structures is assessed. Ectomycorrhizas are characterized by a fungal sheath and/or Hartig

net; the percentage of root tips with such structures (which can often be recognized macroscopically

and without staining) is assessed.

See also Appendix B -The Rhizosphere

SamplinQ frequency

The amount of living and dead root in the ecosystem fluctuates as a balarlce of new root grOVolth and

root death and decay. Given the large number of replicate samples required to obtain a reasonable Oet

alone accurate} estimate of root density at a given moment, a regular sampling programme to monitor

changes during the growing season easily becomes unmanageable. For TS8F site characterization a

minimum of two samples per year is required.

For perennial vegetation some prior knowledge of the phenology of the rf)()t system will allow

sampling to coincide with the likely peaks and troughs in root biomass; root growth often alternates

with periods in which reproductive growth is a major sink for carbohydrates. Where no prior knONI-

edge exists samples should coindde in herbaceous vegetation with maximum and minimum above

ground biomass. and in forest with the months of minimum and maximum rainfall. For annual crops

maximum root development often coincides with flowering (transition from vegetative to generative
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Fig. 5 Une intercept method for determining root length by counting the number of interceptions

between roots and horizontal (H) plus vertical (V) lines of a grid.

To optimise working efficiency at an acceptable random error level the grid size should be chosen to

obtain about 400 intercepts (200 H + 200 V) per sample. This method can be applied manually (using

a magnifying lens for fine roots) or can be automated in various ways (Rowse and Phillips, 1974;

Richards et al., 1979; Wilhelm et al., 1982). Each variant of the method should be calibrated by cutting

a known length of cloth to small pieces. Commercial equipment is available (Comair Root length'

Scanner, Commonwealth Aircraft Curporation Ltd, 304 Lorimer St, Port Melbourne, Victoria 32307,

Australiii). Recently computer image analysis methods are used as well, tlased on a video camera or line

scanner. Only small fields of view can be analysed with suffjdent resolution and root samples should be

spread out more carefully than when human eyes are used as image analyser, so the gain may be less

than expected. For TSBF purposes manual versions of the method are recommended.

Measurements of the frequency distribution of root diameters can be made on the sample spread out

on a grid, by measuring on every Xth interception, using a binocular mi<:roscope with ocular microme-
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Fig. 6 Minirhizotron system to observe dynamics of root growth and dL.oca}' under field conditions; at

each time of observation a series of images with increasing depth is taken,: these images can be

analysed as shown in fig. 7.

If a series of images has been obtained analysis can proceed as in Fig. 7: for each depth in the soil

images are compared step by step (T1 with T2, T2 with T3 etc.) and the number of new root

intersections with a grid is scored plus the number of intersections which mas disappeared since the last

observation. By cumulating all new rout intersections that actual root intensity on the observation plane

can be expressed as a fraction of the total annual production. Curve fits (e.g. logistic) of root growth

and root decay per layer can be obtained. If at one point in time a by destructive sampling a reason-

able estimate of standing root mass was obtained, these relative figures G3n be used to estimate

annual root production. The assumption need not be made that root length on the observation surface

has a known or constant relation to root length density in the soil. Calibration lines do in fact differ

between. soil horizons, crops, soil types etc. (Taylor, 1987). The main assumption needed for estimates

of total root production are that the relative pattern of root growth and decay on the observation

surface represents that in the soil. When glass or perspex (rigid) walls are used for the observation

structure (mini-rhizotron), gaps between this surface and the soil may be unavoidable and roots grcm

and die in a 'gap' environment. Gijsman et al. (1991) described an inflatable minirhizotron system

which reduces the problem of gap formation.











Appendix D: Roots: Length, Biomass, Production and Mortality

A number of root washing machines have been designed (Bohm, 1979). The most successful
employ the process of elutriation, i.e. washing roots and organic debris free of soil and
separating them by flotation, onto a 0.5 mm mesh sieve leaving behind the heavier mineral
particles. The apparatus of Cahoon and Morton (1981) requires adequate water pressure and
uses a lot of water; that of Smucker et ai. (1982), now commercially available, uses less
water and accepts smaller samples but requires both water pressure and compressed air.
After elutriation roots must still be sorted by hand and this may take several hours. Neither
apparatus handles organic soils. With both hand and machine washing, loss of fme roots
occurs and a periodic check of washing water and residues should be made to quantify such
losses; such losses should be kept less than 5% of root weight (which may imply that they
are still over 10% of root length); this loss is distinct from that due to respiration and loss
of cell contents from remaining root tissue.

Presoaking overnight in 5 % sodium hexametaphosphate expedites the process of washing
roots from clay soils, but the chemical discolours the roots, particularly in soils with high
organic matter content and may disrupt the tissue, making subsequent identification of live
roots more difficult. Such pretreatment will also interfere with chemical analyses and should
therefore be avoided if possible. Any lengthy washing procedure may alter the element
content of root tissue and a sub sample hand sorted with a minimum of water and processed
on the day of sampling must be used for analysis.

D.2.S Classifying the roots

Fine roots are the most important part of the root system for water and nutrient uptake, as
they form the largest part of total root length or root surface area. For woody perennial
vegetation there is a fairly obvious distinction between the more or less permanent,
secondarily thickened roots and the ephemeral, unthickened roots. This functional distinction
usually falls somewhere between 1 and 3 mm root diameter. Roots above 10 mm diameter
are not adequately sampled by coring. For herbaceous perennial and short lived vegetation
no such clear distinction exists. For TSBF studies these roots should be separated into < 2
mm and > 2 mm classes. In mixed vegetation, separation of roots of different species may
be difficult and is not necessary for TSBF research.

It is desirable to separate root samples into living and dead categories. This is particularly
important in crop situations where old, dead roots from the previous crops may still be
present. Living roots can be distinguished by their lighter colour, turgid appearance and
flexible rather than friable nature when manipulated. Some preliminary anatomical
investigation may help in establishing criteria for making decisions. Incubation of excised
roots in soil in modified litter bags can be used to establish visual clues to the root decay
process. Cross checking between operators and working block by block instead of treatment
by treatment help to reduce experimental error.

Congo red staining has been used to differentiate wheat roots with intact epidennis from ones
without (Ward et al., 1978). Stain in 1 % aqueous solution of Congo Red for 3 min, rinse,
blot dry, then saturate for 3 min in 98 % ethanol before a final rinse. Living roots stain dark
pink to bright red. The criteria for making the living/dead distinction must be clearly stated.
Where adequate criteria cannot be developed, assess total root mass only.
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