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Root Growth of Cereal Cmps

P. J. WELBANK, M. J. GIBB., P. J. TAYIOR and E. D. WILLIAMS

Inbodnction
Studies of the groMh of crops in the field have long been a major part of the work of the
Botany Department at Rothamsted. This involves periodic sampling of crops growing
under different experimental treatments and detailed measurement of numbers and dry
weights of various parts of the plants, leaf areas, etc. From the data useful deductions
can be made about attributes of the crop that contribute to final yield.

Before 1965 storage roots such as those of sugar beet were measured and in some
experiments a part of the fibrous roots were dug or pulled up and included in dry matter
measurements, but generally little attention was paid to the absorbing roots of the crops,
either as functional organs, or as components of dry matter yield. It was difficull to
measure the growth of roots in the same detail as growth of parts above ground. Work to
rectify this omission began at Rothamsted in 1965. Its first objectiyes were to collect basic
information on the rates of grolrth and distribution in the soil of the roots of crops.
This would permit not only an assessment of the contribution of roots to the total dry
matter of the crop, but also deductions about the possible effects of the size and form of
root system on its overall growth. Later the work could be extended to study relationships
between root growth and uptake of nutrients and water. Root measurement may also be
required to determine whether factors, such as exlrrimental treatmeDts, p€sts, diseases,
environmental conditions, etc., known to influence the overall gowth of a crop, do so
predominantly because of their eflect on growth or distribution of roots. This paper
reports chiefly the physical (dry weiglt and length) data on roots, and on the above-
ground parts with which they were associated. It is confined to work on cereals. Few
measurements have yet been made on other crops, many of which pose special sampling
problems.

Site rflI soil
To facilitate soil core sampling, all the experiments described here were done at Woburn
Farm in Stackyard Field. The soil, light sandy-silty loam of the Cottenham series or the
very similar colluvial soil of the Stackyard series, has few stones and overlies loose sandy
substrata extending below sampling depth, which are unlikely to obstruct root penetra-
tion. Although it has a tendency to form a pan at plough-sole depth, no evidence was
found that root groMh in our exlrriments was obstructed by any compacted layer. The
root distributions, therefore, were probably typical of what might be found in a homo-
geneous and easily penetrable soil.

To facilitate cleaning the root samples, experiments were sited on land which had been
fallowed for from two to five years to allow residues of previous crops to decompose.

Methods

Root sampling. To parallel the periodic samples of the above-gtound parts of a crop
used for growth analysis it is necessary to sample the roots growing in the soil beneath
small known areas of the crop. We customarily sample shoots from areas of 0.5 to
2'0 m2 per experimental plot, but as roots may penetrate below 1 m, sampling roots from

t Present address: Grarsland Research IDstitute, Hurley, Berkshire.
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ROOT GROWTH OF CEREAL CROPS

an equal area could mean handling from 0'7 to 3'0 tonnJs- of soil per sample' It was

in".iio." o"""t*.y to sacrifice some precision by greatly decreasing the area of plot

sampled for roots. To permit the soil samples to be representative 
_of 

the area from which

shoots were sampled it was early decided to take several smaller soil samples from

different positions within the area rather than a single large one.

Severai different methods of sampling soil and roots were investigated.

A motor driven soil auger approximately l0 cm in diameter was used to produce loose

soil samples. By digging to successively geater depths samples from different soil layers

could be obtained. Ho*ever, the volume of soil excavated was uncertain because tle
radius swept by the cutter was not well controlled and it was dificult to ensure that
deeper layers wire not contaminated by soil and roots from above. The need frequently

to remove the auger from the hole for cleaning also made it a rather slow method and it
would be quite unsuitable for strong soils.

As well is a simple soil auger, a motorised hollow auger was investigated in which an

outer tube carries iutters and auger flights and rotates about a free central tube in which

an undisturbed core of soil is collected. A successful machine of this type to cut un-

disturbed cores 15'0 cm in diameter is made by Proline Industries Pty' Ltd., Croydon
Park, South Australia, but was considered too large and cumbersome for our purpos€s'

The smaller portable design cutting 7'6 cm diameter cores tested for root sampling was

less satisfactory. It was difficult to force tle auger down into the soil and the core

produced was somewhat irregular, apparently because stones forced-the auger off-course.' A third method tested attempted to combine the proc€sses of soil coring and washing

roots free of soil by using water jets acting inside a 7'5 cm diameter soil coring tube and

near its cutting edge to wash away the soil and roots from within the tube. The water,

soil and roots were collected as they overflowed the top of the coring tube, and passed

tbrough a sieve to retain the roots. However, it was difficult to provide the large volumes

of waier at high pressure needed to operate this system on remote sites, and to prevent

the water leaking round the outside of the coring tube. It would probably also have been

impossible to determine sufficiently precisely the depth from which roots were extracted'

Soil core sampling. The sampling procedure eventually adopted as a routine used

coring tubes hammered into thi soil to cut cores of known cross-section to depths

deperiding on the depth of root penetration, up to a maximum of approximately I m.

Wi'ril" this *ut ,ot diep enough to recover all roots growing beneath the sample area at

later stages in groMh, it represented as near an approach to this ideal as was practicable

with thJportable equipment used. The design of the coring tubes (Fig. l) was based on

principlei given by Hvorslev (1948). They were of mild steel 7'62 cm (3'0 in.) internal

Aiurn"t"r i 3'18 mm (0'125 in.) thick and 94 or 120 cm long, and fitted with cutting

tips of heat-treated special steel ('Pax No. 2', Sanderson. Kayser Ltd., Shemeld)

which stands up well to hammering through stones of flint, limestone and comparable

materials. The iips were made with a fine cutting angle and an Area Ratio (the ratio of
the cross-sectionil area of the soil displaced by the coring tube to that of the core it
cuts, : (l - B)zlB2, Fig. l) as small as practicable to minimise soil compaction bf the

advancing cutti;g edge. 1o iacilitate removal of cores, the tub€s were fitted with liners

ofbrass ir duralimin tube l'22 mm (18 swg) thick, split lengthwise into two halves' The

throat diameter ofthe cutting tip (7.06 cm) which determines the diameter of the core was

slightly less than the inside diameter of the liners In rir, in the coring tube so that there

wals a imall clearance b€tlveen the core and the liners to permit the core to enter the tube

freely- A mild steel ring was brazed on to the top end of the coring tube to engage with
the extraction gear used to pull the full tube out of the ground and also to strengthen the

top of the tube against the hammer blows when being driven in.
z7
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Coring tubes were driven into the soil with a portable petrol-powered motor breaker
delivering 2500 blows per minute (Plate l). A simple adapior had a shank fitting the tool
socket of the breaker and a mild steel plug fitting the top of the coring tube. Tiis equip
ment could drive a coring tube into the light sandy loam soil to a depth of 1 m i; le;s
than 30 seconds when the soil was moist, although when the soil wajvery dry it could
take several minutes; it also took longer on heavier and more stony soils-

Wlen the sandy loam soil was wet, tubes could be removed from it by one or two men
using a tommy bar passing through holes at the upper ends of the tubes. When the soil
was dry, pulls of up to about 1000 kg were needed and were obtained using a tripod and
a chain hoist ('Pul-lift' made by Yale and Towne Inc.). The hoist was connected to the
c.glrng-luqel.bl a set of gear-puller legs engaging under the ring at the top of the tube
(Plate 2). This is in many ways preferable to connecting the hoistlo a tommy bar passing
through holes in the tube because the forces often needed to extract the tubes u." suffi"i"ri
to deform the edges of the holes in mild steel tubing and cause the liners to jam.

The manually operated chain hoist was barely adequate to extract tubei under the
worst conditions encountered and satisfactory mechanised equipment has still to be
found. Attempts have been made to use pneumatic cylinderJ to extract coring tubes
(Ellis,& Barnes, l97l), but the 12-14 cm diameter cylinder needed to provide a-pull of
1000lg with safe air pressures becomes unreasonably heavy for lifts as iigh as I i.

Soil cores encased in the liners were removed intact from the full coring tubes. To facilitate
this when there was much friction between the liners and the tube the liners were attached
by hooks engaging in holes at their upper ends to the steel cable of a small hand winch
mounted on a field work bench (Fig. I and Plate 3). Each core removed from the tube
was cut as it lay in one half-liner into s€ctions corresponding to the different soil layers
28
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PLATE 3. Removing liners containing soil core from coring tube using hand winch.

PLATE 4. Cutting core lying io a half.liner into layers.
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studied in a particular experiment (Plate 4). The core s€ctions were transferred to
polyethylene bags in whicl they were stored between 0 and 4"C until required for
proor.ing and ioot measurement. Usually the sections corresponding to a given soil

iayer from all the cores cut within one sample area were combined to give one composite

sample for each layer from each plot. On some occasions cores from beneath rows of a
crop *ere kept separate from cores from beneath spaces between rows to check the

horizontal uniformity of root distribution.

Cor€ compaction. The coring tube method of sampling did not cause undue compaction
of the samples when the soil was moist or dry. In favourable conditions the level of the

core surface inside the tubes when it had b€€n driven in was not more than I or 2 cm

below that outside, corresponding to 1 or 2% veftrc,'l compaction. A further test
described in -Rorlamsted Report for 1966, p. 84, in which bulk densities of cores cut with
the tube were compared with densities ofundisturM samples showed core bulk densities
ranging from I to 5% $eatff. than those of undisturbed soil at diflerent depths.

With some soils, especially when wet, cores deform greatly during sampling and the

core surface in a tube driven to a depth of lm may be as much as 25 cm below the soil
surface outside. This is probably caus€d by a combination ofthe soil ahead ofthe cutting
edge being compressed by the soil already in the tube, the soil within the tube slumping to
fill the clearance space allowed within the liners and the soil particles of the core re-

arranging themselyes under the influence of the Yibration so as to occuPy a smaller
volume. Ifthe core is sectioned after it has been compacted, the amount of roots in a given

layer may be overestimated, b€cause a given lenglh of core corresponds to a thicker
layer of undisturbed soil. In experiments before 1970 no way of correcting for this error
was available. In 1970 a technique was devised in which about 0'5 ml of Paint was

injected into the soil at known depths with a pointed tubular probe l'27 cm (0'5 in.)
diameter which was unlikely to disturb the soil for more than a few times its own radius
around the point of insertion (Rothamsted Report for 1970, p. 96). A soil core was then
cut over the injection point and cut open to disclose the paint marks. The apparent depths
at which the marks were found were used to adjust the sectioning depths of subsequent

cores to correct for their compaction.

