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Irrigation at Woburn-YII

H. L. PENMAN

Prermble

A Working Group ofthe Ag cultural Research Council,looking at important future prot-
i".r,ufu"G t"ri.r .speculitive' for research with no immediately obvious practical outlet

"itner 
i" ugri""ltot" or farming. The term is unfortunate in its association with gambles

"oa 
goor"i but what it refers-to, presumably, is that part-of the research effort that is

out i"nto setting basic knowledge of the raw material, and of the enemies of the industry'

irnv G"n.i.i."n Council for-the couotry's chief industry- should- seem to need special

pfeiOing for ttit tind of work is puzzling. Some of it pays for itself. merely by occasional

,o"*rr'io stopping expensive nonsense it sourc€: some pays for itself in restricting ol
;;;";&;g A;;"rie oi validity of empirical results from ad hoc expetiments: much will
p"! forit"'"fi *n". iUe industryi techniaues have caught up with research results sufficiently

io'ue utte to 
"*ptoit 

them: and some &n trigger a new technique, or greatly expand the

;J;i;i*h"idt" not previously thought necessary in a British.environment' This' in

essen.e, is the story ofinigatlon in Sritain. Tlventy years ago the .area of farm crops

irrilui.i *ur utoui 20 O0O 
-u"..r 

' 
now it is near 300 000 a*es. The Rothamsted part in

tniJnuJ t*" 
"o-ponents, 

visible and invisible. The visible part -li in Cuidanc! T4erial
f-- iUe Ul"itt y of Agriculture, Fisheries and Food in its Bulletins 138 and 202 and

Technical Butletis 4 anJ 16. The invisible part is, in some ways, even more important.

fni j.L'"*at *"t"q and someone has to supPly it, usually at times when demands from

otn"i -rt .".. 
".i 

gta"t".t and reserves iie least' Water authorities have been very

ready-often eager-to try to meet this agricultural demand for water, and the Minisry
t". Jt"."*g.i "tn"m to dt so because both parties knew that the demand was based on
;.p""rlutin"i.".eu."h confirmed by well designed fleld experiments' For the same reason

th; Central Advisory Water Committee, in its thorough review of Britain's water resources

und futu." o."dr, uccepted this new use of water as a fair demand that Water Authorities

,irii i.y i. *tf tiy.anaiet up a fecn:ical Sub-Committee to estimate rlre probable demand

;y i;in. iil C;lnrrrittee Report (rrrga tion in Gredt,Br.itain, T'Y'S'g' 1962) is' in desisn

"id "fl."t, " 
.ho.t t"xt-boot'on the sribject, giving the bases, in physics and plant physio-

ilr;i". ;;t use by plants, showing why, .where, and when summer water shortages

"Eii., 
.r.."tirirg the'information Gn available on crop responses to irrigation (farm

croos. vesetables. i-i6 Uotl in terms of agriculture (increased yield) and farming (rn-

-.irJo p?it,j, 
"i,J 

itlrutiog. against thelhen pattem- of.land.use, the probable area

in"i -ieii b" i".th irrigating iom-e day. Agricultuially-by.including a lot of grassland-

the are;is I 500 000 acres: more realisticalty-as farming-the area is about 500 000 acres'

and this might well be reached in another ten years or so'- ial of tie evidence used by the sub-committee came from the Woburn irrigation

exDeriment: an account of the frrst nine years' results l95l-59 was published in three

p"ip.r. ip.r."r, fS6r). e .oonO group of tht"" (Penman,-1970) completes the record'

it60;d: Th" ;; toups are numdred i to III, and Iv to vI : these numbers will be used

for simplicity in cr-oss-riferences in this digest of 18 years of field measurements. 
U7
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Introduction

The raw materials of agriculture are the green plants, the soil, and the weather. For the
water story it seems very obvious to start with'What happens to the rain?' (Keen, 1939),
but in this and a later review (Keen, 19,10) it is almost as obyious that there is not much
reward in the search for rain