Sample preparation. Roots were washed from soil samples in washing cans developed
from the design of Cahoon and Morton (1961) (Fig. 2). water is supplied through four
tangential jets in the base of each can so that a vortex is set up in the can overflowing
through the central hole on to a scre€n with apertures 0'5 mm square. Roots and organic
debris overflow with the water and are retained by the screen, without being continually
battered by water jets, as they would be were the whole sample placed on a sieve and

washed through. Stones and coarse sand move to the outside of the vortex and remain
behind in the can without btocking the screen holes. The material on the screen is washed

into water and the roots and organic matter separated from any remaining nineral
particles by flotation. Similar processes are used to separate roots from some of the
organic debris, but final separation by hand using forceps and pipettes is nec€ssary to
produce an adequately clean sample for weighing or chemical analysis.

Root mersrement The lengths of roots from Experiments 2 (one sampling only),
3, 4, 5 and 6 were measured by Newman's (196O method in which the roots are spread

in a uniform single layer in a tray of known area and viewed through a low-power
microscope with a hairline in one eyepiece which appears as a line of known length
projected on to the image of the roots. The number of intersections between the hairline
and the centre lines of roots are counted at about 80 random positions on the root array

29
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Frc. 2. Can for washing roots (spproximately 30 cm diamete.).

and converted to length of roots by a simple formula involving the known length of one
transect line, the number of transects observed within the area of the tray, the area of
the tray and the total number of intersections. The total number of intersections counted
sets a limit to the precision of the length estimates, but if the roots are clumped rather
than uniformly distributed the precision will be worse than this limit. To ensure adequate
precision, at least 4O0 intersections were routinely counted and as many as 2000 inter-
sections were counted for large samples. To give adequate counts from small samples,
the 80 transect positions were distributed within trays of arca about 290 cmz; for larger
samples an area of 625 cmz was used and for very large samples an area of 12f0 cmz.
For the largest samples, subsamples only were measured in this way, both subsample
and the remainder being subsequently dried and weighed: rtre estimate of total length
was based on the dry weight determinations.

Root samples were dried at 80-85'C to constant weight. The dried roots were later
ground and analysed for major inorganic plant nutrients in some experiments.

Experimert I
Efiect of nitrogen on brrley root growth

The rcsults of this experiment have been published (Welbank & Williams, 1968) and
therefore essential details only are given here.

30
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N rate

I 150 kg,/ha

a lm ks/ha

A 50 kg/ha

a none

#IIrrS.E.r

Days from sowing

Frc. 3. Experime l. Dry weiShts of roots from difetent depths itr the soil at successive samplines'

Barley (Hordeum wlgare L.), var- Maris Badger, was sown on 29 April 1966 at 173 kgl
ha with firtilisers supplying 63 kg PzOs and 126 kg KzO/ha combine-drilled on plots

13 m long x one 12iow drill width (2'14 m) wide- Four nitrogen treatments supplying
respectively 0, 50, 100 or 150 kg NAa as 'Nitro-Chalk 2l' were applied at sowing to
plois in four randomised blocks. The crop was sampled 46,60 (when the ears emerged),

i4, gS md l30 (when it was ripe) days after sowing- Dry weights and green areas of tops
were measured and dry weights of roots in the soil layers 0-15' 15-30 and 30-60 cm.

Resdts. Root sampling was not commenced until'16 days after sowing. At that stage'

the total dry weighi of ioots in the soil layers studied had already reached 6G-801 of
the maximum weights estimated later (Fig. 3), although tops had reached only about
ZO% of lbdr. maximum weight (including grain) or about 50% of the maximum weight

of straw (Fig. 4). Root weights reached their maximum 60 or 74 days after sowing and

then decreased to values similar to those at the first sampling. Nitrogen fertiliser up to
100 kg/ha increased the $omh of tops greatly and the growth of roots slightly, but
there was no significant further response to 150 kg/ha' In general, therefore, the ratio
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N rate

a 150 kg/ha

a 100 ks/ha

a 50 ks/ha
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Ftc, 4. Erpcrimt t, Dry y/ciShfs of abovcgrouDd pafls at successive saDpling3. 

- 
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ofroot weight to total weight decreased with time and with inmeasing nitrogen fertilisation
(fable l).

TAB[,8 I
Expetiment 1. Etect ofle iliser nitrogen on total root dry weight expressed as a fiacrion

of total uop dry weight

Days froB
sowrnS

46
60
74
95

130

0
o.417
0.208
0.t88
0.133
0.081

50 100 150 s.E.
0.362 0.280 0.300 0.0100.195 0.17t 0.169 0.0140.151 0.124 0.120 0.0100.r0r 0.079 0.081 0.01I0.080 0.064 0.067 0.@3

As much as 80f ofthe total weight of roots recovered were from the top 15 cm of the
soil (Fig. 3). Abolt 12\ was between 15 and 30 cm deep and about 101 between 30
and 60 cm. During the period of sampling (46-130 days after sowing) there were no
clear effects either of time or of nitrogen treatment on the quantity of roots growing
deeper than 15 cm.

A number of important features of c€real root growth were shown by this experiment.
These are (i) the relatiyely early attainment of maximum size of root system, (ii) the
relatively small effect ofnitrogen fertiliser on the roots and (iii) the concentration ofroots
in the upper layers of the soil- It should not be assumed that there was no turnover of
root material after flowering (i.e. new roots being produced and old ones or old root
material dying), but the techniques used, or indeed any other techniques available for
field use, cannot readily detect or measure such a turnover. Nor is it implied that roots
growing below 15 cm are not very important to the plant: they may indeed be vital when
32
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all available water has been extracted from the surface soil layers. There was a suggestion
from total roots weights recorded at the fust few sampl.ings for the two lowest nitrogen
rates that nitrogen fertiliser may have decreased root dry weight at an earlier stage of
growth. This was supported by results of later experiments (see Experiments 2 and 4).

Expedment 2

Effects of frctodal combinations of trihoger, phosphons anll potassim on brrley mot
growth

Barley, var. Maris Badger, was sown on 3l March 1967 at l5'l kgft4 in plots 20 m
long x 2.14 m (12 rows) wide. Fertiliser treatments were applied at sowing supplying
all combinations ofN : 0 or 100 kg/ha, P2O5 : 0 or 126 kg/ha, and K2O : 0 or 126 kgiha
in a factorial design of three randomised blocks.

The crop was first sampled on 3 May and thereafter shoots were sampled at intervals
of approximately two weeks until l0 July (Sampling 6: ears emerging) with further samples
on 3l July and 2l August (ripe crop) (dates given on Fig. 5). Samples were 0.5 m x
8 rows :0.71 m2 in area from randomly determined positions within each plot. Plant
material was subsampled on a fresh weight basis to estimate dry weights and on a fresh
lveight or shoot number basis to estimate leaf areas, v,/hich were measured by a photo-
electric planimeter for early samples and estimated by a rating method (Watson, Thorne
& French, 1958) for later ones.

Root dry weights were estimated for Samplings 2, 4 and 6. Four soil cores were taken
from each plot and cut into layers at 15, 30 and 60 cm deep. The soil was washed off
and the roots and any undecayed plant residues stored in deep freeze (about -20"C)for eventual separation and drying when time was available. Root samples were similarly
collected for the remaining sampling ocrasions, but these were weighed only after pro-
longed storage in deep freeze, which may have aflected dry weights so that less confidence
can be placed in their absolute values. In particular, the mean root dry weights from
Sampling 5 were less than from either of Samplings 4 or 6, although they may still indicate
the relative effects of different treatments. The accuracy of estimates for Sampling I is
uncertain, but as its rcsults are not obviously inconsistent with those of Samplings 2
and 3 they have been treated as correct. It seems likely that the absolute values for
Sampling 3, which were intermediate between values for Samplings 2 and 4, and
Samplings 7 and 8, when root gowth had probably ceased, were not greatly affected by
storage. Lengths of roots from Sampling 3 were estimated by Newman's (1966) coinci-
dence method, for comparison with their dry weights.

Results and discussion The only clear and consistent effect of treatments on the total
dry weight of roots was an increase in the average amount of roots with the higher rate
of nitrogen at all samplings from the third onwards (Fig. ,. However, this does not
imply that other treatment efects were fortuitous, even though they reached statistical
significance on only one occssion. There was an indication that nitrogen decreased the
amount of roots at the first sampling on 3 May, altho"gh overall the treatment effects
did not reach sigoificance at lbe 5% level on this occasion. Throughout the experiment
the PK treatment (i.e. given phosphorus and potassium, but not dtrogen) produc€d
much more roots than any other treatment that did not include nitrogen and at Samplings
l-4 it produced as much as, or more roots than, treatments including nitrogen. The
advantage of the PK combination in the presence of nitrogen was less marked. lt is not
clear why the interaction between the PK treatment and nitrogen should occur and
further experiment is required to coDfrm and explain this phenomenon- The effect of
phosphorus was significant at Sampling 4, increasing root dry weight from a mean of

33
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Frc. 5. Experiment 2. Dry weights of total roots and sboots at succBsive samptings wilhout ard with
Ditrogeo feniliser; meaDs of all phosphorus aDd potassiuo treatmeots. The broken line sbows total root
dry weights for the PK treatmedt (also included io the without-nitrog€n mean). Root dry weights for
Sampling 5 are show4 but not joine-d to other points becaus€ they were probably atrect€d by storage (s€e
text). Standard errors show, for shoots below and for roots above the graphs, Staodard erors loo small
to be shown for early satuplings wer€ for roots Sampli[g I : 0.2; for shoots SaDpling l: 0.4, Saoplhg 2:
1.6. Nore that the shoot dry weigbt scale is teu timcs the root dry eeight scale.

37.6 to 51.0 C/m, (+3.1), and the effect of potassium significant at the 5% level 
^lSampling 6, increasing root dry weight fron 49.7 to 64.9 C/m, (+4.6). With the exception

cited, the experiment produced no evidence that phosphorus stimulates root growth.
Different results might possibly have been obtained from an experiment on soil in which
the growth of the crop as a whole responded differently to phosphorus.

Shoot gowth was consistently increased by nitrogen throughout the experiment

TABLE 2

Expeiment 2. Etects of phosphorus and potasshmt on totql shoot dry weights (glmz) at
Sarnplings 1,4,7 ond 8; mesns of both nitrogen rates

Treatment combi[ation

34
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(Fig. 5). Therc was also evidence of an interaction between phosphorus and potassium
effects which reached statistical significance at lhe 5l or I I levels at Samplings 1, 7
and 8, but which probably occurred throughout: potassium had a negative or nil efect
in the absence of phosphorus, but a large positive effect with phosphorus (Table 2). At
Sampling 4 phosphorus increased shoot growth from 155 lo 233 glmz (+14'6) when
nitrogen was also supplied (significant at ll level), but by only an insignificant amount
(from 73 to 83 g/m2) when nitrogen was omitted.

In general, therefore, the effects of treatments on roots were similar to their effects on
shoots, exc€pt for the small or negative effect of nitrogen on roots at the early samplings
compared with its positive effect on shoot growth. The absence of any clear effect of
phosphorus or potassium on roots independently of their effects on crop growth as a
whole is shown by the ratios of root dry weight to total dry weight (Fig. Q. Nitrogen,
however, consistently depressed the fraction of total dry matter in the roots.

Treatment effects on root dry weight in the top 15 cm ofthe soil were responsible for
most of the ditrerences observed in total root dry weight (Fig. 7). However, at Samplings 2
and 3 nitrogen decreased the dry n eight of roots in layers below 15 cm, without signifi-
cantly affecting the weight in the top 15 cm.

At Sampling 3 an interaction between phosphorus and potassium afected only roots
below 15 cm: both phosphorus and potassium alone depressed root dry weight, but this
effect was greatly reduced when they were supplied together (Iable 3).

TABLE 3

Experiment 2. Effects of phosphorus and potassium on toot dry weights Glm) at Sampling
3: mesns of both nitrcgen rates

Trcatment combination

Depth (cm)
0-15

l5-30
30-60

4

SamplingE

Frc.6. Experimetrt 2. Root dry weights at succ€ssive samplings exprcssed as fractions of total dry
c/eights fot all tl€ateeots. Sampling 5 values omitted.
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P
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s.E.
1.4
0.55
0.17

-no a-
A  p

.9
,

E o.2
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_____+_ whhout N

sown1234561A
Samplings

_Fro.7. Experiment 2. Root dry weights at differ€nt depths at successive samplitgs; meaos of all
phosphorus aud potassium Eeatnrents. Values for Sampling 5 sbown, but trot joiDed t6 oaher poinB
because they were probably atrected by storaSe (see tex0-.

It therefore seems that the depressive effect of nitrogen and the effects of phosphorus
and potassium on early root growth affected particularly the deeper and probably the
younger roots (cf. Goedewaagen, 1955), whereas the enhancement of root weight by
nitrogen in the later stages of development affected chiefly the roots near the surface.

Root lengths measured at Sampling 3 (30 May) showed generally similar patterns of
treatment response to dry weights and diferences between length and dry weight res-
ponses were not easily distinguished within the large experimental errors (Fig. 8). There
was a suggestion that in the top 15 cm of soil nitrogen tended not to increase lengttrs of
roots as it did dry weights. A better indication of differences in response between root
36

Depth
Ol5cm

s.E. {0.18) -

S.E. (0.09) -

I s.e.

a

o
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Deprh (cm) G'15

-Frc. 8. E\perimetrt 2, Cooparisoo of root dry weights (S0 and lenglhs (L), both expressed as fractioDsol Uerr Ecatr values at diffeteDt depths, for each treaLE€Dt at Sampling 3. Mean vdlues giveo beoeath
atrd statrdard erlon shown adjacent to their resp€ctive variates by stippled ban.

lengths and dry weights is given by the specific root length oength of root per udt dry
weight). In the top 15 cm of soil both nitrogen and potassium decreased ipecific root
lengtb, but their effects were not cumulative (tablc 4). Similar interactions afected
roots in deeper layers and it was probably only the larger experimental errors ttrat
prevented them appcaring as statistically significant. The specific root length was greater
in the top 15 cm of soil than in deeper layers, indicating that there were proportionately
more fiDe roots in the top layer, in spite of its containing the thick root bases.

TIBI.E 4

Experiment 2. Efect of nirrogen and potassium at Sdmpling 3 on specific root length
(length of roots per unit root dry weight, mlg); meads of both phosphorus rates

ROOT GROWTH OF CEREAL CROPS

15.30

S.E, MeanDepth (cm) nil N
0-15 226 16015-30 t97 t0930-50 A9 D9

t2 18734 t2627 123

KNK
186 176ll0 88
93 122

The finl goit yiekls in this experiment were small, perhaps partly because of rather
late sowiDg and because wet weather maintained the soil very wet after the crop had
em€rged. Mthout nitrogen fertiliser the mean yield at 851 DM was 1.4 tfta and with
100 kg NTha it was 2'8 tAa (*0.2). The best yield with all three fertilisers was 3.2 t/ha.

37
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Expednot 3

Effects of shading on bodey root grosth

In contrast to the efrects of nutrients on root dry weight, which are generally small and
may be negative (Troughton, 1-962), ar increase in light intensity has a large effect on
root development which may even be relatively greater than its effects on growth above
ground (froughton, 1962).

The effects of different light intensities over quite short periods (e.9. one week) can be
studied in the field in a way which is quite impracticable for different nutrient treatments.
Experiment 3 was intended to test the effect of periods of reduced light intensity applied
at different stages in the growth of a barley crop on the growth of its above-ground parts
and roots.

The barley, var. Maris Badger, was sown on ll March 1968 at 157 kgfta in plots 13

rows (2'31 m) wide. Fertiliser supplying 126 kgfta each of N, PzOs and KsO was broad-
cast and worked into the seedbed before sowing. Shading treatments were applied to
subplots at randomly determined positions within each plot for periods of one, two or
foui weeks according to the schcme in Table 5: there were four replicates. The shades

were made of'Tygan' polyvinylidene chloride screencloth (made by Fothergill and
Harvey Ltd., Littleborough, Lancashird, either unpigmented or of dark pipented
materiil. These were both assumed to approximate closely to neutral filters, at least for
visible light, although it is possible that there were some effects of differences between

TABLE 5

Scheme of shading lrcatments and sanPling in ExPefiment 3

'Norc', '20%' and '50%' rcfer to the d€osity of shade. 's' iodicatcs plots were sampled

,,{:lffi: :::::::::8
L.. 5o%..........S

:::.::.: none.........S
m%..........s
so%..........s

trone.........S
m%..........s
50%..........s

.......s

........ nofle ...,.....s

........ 2O%..........5

. . . . . . . . 50%. . . . . . . . . .s

.......s

EE

r.s
,roo"] '

t..L..

".*{

'"r{
:: ::: :::

"*"t
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unpigmented and dark material. Transmissions measured with radiometers werc: un-
piemented, 78\ of totzl or 76f of visible radiation; dark pigmented, 49% of total ot
46 | of visible radiation. The corresponding degrees of shade will hereafter be referred
to by the approximate values of 201 and 50f respectively. The shades were supported
on light wooden frameworks 1.8 m square about 0.30 m above crop height and hung
down about 0.45 m from the flat top on all sides, so that the bottom edges were about
15 cm below the level of the upper leaves.

The shades extended over 1l rows of crop and samplcs were cut from an area
0.50 m x 1.60 m including the seven centre rows of the 1l that were shaded. From
samples of above-ground parts dry weights and leaf areas were estimated. Four soil cores
were cut from within each sample arca for root estimation and cut into layers of 0-15,
15-30 and 30.60 cm deep. The total lenglh of root in each sample was estimated by
Newman's (196Q coincidence method and the roots then dried and weighed.

Results anrl discussion. The fust period of shading to 50 f of full daylight, before the
first sampling 49 days after sowing, lasted for only seven days. It decreased dry weight
of roots and also of shoots by 251 of unshaded controls (Fig. 9). Later shading periods
lasted 14 days. When the crop was shaded to 50 % of daylight for the frst time during
the second period (14 days) its root weight was decreased by about 30%. However, if it
had previously been shaded in the fust (seven day) period, its root dry weight was
decreased by more than a further 50f. Responses to 20% shade were in each case
intermediate. The greater percentage responses to shading in the second period following
a preliminary seven-day shading treatment were not simply a reflection of a smaller
initial root dry weight, because the absolute root weight diflerence between shaded and
unshaded plots was also greater when they had previously been shaded in the seven-day
period than when they had not.

During the third period the effects on root weights of shading to 50% daylight for the
first time were similar to those in the second period, but shading during the fourth
period for the fust time had only a small efect on root weights, probably because root
grolvth was by ttren slowing down. On the other hand, plots which had been shaded in
the rhird period and which were then shaded to 501daylight in the fourth period had
significantly less roots than those unshaded during the fourth period. Shading during
the fifth or sixth periods had no significant effect on root dry weights at the end of the
shading period concemed, but in plots shaded during the fifth period, differences in root
weight developed during the following 14 days, so that by the end of the sixth period
they had less roots than plots unshaded during the fifth period.

The effect ofshading on root gro*th (i.e. increase in root dry weight during the shadin8
period) seemed often to be more than proportional to the fractional decrease in light
intensity. Thus during the second period 50f shade decreased root growth by more than
70li when the plots had also been shaded during tle previous seven days; during the
third period it decreased growth of previously unshaded plots by 66% and during tle
fourth p€riod it decreased growth of plots also shaded in the previous pr.riod by &%.
As it is unlikely tiat photosynthesis would be decreased in proportion to the degee of
shadin& this suggests that root growth suffered disproportionately, probably to the
benefit of shoot growth.

It therefore appears that the response of total root weight to shading increased as the
period of shading was prolonged, especially during the stage of rapid root growth- This
may have happened because reserves of assimilates were available to maintain root
growth during short periods of shading, or because it took some days for the plant to
respond to shading by diverting more resources to leaf production.

Shading in the prec€ding two weeks decreased the amount of roots at the second

39
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Fro, 9, Experim€ot 3. Efrects
roots (bclow). Note: shoot dry
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TAEIT 6

Experiment 3. Dry wefu of roots (glmz) at Sonpliags 2 and 4
The fisues in brackcts atc the % of totsl rccovqed roots iD €.ch larEr

Unshaded in period I Shaded in p€riod I

D.pth (cm)

0 15
l!30
30-60

s.E.
3-2
1.5
26

sampling between 15 and 30 cm deep and between 30 and 60 cm deep Cfable Q. At the
fourth sampling root weights between 15 and 30 cm were less from plots which had been

shaded to 50% dayliglt during the third period, ending two weeks before sampling;
similarly at the sixth sampling, shading during the fifth period decreased weights of roots
recovercd from 15-30 and 3G{0 cm deep. Otherwise effects on Srowth of deeper roots
were not detected al the 5y" significance level. The smaller amounts of roots in layers
below 15 cm deep usually also rcpresented a smaller fraction of the total roots recovered
(Iable Q, so shading suppressed deeper root $owth proportionately morc than growth
near the surface. Thus it appeared that during the period of rapid root gowth shading
decreased the rate of root penetration into deeper layers'

Roo, le4glh (Tablc 7) was generally affected similarly to root dry weight by treatments.
However, in some instanc€s the effects of shading on length seemed less than on weight,
so that lenglh per unit dry weight (specific root length) increased with shading. For
example, at the first sampling specific root length between 15 and 30 cm was 52 m/g
following 50f shade for one week, compared vith 47 mle unshaded (both +l'2).
Similarly root lengths at Sampling 6 were depressed proportionately less than dry weights

by shading during Period 5, especially in the deeper soil layers where specific root lengths
increased from 135 to 160 t 8'l m/g in the 30-60 cm deep layer.

Shoot growth, The effects oftreatments on shoot growth were usually proportionately
less than their effects on roots and smaller during a second two-week period of shading
ttran during a first period (Fig. 9). For example, 501 shade applied for the first time
during the second period decreased shoot growth by 417", d\r'ng the third period by
50i( and during the fourth period by 59f. When applied to plants shaded during the
previous period it decreased growth in the second period by 30\ and in the fourth
period by 30f.- 

Shading effects on leaf area were proportionately even smaller. Fifty per ctnt shade

applied for the first time during the second period decreased leaf area growth by 23 f,
ani during the third period by 25% (r,}Lereaftr. leaf area index declined). when applied
to plants previously shaded during the first period, 501 shade during the second period
decreased leaf area growth by only 4\.

4l

Unshaded
33.5 (74)
7.9 (l1',)
4.1(9)

Unshaded
3l .0 (67)
e.0 (19)
6.1 <r4)

Uashaded
41 .l (59)
12.7 (t9)
16.9 (23)

50 % shade
27.3 (83)
4.9 (r3)
1.4 (4)

50% shade Umhaded
i18.4 (70) 42.9 (6)
ts.r (22\ 13.2 (21)
5.1(8) 8.3 (13)

50 % shade
18.6 (85)
2.0 (9)
1.3 (o

s.E.
1.1
l2
1.0

Unshaded in period 3 Shaded in pedod 3

Depth (cm)

0-15
l5-30
3G60

50% shade

39.8 (71)
9.2 (r7)
6.8 0 2)

Sampling 2

Sampling 4
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TAT,E 7
Expoimmt 3. Length of toots h tliterent soil layers (km1m2 of soil nrfac)

Shaded during
previous period

Unsbaded duriDg
prcvious period

Sample
depths (co)

0-15
t5-30
30-60
Total

o-15
t5-30
30-50
Total

0-15
t5-30
30-60
Total

0

4.94
l.,tE
0.64
7.05

5.42
1.94
2.38
9.14

10.33
t .89
I .54

13.76

m% so% r

Sarnplhg 2, 13 May
6.22 7-4r0.88 l.t6
0.38 0-22
7.48 8.79

Sampling 4, l0 June
6.30 6.54
2-16 2-12
1.38 0.71
9 84 9',13

Samplilg 6, 8 July
8.01 10.63r.80 3.011.37 l.16

11.17 14.79

8.05 5.931.57 I . 190.4t 0.28
10.03 7.&

6.30 7 -O1

2.11 1.34
l .13 0.66
9.53 9.42

l1.a 10.68
1.68 r.9s
1.08 l.l8

14.41 13.80

20% 50%

3 -24
0.45
0. l3
3.82

6.09
t .68
0.96
9.05

6.18
1.52
1.29
8.9

s.E.

t.09
t-o7
o.79
t-17

0.57
o.m
0.36
0.19

1.58
0.49
0.14
r .68

.,Vzr-e. Any comparisoo wirh results in a previous period should be made with rhe completely unshaded
plots (fiIst column)

These results support the suggestion that shaded plants divert proportionately more of
their resources to top $owth at the expense of root growth, and that over a period of a
few weeks they adapt partially to shade so that top growth is not reduced in proportion
to the decrease in light intensity.

Experiment 4

Comparison of rmt gmwth of whter wheet, spring wheol spring orts rd spring bsrley

Winter wheat (Triticum aes,ivum L.), var. Cappelle-Desprez, was sown on 24 October
1968 at 196 kgAa. Spring wheat, var. Kolibri, spring oats (Avena satita L.), var. Manod,
and spring barley, (Hordeum vulgare L.), var- Maris Badger, were sown on 27 March
1969 atm/157 and 157 kg/ha respectively. Plots of each crop measured 7.6 m long by
2.14 m (12 rows) wide. Fertilisers supplying 25 kgN, 188 kg PzOs, 188 kg KrO and 126 kt
MgO per ha were applied to the whole site and worked in before sowing the winter wheat.
Nitrogen fertiliser (Nitro-Chalk 2l') supplying 100 kg N/ha was applied to half the
plots of each crop on 16 April in a factorial design of three blocks.

Th€ winter wheat was sampled on 3l March and all crops sampled on 5 May,2 June
and 30 June. Each sample area \f,as 0.5 m long and extended over the six centre rows of
the plot (1.07 m). From each sample area four soil corcs were cut within the crop rows
and four between the rows. At Samplings I and 2 roots from the two sets of four corcs
were separately measured. Cores were sectioned at 15, 30, 60 and 100 cm deep. From
samples of shoots leaf areas were estimated using an EEL photoelectric area meter on a
fresh weight subsample (Samplings I and 2) or by rating a subsample of 36 shoots
(Samplings 3 and 4)- Shoot and root dry weights werc measured and lengths of roots
estimated by Newman's (1966)method. Final samples of tops only of the ripe crops were
cut for yield estimates on 4 (winter wheat, oats and barley) or 15 (spring wheat) August.
42

Degre€ of shade
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Resdts and rlissdon

.Roots. The differcnces in amount of roots between samples from the rows and from

tn" rp""". between rows tested at Samplings I and 2 were- chiefly confned to the top

lt;;.;il gable 8). It is unlikely thatlhe diferences became $eater or extended

alprr i" f"t".'r".plin!s. The remainder of the results are given as the means of witJrin

and between row samPles.

TABLE t
Expefiment 4. Dry weight of roots (g1m2 soil nrface) from rows and spaces between rows' 

at dilierent depths on 31 Mmch cnil 5 May; means of N and no N

Depths
(cm)

0-15

3l March

winter
wheat S.E.

Rows 4'5 0 9
Spaces 2'O 0 3

Whter Spring
wh€at wh€at Oats
21.1 ll.0 9-2
9.5 4.4 2'6

Barley S.E.

7.6 0 8
3.0 0.6

0.2 6.3 l.l
0.3 6.1 0.6

7.7
6.7

The dry weights of roots produced by the different crops with.l00 kg NAa (Fie'.10)

and their'lenglis (Iable 9) are probably more typical of a normally fertilised crop than

the controls iot given nitrogen iertiliser in spring. On 3l March winter wheat had a root

system extending to about 30 cm deep and about 5-8% of its size at ear emergence

(aear maximum)i This advantage over the spring sown crops increase.d slightly by 5 May

;d at this stagp the spring sown cereals, especially oats and barley, already had a smaller

fraction of thJir totaiweights in their root systems than winter wheat had at the end of

4 Winterwheat

--4) 
Spring Wheat

........."., oats

---------r Barley

15-30 Rows l'3
SPaccs l 0

3O-@ Roes
Spaces

0.5 1.0 0.4
0.4 0.6 0.4

t.l
0.8

a

2531

5 May

Ftc. 10. ExperimeEt 4. Dry rveiShts of roots of differetrt cereals givetr l0o kg NAa.
43
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TABLE 9

Expedment 4. Izngth of roo* (kmlmz soil atrface) in different soil hyers ad plott densities
@latslm2) of difermt cereals givet tn *e Ulha i sprilre'

Dcptbs
(cm)

Gl5
l5-30
Total

Gt5
l5-30
30-50
Total

o-t5
l5-30
30-50
Total

Gl5
1t30
30-60
60-100
Total

Wioter
wheat

I .52
0.85
o.49
2.86

4.5
1.4
2.0
7.9

4.9
2.1
2.6

.8

l.ll
0.06
0.0
I .18

r.o7
0.07
0.0
t.t4

o-79
0.07
0.0
0.86

5.3
1.3
1-2
7.7

6.3
1.9
2.4
2-O

12.6

o.2t
0.06
0.12
o.2a

0.55
o.22
0.31
0.5t

0.6E
o.2a
0.21
0.30
0.87

m

0.66
0.25
0.90

Spting
whcat Oats

Sampliag 1,31 March

Samplitrg Z 5 May

Barlcy S.E"

0.(D5
0.057
0.067

Saopliry 3. 2 Iuoc
4.3 4.2l.t t.40.8 0.66.2 6.2

semFlitrg 4 30 Juo.
4.9
1.7
3.4
I.3

I.3

5.1
1.7
3.1
t.5

ll '3

Plaot deositics at seedliog emcrgen@
256 2A3 319 n4

the winter (Table l0), i.e. they diverted less of their current assimilates into root produc_
tion during early gro*th. Winter wheat had the greatest root dry weight at le;st until
2 June, but by 30 June winter wheat root growth had slowed and the root ary weights of
other crops were overtaking it. At this stage barley had a greater lengh oi rooi than
the other_crops. It already had a greater root length in the top 15 cm thin other crops at
th€ sampling on 2 June. Oats, on the other hand, although they had the greatest dry w;ight
of roots on 30 June, did not have as great a length of roots as the otler crops.

Experimant 4. R 
", 

dry;ffi"!4ractun o1nd thy wagnt
Witrle. Spriogwtreat wheat Oats Barlev_.__1

Sampling No Nr 'N" Nr' N. Nr' il-Er 0.369
2 0.38t 0.222 0.349 0.D7 0.268 0.218 0.251 o.2lo3 0.188 o.lrs 0.2s2 0.134 0.297 0.t58 0.242 O.-t0'94 0.129 0.085 0.145 0.094 0.184 0.t15 o.i25 d.m4

Part of the diferences between crops might have been acrounted for by differences
1n 

plant population (Iable 9), but this is unlikely to have been an important factor.
overall.variation in plant density was barely significant at the 5 f level and usually such
small differences do not greatly affect ve8etative growth of shooG after tillering, sL they
may not aflect roots either. Moreover, although oats had tle greatest plant deoiity, tney
did not have the greatcst weight or length of roots when they were firsi sampled in May.
4

s.E.
0.014
o.ou
0.018
0.009
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Plots given no spring nitrogen usually had more roots at the earlier samplings than
those givin 100 kg/ha (Fig. l1). kter, the overall increase in the size of the plants given

spring nitrogen resulted in root systems as large or larger than the controls, which,
however, stil had root systems comPrising a larger fraction of the total dry weight than
the nitrogen-heated plants Cfable l0). At Sampling 2 nitrogen decreased the amount of
roots in the top 15 cm soil layer: it decreased lenglh by 0'74 km/mz soil surface (about
30/) in winter wheat and by 0'65 km (about 45Y) in barley, At Sampling 3 eflects of

E

'6
3

3 roo

--< 

without N

-!!thl]

31 5230 31 5 230
fular [,1ay June June [rar May June June

Frc. t l. E eerimeot 4. Efrec1s of nitro8en fertiliser (100 kg NAa) o! roots of differetrt cerEals.

45

80

6t

40

20

Earley
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nitrogen,were most sigtrificant at 15-30 cm deep, where root length of barley was
decreased by 0'89 km/m, soil surface (about,lO%) and that of other spring sown &reals
by smaller amounrs. lts eflects on spring wheat ind barley roots in the 3-0-60 cm deep
soil layer were almost as great, although they did not reach significance at the 5l levil.
By Sampling 4, although nihogen decreased the length of oat roots in the l5-]0 cm
deep layer by 1.43 kmimz and spring wheat roots by a lesser amount, it incrcased the
length_ of barley roots in the top 15 cm by 2.07 lcnfuz and of roots of all crops in the
60-100 cm deep layer by an average of0.56 km/mz (about 47 %). Thus the nitrogin effects
were most noticeable in regions where new growth was taking place most actively.

Nitrogen significantly aflected specific root tength in this experiment only in isolated
instances (in contrast to Experiment 2). It increas€d specific root length of winter wheat,
oat and barley roots, but not spring wheat roots, growing below l5 cm deep at Sampling 2
(5 May) (Table I l). This result is unusual and contrary to wbat has generally been reported
elsewhere (Troughton, 1962). Nitrogen also increased speciflc root length of barley
roots, but decreased that of winter wheat roots, growing in the top l5cm ofsoil at Sampling
4 (2 Jute) (Table I l). As these two responses were only just significant at the 5 % level
and as the general tendency among the other crops was for nitrogen to decrease slrcific
root length, the effect on barley may have been fortuitous.

TABLE T1

Experiment 4 Signifcant efects of nitrogen on specif.c root length (length per uni, dry
weight of roots, mlg)

Deprh
(c0)

(Lt5

l5-30

Nitrogen

No

Nr

No

Nr

No

N1

Winter
wheat

t30

ll5
137

175

143

95

Oars

t6
174

90

167

117

t03

Barley

224

194

7t

128

t3t

178

Spring
wheat

Sampling 2
150

l,l8

93

a
Sampliog 4

t44

128

14

l0

0-15

_Abov*gmund parrr. The pattern of root grofih and the effecs of nitrogen on it
(Fig. ll) contrast with the growth of above-ground parts (Fig. l2). Here the growth
rate was slow at first, but increased rapidly after 5 May and continued to increaseturing
June, when there was evidence of a decrease in root growth rate. Nitrogen greatly
increased shoot gro*th, in contrast to its smaller and initially negative effit on root
growth. Winter wheat apparently responded more to nitrogen in both shoot and root
growth than spring sown cereals.

TABI,E 12

Experiment 4. Final grain yield of diferent cereals, tlha at A5% DM, S.E.0.lg tlha
Spring

fertiliser N
Nooe
l0O k&/ha

Witrter Springwheat wheat
2.2 3-55.4 4-3

Oats Barley
3 .3 3.44.8 4.6

Specific root letrgths
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-----owithout N

1200

1000

800

600

4fi)

. 200
E

'd

P 1000

-grszso 431 s2 30 4
March May June June Aug March May June June Aug

Ftc. 12. EtpedEeot 4' Efrects of Ditrogpo fertiliser (fm kg NAa) oo shoots of differsol cer€al$'

Fiad grah yicldt of plots given spring nitrogen (Iable 12) were as good as or greatcr

than normally expected from this land.

ExPedments 5 snil 6

comparison of grorth of shoot! a t roots of normal antl semi-dwarf winter wheat varieties

Two exlrriments were done in 1969170 and l910l7l in collaboration with staff of the

fhnt nieeaing Institute, Cambridge, who measured top growth-and yield, and of the^

Acricultural {esearch Council's Gtcombe Laboratory, who studied the distribution of
iolts in the soil and their activity in absorbing nutrients by radioactive tracer techniques.

The present account deals only with results for dry weights of roots and shoots and root
47
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lengths; a fuller account is being published (Lupron e/ al., 1974,). We arc indebted toDr, f . G. lI. Lupton and Mr. R. ti. Oliver oi thi plant s;ljios iorritot" ior ;il;;weight and grain yield data.

,ft: rylir. object of tbe 
_experiments was to find whether short_stemmed varieties of

y:?:: !!:!,:y^ aestivum L). derived from th€ Japanese variety Norin t0 (generally
caueo semFdwarts) had smaller root systems than taller Europein varieties. i:our nei
:"-oT-9-".1{ I].gti9ns bred by the- plant Breeding Institute tJ suit nritish 

"onJiti*.,TL_363130, TL 365a125, TL365a134 
-and.TL 

365i137, were included in fxperimeni iwith varieties Cappelle-Desprez a-nd Maris Ranger foi "o.il;i;;;. Vanety it ZAiipi
wa1 drggne{ from Exp€riment 6 becalse .it became sur"eptible to leaf diseases, and
replaced by the new commercial variety Maris Nimrod. The wieat was sown on 3 octoberfor Experiment 5 and on 22 October fo-r Experiment 6 in plots l,g m (10 .o*.i;iJ;
aranged in four randomised blqtp^^of six, p_lots. Iertiliser supptying approrii:ratety
zl() kg N, 90 kg P2O5, I 80 kg K2O and t 00 kg MgO per ha was wortiA' into-ttre ,i,"a U"J "rtall plots given nitrogen fertiliser supplying rzr tg LI/ha in april. Each prot was oiviaJ
transversely into rows of sub-plots with all su6plots in a'given row within a block
allocated to one soil treatment or sampling time according to 

-a 
restricted randomisation

scheme, to facilitate working.(this was akin to a criss-cr-oss design, except that results
rrom rows of sub-prots with different treatments or sample times 

-could 
not generally be

co.mbined in one analysis). Samples.of above_ground paits of the crop were iut periodi
cally from areas 0.5 m long extending over the six central rows of the plot. Soiil co.e.
for-root samples were taken froq_ ra1!9m positions within ttre arcas ofinoot samptint
on 9 D_ecember, 16 March, 14 April, 12 May ind g June in Experiment 5 and on 15 Deremi
ber, 16 March, 28 April and 15 June in Fxperiment 6. Eight 

-cores 
per plot (slx at f iUay

sampling in Experiment t were taken in equal numberi from thl crop rows and from
spac€s between them and sectioned at 15 cm from the surface, then at l0 cm intervals
(20 cm-at 12 May sampling in Experiment , to 75 cm and at i00 cm (exc€pt that co;;
for early samples did not extend beyond,the depth to which roots had peoetrateay. fn
both experiments a correction was appried at samprings early in the season when the soil
was wet to_ allow for compaction of- the cores, as alrejdy described (p. Zq). Cor_
responding layers ofthe cores from each plot were bulked to gue ooe comfosite sampie
from each layer, except for some early samplings where samiles from rows and spaLs
were measured separately. Root lengths were estimated by Newman,s (196e methoi androot dry weights recorded.

Results anrt iliscussion

Abovqrouad ,arrs. Differenc€s -in_dry weight of above_ground parts between
varieties were small until the time of the lasiroot simpling in eacf; eiperlment, about ihe
l,*,:11"-y5 (Fie. l3). In Expe_riment 5, larser dife;n;s, uittorgn stiit onry rizuTj ot the means, developed after flowering; semidwarfs then tended iL produce moregrain and have less straw than taler varietiii. In rxperiment o illas^1il naa smaueishoot weights than other varieties after May, but differen*, t"t*""o varieties were
otherwise neither- statistically significaDt uor consistent between samptings.

The grain yields (Iable 13) in Experiment 5 ranged from gooa lil fOS"pg to .muU

TABTT 13

Experinets 5 od 6. Grah yietds, tlht at 8j% DM

ExDcrioetrt 5
ExperiEetrf 6

48

Cappelle-
Desprez

5.1
5.9

fvtaris 
- 
Maris TL 3631 TL365^l TL 365at TL 365atRaae€r Ninrod 30 25 n - '- ii'' S.E

l.l :: 5.6 6.4 4.7 4.s o.345.6 6.0 7.3 7.2 6.i d.ii
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;

-i 
sm

Frc. 13. Dry weights ofabove-ground parts ofs€lected varieties in Experiment 5 (above) and 6 (below).
Semi-dwarf varieties shoEr by brokeo liDes, taller varieties by solid liDes. CD: Cappelle Desprez, MN:
Maris Ninrod, MR: Maris Range.; s€mi dwarfs TL 363/30, TL365a125, TL 365a/34 and 'fl-365a137
indicated by terminal code nunber. For Experioent 5 only Cappele-Desprez, Maris Ranger atrd TL 363/
30 and for Experiment 6 oDly Maris Raneer, TL 361/10 and TL 363/37 are plotted in full; wbere weights
of other varieties lie outside these raoges they are also indicated.
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(Maris Ranger), though not unusually so for the type of land. In Experiment 6 yields
were larger tian in Experiment 5; all were good for this land and the best (TL 363/30)
exceptionally so.

Roors. In both experiments all varieties had similar amounts of roots and few difler-
ences were significant at the 5l level (Tables 14, 15 and Fig. 14). In Experiment 5 root
dry weights on 9 December had already reached more than one-tenth of their June
weights, which were probably close to their madma because roots of cereals appear to
grow little after flowering (Experiments I and 2 above and Troughton, 1962). They
continued to grow at about the same average rate during the witrter, then from mid-March
grew at a faster rate until June (Fig. l4). Roots extended below 35 cm deep on 9 December,
below 55 cm on 16 March and below I m on 12 May (Fig. 15) (consequently a small
fraction of ttre total roots were probably not recovered in the 8 June samples).

In Exp€riment 6 root dry weights on 15 December were less than 5l of their June
weights because of later sowing and cooler autumn weather. Roots grew at almost the

120

lm

E

i*

16 M.r' la Ap. t2 iray 8 r

Frc. 14. Total dry weights of roots in ExperimEDts 5 (above) and 6 (bclow). Semidwarf vadeti€s
showu by broken lines aod taller varieties by solid tio€s. CD: Cappelle-Desprcz, MN: Maris NiErod,
MR: Maris RaqEr; scBi4warfs TL 363/30, 'I:L365a125, TL 365a/34 aEd TL 3654/37 iDdicstcd by
teriainal cade number.
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same rate during the winter as in Experiment 5, however, and after mid-March grew
faster than in the previous year so that the weights in June were very similar to thosc in
Experiment 5 (Fig. l4). Although smaller amounts ofroots were produced in autumn and
winter in Experiment 6, they penetrated to about the same depth at each sampling as in
Experiment 5 (Iables 14, 15 and Fig. l5).

At early samplings in both experiments there were more roots in the top 15 cm of soil
beneath the crop rows than between them (fable 16). However, except for the sample on
15 December in Experiment 6 when the crop had grown little and when there were

Root lengrh crn/cm2

4.0 2.O 4.0

Frc. 15. Distributios of root lengrb with depth for s€lect€d vadetie in Brpcrinents 5 (above) 8trd
6 (below).

v

916
Dec March

E

April
15 16
Dec Marcn

Experiment 5

15

35

55
'15

1m

l,4aris Ranger

TL 365a,25
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significantly less roots between the rows at all depths, there was little evidence of difrer-

en-ces between rows and spaces in horizontal distribution of roots below 15 cm deep'

Moreover in samples on i6 March, when length of roots beneath rows and beneath

inter-row spac€s were separately determined, there was evidence in Experimelt 5 a-nd to
a lesser exLnt in Experiment 6 that the diferences in horizontal distribution of root
length in the top 15 im of soil were smaller than for dry weight distribution' This is
coisistent with the large contribution to dry weight beneath the rows, but not to length,

expected from the tlickened bases of adventitious crown roots.

TABLE 15

Experiments 5 and 6. Mean dry weights of roots (glm\ and toot lmgths (kmlmz\ where-

seiarutely measured, from beneath uop rows (R) and spaces bettveen rot's (S). Standard
errors in brackels

aw.idr. &d tartlB e livcn Dcr u.it .E of Dil b.a..rh ttc roB or i. tbc rpc.is b.tcn ro*t ntD..liElv, i .. th. loLl
- $tighl ;r lmi rh pcr uoit plot ar.. i. thc mc.r of thc ro' ed .Do@ !61q6, no! rh. sh)

S.splilg l,9 D.@tb.r
WdShr

ssplirg 2, 16 Murn S.aDlins !, l,l April

S
7.3 (0 32)
2.r o.14)
1.2(0.1o
0.7 (0. r l)

(d) R
Gl5 | 5.0 (o.52)
rl25 2 5 (0. 15)
2l-15 I.5(0.tt)
3s--a5 0. 6 (0. l0)
/15-55
5r{5
Totd 19 5 (0'62) l r-3 (0.46)

RSRS
3E.5 fl.68) 24.2(0.7E) 6.61(0.22) 5.85 (0.22)
7 010 l9i 6 7 40 19, 1.09 (0 09) o.9l (0 06)
3.3 {0.24t 2.7 a0 lO 0.29 (0.03) O X (0 03)
2.0 40.19) 2.0 (0 20) 0.19 (0 02) O r? (0.02)
2.3 (0.2O r'7(0.1' O.17(O.Ol) 0.lo(0.01)
3.0 (0.4' 2.4 (0.30) O.19 (0.04) 0.14(0.03)

56 00.94) 39.7(1.41) E.5.t(0.023) 7-45 (0.29)

RSRS
23.6(0.5E) 20.4(0-62) 5.97 (0.199) 

'.49(0 
15O

?.0(0.41) 5.9(0 15) l.6l (0.0E0) l al (0 07o
2l(o rEi 1.5(o lal 0.20(0 o2a) 014(0017)
0.9 i0.rD r.r (0.ro 0 09 (0.0,9) o 07 (0.oll)
0.9 40.t8) t.0(o.ll) 0.08(0021) 0.05(0 oqr)
0.7 a0.r9i 0.6 (0 13) 0.06 (0 o23) 0 03 (0 0(Ir)

35.2 (l.lO 30.4(0.93) E.Or (0.217) 719(0.21t

RS5,1.E(l.m 34 6(0 E2)
rr.l ao io) lo o (0 57)
5.a (0.3t 4.4 (0.15)

71.2 (r.?o ,19.0 (l 17

saDplidg 2, 15 March

D.pth
(@)

Gt5
t5-25
25-35
35-{J
45-55
55-65
Totd

Wcisht IaAh
RSRS

4 67 (0 34) 2.2r (0 ll) r.m (0.(E1) 0.5t (o ozr)
r.28ao.ot 0.82(0 0o 0.rE(0.008) o 0t(0.0G)
o.56(O.Ot O.3l (0.0.) O.04 (O.OOa) 0.02(0.003)
0 57 (O O) 0.31 (0 Ol) o.o(x (0.(x)1)o 0ol (0 @r)

6.57 (0.3A 3.37(0.13) 1.22(0.084) 0.65(0.04)

Consideration of root length did not show any striking differences compared to root
dry weight. Where the relative Srowth rate or distribution of length differed from those

ofary weight the differences can be seen most cleady by examining the specific root
lengths (ength per unit dry weight of roots) Clable l7)' The length corresponding to a
givin weight oi roots tended to increase during the winter, when presumably-few
issimilatei were available, and was grcater at this stage in Experiment 6 when litde
growth was made in autumn than in Experiment 5 when the crop was well grown at
tte Ueginning of winter- During spring and early summer specific root length decreased

as the iupply of assimilates increased, and was eventually less in Exp€riment 6 than in
Experiment 5. Specific root length was usually much less in layers below 25 cm than
above, indicating the large numbers of fine roots in the top soil, and there was a
tendency towards smaller values in deeper layers. The sharp decrease in specific root
length below 35 cm at Sampling 3 of Experiment 5 may reflect the advance of thicker
adventitious (crown) roots into these layers.

Although differences between varieties in amount of roots did not usually persist

throughout the season, some differences rtached significance at the 5 % level at particular
rampliogs. In Experiment 5, TL365^137 and Maris Ranger had less roots than other
vari;tietbelow the top 15 cm of soil on 14 April (in Maris Ranger this may have resulted

55
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TABIS 17

Experiments 5 otd 6. Mea specific root length (length pet unit dry weight, mlg) at each

Depth
(cm)

o-15
t5-25
2}.35
3545
45-55
55-65
65-75
75-lm
0-bottom

depth
Exp€riqpnt 5

Sampthg 2 Sampliag 3
16 March 14 April

199 ro8

Samplios 4
12 May.

151

Sampling I
9 December

155
l0l
ito
33

Samplilg 5
8 Juoc

182
t97
140
153
124
I

to2
108

t67

Saopling 4
15 Jurc

127
m2
104
ll8
124
l14
t25
lt6
l3l

't i33 2tl

'; y, rce

108

107

158168

o-15
15-25
2135
35-45
45-55
55-65
65-75
75-100

O-bottom

ErpcriD€at 6
qaqplias I SanpliEg 2 Saeplins 3

15 Dec€Eber 16 March 23 AprilD6 262 211lnu2N
62 9t 8284748/-

6289
69n

92lt
192

1 Mean of Cappelle-Desprez and Maris Ranger only

from bad winter mildew infection). Fig. 15 illustrates tle difference in density of roots
between Maris Ranger and two other varieties; such behaviour might have adverse
consequences in a dry spring. On 12 May TL 363130 and, TL 365a134 had more roots
than other varieties between 15 and 35 cm deep and on 8 June ^lL 365^125 and 34 had
more roots in the top l5 cm of soil (Iable l4). In Experiment 6, Maris Ranger had more
and Maris Nimrod and TL 365a/37less weight of roots than other varieties on 16 March,
although Maris Nimrod did not haye a shorter length of roots (Iable l5). By 2g April
Maris Ranger had more roots and Maris Nimrod less thau other varieties between 25
and 35 cm deep. In general, however, there was no evidencc that semidwarf varieties
had less well developed root systems than taller varieties.

Comperisol of differed experinents

In the course of the six experiments, barley was grown in the first four years and winter
wheat in the last three. Each experiment included at least one treatment in which the
crop was grown under conditions approximating to normal agricultural practice (i.e.
without shading) and given an adequate supply ofthe main plant nutrients. Ii is therciore
possible to compare growth of barley or wheat with roughly similar fertiliser treatments
in diferent years and obtain some idea of the range of variation that may be caused by
different growing conditions, expecially on root growth.

The following treatments from each experiment are included in the comparisons:

Experiment I : barley, Maris Badger, given 100 kg Nfta
Experiment 2: barley, Maris Badger, given P, K and 100 kg N/ha
Experiment 3: unshaded barley, Maris Badger, given 126 kg N/ha

s6
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Experiment 4: barley, Maris Badger, and winter wheat, Cappelle-Desprez, given

2s tg N6a in autumn and 100 kg Nfta in spring
Experiments 5 and 6: winter wheat, Cappelle-Desprez, given'10 kg N/ha in autumn

and 126 kg N/la in spring.

Diferences in nitrogen fertiliser rates apPlied to barley in the above list are probably

Dot important (cf. results of Experiment l). Winter wheat continues to respond to
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nitrogen at higher rates of application than does barley so the differenc€s in rates above
may have contributed to differences in its gron th in dherent experiments.

Barley. - The amolnts of barley roots, measured as dry weight, in Experiments 2, 3 and 4
all-reached very similar maximum values (presumed in Experiment 4) at approximately
100 days after sowing in each case (Fig. 16). The much quicker attainment-oi maximuri
root weight in Exp€riment I probably occurred because it was sown on 29 April and
ni tial $owth was therefore more rapid than in the other experiments sown in'March,
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but in fact the maximum occured in Experiment I at very much the same time, about

i fofy, 
"t 

io tn" otn"r experiments. The course of root development in the thrce following

exoeriments sown at a more normal time varied considerably from year to year. For

.il.pf., UA.V in Experiment 3 had roughly twice as muctr loots as in Experiment 4

; ";; til d to about 75 days after sowing, in spite of b€ing sown 16 days earlier'

*ni"f o,ignt ni* U"n expected to result in slower initial growth. The soil conditions for
sowing Eiperirnent 3 were very good, whereas they were rather wet when Experiment 4

was so'*n, while sowing of Expeiiment 2 was followed by a very rainy spell which main-

t"i.J tni soil saturati for ling periods. These differences may partly have accounted

for differences in growth.
The differences in shoot growth between years lvere not always similar to the differences

in root growth (Fig. 16). ihe development of the shoots after sowing in Experiment.l

was not- much iaiie. it u" in the other experiments. \Yhereas root development in
Experiment 4 was apparently slower during the middle period of vegetative growth lhan
in b,xperiments Z and :, stroot growth at this stage was more rapid. Perhaps, therefore,

the retardation of root gtowth was partly caused by climatic conditions favourable to

shoot development leaving little assimilates available for the root system' Hlwevel
ine final shooi dry weight a-ttained was similar in Experiments 3 and 4 and also in Experi-

ment 1.
The difierences between root and shoot behaviour in different years mean that there

were wide variations in the fraction of total weight represented by roots, e g' between

39 and 49 days after sowing: from 0'28 in Experiment I or 0'21 in Experiment 4 to
0.12 in Experiment 2; between 60 and ?0 days after sowilg: from 0'17 in Experiment I

or 0.t 6 in Experiment 3 to 0.11 in Experiment 4. More detailed study is needed to interFret

such differences in root : shoot relationships between years.

Winter wherL When a justed to allow for the earlier sowing date of Experiment 5.by

plotting dry weights agaiist number of days from sowing, th-e- growth of roots in spring
-*os 

re].y ri-it"r- in bith Experiments 5 and 6 (Fie. 17).Although the adjustment did

not elimioate the difference in autumn growth, it did not bemme absolutely greater and

was relatively udmPortant for root development in the foltowing season' Roots in-

riperi-"ot + nua .ide little growth by Marih 1158 days from sowing), but their rate o-f

grJ*th thereuft". was similar-to, or a iittle faster than, $owth in Experiments 5 and 6'

io mir *.putitoo, therefore, it was chiefly the much smaller root systems developed in

autumn and winter that accounted for the final differences in root dry weight

Shootgrowthinallthreeexperimentswasverysimilarbetweenthelatterhalfof
edi(tSO-aayt u"d flowering (about 250 days), whe-n th, e time scales had been adjusted

ioi tni Aif""ioi.r in sowing 
-date (Fig. l7). Aithough there were obvious differences in

ihe size of the shoots in December iS[70 iays) and March (145-165 days), they seemed

i.ti" t"* aoy importaot eftirt for later vegetative growth', The smaller increase in

dry weight after flowiring in Experiment 4 than in Experiments 5 and 6 may have resulted

from tf,e smaller amouni of fertiliser nitrogen supplied in this extrrriment'

Generel disrussion

Metro(ts. we shall not consider here methods that involve separation of root systems

-oi" or te* intact from the soil, such as the pin-board technique' They may be very

useful for visual examination of root distribution, and were used for this purpose in

so." of ou. experiments, but their high labour requirement makes them unsuited to
quantitive root studies in the field.- 

noot ,a-plo have previously been obtained by soil coring using several different
59
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type-s of apparatus (Boehle et at., 1963; Fehrenbacher & Alexander, 1955; Kawatake
e_t al.,,1964; Kmoch, 1960; Williams &_ Baker, 1957). The advantages of the equip-*i
described in this paper are that it enables- core sampting to be doni reasonabli qirictty
and it is portable. The first makes possible repeated saipling of an experimert needjfor measlrement of root growth.. The second makes it'posiiOte to sanple microptoi
areas within experimental plots vithout serious damage to the surrounding irop. withlui
the development of much more elaborate equipment leat improvementsio the sampling
process. itself..seem unlikely in the near futuie. Its ahief limitation is that it becomei
increasingly difficult to use for depths greater than l m because of the ,".0 t. pr"""in"
-hammer 

on top ofa tube standing more tha-n this height above the ground befor" o.iuirgit in. It is also somewhat restricted by difficult soil conditions, i.e. very hard, dry oi
stony- soil, although ttre coring tubes have a surprising ab ity to proauce satisraJtory
samples in soil with stones of soft or brittle materials such as sandstone or flint. Howevei,
fhis limitatio_n also largely affects other quantitative methods for studying roots.

The,sampling process for studying roots by direct measurement, ihe;efore, presents
no undue difficulties. The overall labour requirements in the field are probably ,o gr*t".
than are needed for other methods of investigation. The principal difficurties Lutrtinoin!
are separating roots from undecomposed plant rcsidues and to a lesser extent the rathei
tedious counting involved io visual estimation of length by Newman,s (1966) method.
No satisfactory alternative to sorting by hand has been iound for the first problem,
although this can be aided by partial separation in a liquid cyclone. Trials of electronic-
ally controlled_ sorters dependent on photoerectric de6tio; of particres have not yet
been successful and it seems likely that exFnsive equipment would need to be developed
to solve the problem by this technique.

. It is expected that length estimation will be greatly facilitated in future by using an
image analysing comprrter ('Quantimet 720' made by 

-Image 
Ana-lysing Conputer;id;

Melboum, R-o_yston, Herts.) to give direct readingj of thi length of-roots irrurgJ io
trays as for Newman's method and recorded on 35 mm firni negatives. A suo&ssful
photomechanical machine for the same purpose has been devised 6y Dr. H. R. Rowse
at the National Vegetable Research Station (Wirrter, tg72).

^ 
The approach to- root sampling and measurement we have used is basically straight-

forward and unsophisticated, but it has proved effective in obtaining importart aatu-oo
growth o_f root systems not previously available. It has, indeed, seveiral advantages over
the less direct methods of measurement. It permits many physical attributes of tf,e roots
to be measured on the same samples, for example weight, volume, length, mean diameter.It also permits the roots to be analysed chimicany to determine their total minerar
content if required, although some elements, such as potassium, may be partly tost Aurin!
root washing. other methods of root estimation usualry determine ooty u siogt" pu.al
meter, and because they are indirec! may introduce errors of caribration into thiroot
measurements. However, they too may have advantages over the direct method for
particular purposes.

- 
Labelling the root system with a radioactive isotope by injecting it into the base of the

sho-ots of th€ plant a,d relying on the translocation system of tfe phnt to distribute it
uniformly trough the root system is one such metlod. The radiioactivity rs usuauy
measured in soil samples without needing to separate out the roots. It i;dicates th;
proportion of the total roots in each soil layer, but can give absolute amounts only by
calibration against direct measurements of roots extracted from soil. The method was
first described by Racz, Rennie & Hutcheon (1964) who used 3zp to label wheat roots.
It was used in Experiments 5 and 6 of this paper (Lupton et at., 1974) with 86Rb as the
tracer, wrrich has the adyantage of emitting gamma radiation that can be detected through
a considerable thickness of soil sample, although it requires rather specialised aid
60
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expensive counting equipment for its use. The radioactive injection method has the
important advantage of indicating the distribution of living roots (i.e. those to which
translocation is going on) (Ellis & Bames, 1973), whereas living roots caDnot readily be
distinguished from non-living in samples separated from soil. For some purposes'
however, lhis is not important, e.g. during early $onth of an annual crop little root
death is likely to occur; in considering the contribution of roots to total dry matter
production of the plant it is irrelevant whether they arc alive or not; in considering the
volume of soil that has been explorcd by roots it may not be important that roots have
died since they exhausted a nutrient from soil through which they have grown.

Roots labelled with radioactive isotopes in the manner described may be detected
in situ by driving an autoradiograph-film holder into the soil so that it cuts the roots,
whose positions then appear after a suitable exposure time as dark spots oD the film
@aldwin, Tinker & Marriott, 1971). The length of roots p€r unit soil volume can easily
be calculated from the density of spots and this technique also permits study of the micro-
distribution of roots in the soil, i.e. the degre€ of regularity of distribution or clumping,
whicb csnnot be done by root extractiotr methods. Baldwin and Tinker (1972) have
developed this method to study interpenetrating root systems separately and in relation
to each other by injecting different plants with isotopes emitting radiation of different
energies. Root extraction methods cannot be used to measure interpenetrating roots
directly, except perhaps rarcly when they are of ditrerent colour or morphology.

Root distribution has been inferred from the extraction by the plant of substanc€s
in the soil. An isotope (e.9. 32P) may be injected into the soil at a known depth and its
appearance in the shoots of a plant taken to indicate root penetration to that depth,
or the amount taken up over a period related to the amount of roots at that depth (Hall
et al., 1953i Newbould, Taylor & Howse, l97l). Such measurements are more closely
related to the effectiveness of the root system at the particular depth in absorbing the
isotope supplied. The amount of roots present is only one component of this. The
technique was used to indicate root activity in absorbing s2P in Experiment 5 and 6 of
the present paper (Lnpton et al., 197Q. Similarly, the loss of soil moisture from different
depths under a crop, measured with a neutron soil moisture probe, has been used as an
indicator of root penetration to each depth (Long & French, 1967; Draycott & Durrant,
l97l). The rate ofloss may show the activity of the roots in absorbing water if corrections
can be made for water flow through the soil and for changes in water potential with water
content. Clearly, however, observations of this sort do not replace measurement of the
roots themselves by direct or indirect means, but are complementary to them. They
measure the total activity of the roots; measurement of tle roots shows whether differ-
ences in activity can be accounted for by differences in amount of roots or, by inference,
whether the activity of unit amount of roots varies.

Tle r€sulB of these experiments not only can help to interpret tle riesponses of cereal
crops to the treatments and conditions under which they are grown, but also provide
basic data on the amount and distribution of roots at different stages of groMh for use in
theoretical work on the supply of nutrients and water to the plant especially their move-
ment through the soil and through the roots themselves.

Nutrition aad fuht irrreasirn Experiments l, 2 and 4 all showed that nitrogen fertiliser
produced larger plants with relatively smaller root systems (although after the first few
weeks absolutely larger) than did no fertiliser. In Experiments 2 and 4 nitrogen generally
depressed root growth in the deeper soil layers more than in the surface layer (cf.
Goedewaagen, 195r, but the significantly smaller amount of roots in the top 15 cm of
soil which also occurred at Sampling 2 on 5 May in Experiment 4 suggests that nitrogen

6t
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affected especially parts of the root system that were young and most actively growing.
It did not appear that phosphorus or potassium significantly affected root growth inde-
pendently of their effects on the plants as a whole, which were in any case small relative
to the effects of nitrogen. It is interesting that the roots themselves seem not to have
been adversely affected by lack of nitrogen, perhaps because their demand for it is less
than that of the leaves and they are nearer to the source of supply. On the other hand
the large effects of shading on root growth indicate that roots depend very much on the
supply of carbohydrate from the shoots. This is supported by the effects on roots of
higher rates of nitrogen fertiliser, which by stimulating gowth of shoots, presumably
cause a relative decrease in the carbohydrate available for root production.

Results of these field experiments therefore agree with conclusions about the carbo-
hydrate economy of roots in relation to shoots drawn from solution culture and other
experiments elsewhere. Similarly the effect of nitrogen in decreasing specific root length,
implying that it produced thicker roots, agrees with results of earlier exlrrioents in
solution culture or pots of soil Cfroughton, 1962). Insofar as phosphorus and potassium
significantly increased root dry weights in isolated instances in Experiment 2, their
effects also agree with earlier results (Troughton, 1962) and the decrease in specific root
length (i.e. thicker roots) with potassium fertiliser found at Sampling 3 supports the
observations of Brenchley and Jackson (1921) on barley growing in pots ofsoil. Howevcr,
there is doubtful value in pressing further the comparison between the general lack of
signfficant effects of phosphorus and potassium on root : shoot relations in our experi-
ment and the considerable range of effects found by others. More experiments are
desirable to study the effects of these two nutrients in greater detail than was possible
in the single experiment done so far, in which their factorial combination with nitrogen
limited factor levels to two and prevented much replication.

Difercnt crops atd wricties. lt is notable that root production was similar in all the
main cereal crops tested in Experiment 4, and perhaps especially that winter wheat did
not ultimately have more roots than spring sown crops. Similarly different varieties of
winter wheat tested in Experiments 5 and 6 did not differ greatly in amount or distribution
of their roots, although they were selected for widely different shoot habits.

To the extent that different crops have similar amounts of roots, root density cannot
account for the differences in suscaptibility of different cereals to deficiency of particular
nutrients, e.g. phosphorus and potassium. On the Woburn Reference Plots on a nearby
site, for example, both $ain and straw yield of barley responded well to potassium
fertiliser, whereas oats did not (Widdowson & Penny, 1967, 1972). Similarly on the
Rothamsted Reference Plots wheat responded more to potassium fertiliser than did
barley (Widdowson & Penny, 1973). Here wheat usually extracted more potassium from
soil to which no potassium fertiliser had been added than did barley, so it is more likely
that the needs of wheat were greater than that it was less able to extract potassium
from the soil. With kale, however, the amount of potassium extracted from the soil was
much greater than for cereals and sufficient to prevent the crop suffering from potassium
deficiency. It would therefore be interesting to have measurements of its root growth to
see whether they could ac.ount for the difference in its response to potassium.

Fahet problems. Measurements of root systems of crops other than cereals are an
obvious possibility for future work aimed at answering questions such as this. Certain
crops, e.g. potatoes, sugar beet and to a lesser extent beans and kale, pose problems of
sampling and interpretation because their root distribution in horizontal planes cannot
be considered uniform. It is necessary to take samples representing all positions relative
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to the crop rows and plants within the rows and it may be necessary to coDsider separately

root densities in the soil volume corresponding to each position.
The relations between size and gowth rate of root systems and uptake of nutrients

and water are likely to be another fiuitful field of investigation' Uptake rates may depend

on the amount of root present or on the rate at which new roots are produced, or they

may be controlled by plint demand. Little has been done in the field to test the application
of iheoretical and laboratory work to practical situations. Some data relevant to these

questions werc obtained for Experiments 5 and 6 and will be published elsewhere;

similar studies on results from Experiment 4 are contemplated.
There remain many effects of the environDent on roots to be investigated. Water is

one factor that we have not yet studied. Both soil and air temp€ratures may be expected

to affect roots, but the study ofthese factors in the field is likely to depend on correlations
with growth over a period of many years; subsequently confirmation will be required in
controlled environments.

Perhaps the most topical factor is the structure and physical condition of the soil
itsef. Ail the experiments described were done on a light sandy loam without marked

structure and pricautions were taken to avoid eflects of compaction. Other typ€s of soil
could greatly affect the results obtained in experiments similar to ours. Generally roots
cannoipeneirate compacted or c€mented soil or soil ag$egates with bulk densities much
greater than l'5 (clays) or l'7 (sands) g/cm3 or with pores smaller than about 0'02 mm
diameter, unless the soil strength is small (e.g. because it is wet) (Veihmeyer & Hendrick-
son, 1948; Wiersum, 1957; Zimmerman & Kardos, 196l; Barley, 1963; Yoorhees er a/.,

l97l); nor will they grow where oxygen tensions are less than about 0'01 atmospheres,

e.g. because of waterlogging (Greenwood, 1969). Several investigations have shown
qualitatively the effect of factors such as structure and compaction on roots of field
ciops (Goedewaaget et al., 1955; Fehrenbacher & Snider, 1954; Fehrenbacher & Rust,
1956; De Roo, 1969) and a few quantitative measurements have been made. Kmoch
(1961) investigated the distribution with depth of cereal roots in eight typical soils.near
-ologne and ihe Eifel. Vetter & Scharafat (1964) measured root distribution with depth
of miny species in para-brown-earths, podsol and old marsh soil. Fehrenbacher, Ray &
nawards (teOs; investigated qualitatively and quantitatively the rooting of corn and

alfalfa in Illinois shale soils. LuPton e, a/. (1974) describe a possible effect of a compact

soil zone on root absorption of phosphate. We have made limited observations on roots

of winter wheat and birley growing on Rothamsted, Broom's Barn and Saxmundham

farms, the soils ofwhich differ greatly from that of Stackyard Field at Woburn. Generally,

however, little has been done to study quantitatively the effects ofsoil physical factors on

root deyelopment or function or to follow these effects throughout the growth of crops'

Like tempeiature, soil type is not readily amenable to study by normal replicated experi-

ments. Nevertheless, soils producing large effects on groMh of crops as a whole are

likely to exert their effecs at least in part on root groMh. What is imPortant is .l hether

th" eff""t. of soil on root growth significantly aff€ct root function' Without detailed
quantitadve studies of root growth and function we cannot say how important the effects

on roots are in determining production of economic crop yield.

Summary

The soil coring method used at Rothamsted to samPle roots of field crops is described in
detail, together with methods for cleaning and measuring roots.

Six experiments on cereal crops growing on sandy loam studied the efects on root
growth of nitrogen, phosphorus and potassium fertilisers and shading and co'nlared
ioot growth of different cereal crops and different varieties of whter wheat. When
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sampling was coDtinued to crop ripeness, maximum root dry weights were found about
ear emergence. As much as 80% of roots recovered at that stage were in the top l5 cm
of soil.

_ Nitrogen fertiliser produced smaller root systems in the early spring, aflecting lmrticu-
larly younger and more actively growing parts of the root system and tending to produce
roots which were shorter relative to their dry weight. I-at€r, although it pioaucea
absolutely larger root systems, it increased root growth much less than shoot growth
and depressed the size of the root system relative to the plant as a whole. phosphorus
and potassium fertilisers produced small increases in growth of the plants as a whole,
but did not generally afect roots independently of the rest of the plant.

Shade decreasing the incident light by 20 or 50 f was appted to barley for one-, two- or
four-week periods between the fourleaf stage and the early grain growth period. Shading
decreased root growth somewhat more than proportionally to the dege€ of shade, and
shoot growth somewhat less, when it was applied while the roots were growing most
actively, but it did not have as much effect on roots when their growth slowed about the
time of flowering. Roots deeper than 15 cm were afected more than roots near the
surface.

The results suggest that shortage of carbohydrate caused by rcduced light intensity
affects root growth more than shoot $owth; stimulation of shoot gowth by nitrogen
fertiliser may similady restrict carbohydrate supply to roots and hence their growth.

Winter wheat had 541 of its maximum (presumed) root dry weight by the end of
March in one experiment aod as much as 3G4O f in others. It had a geater dry weight
and length of roots during the early spring than spring-sowa wheat, oats or barley, but
by ear emergence and flowering oats had a greater weight and barley a geater length.
As early as five weeks after sowing, spring sown cereals had smaller fractions of their
total weight represented by roots than winter wheat.

Different winter wheat varieties, including Cappelle-Desprez, Maris Nimrod, Maris
Ranger and new semiiwarf varieties, differed little in dry weights or lengths of their
roots. However, some varieties had less roots than others at depths greater than 30 cm
in spring-

Compared with other methods available for investigating root systems, the sampling
methods used permit measurement of weight, length and other physical attributes of
roots and their chemical composition if required. Other methods can be used to detect
living roots or to study the distribution of root activity.
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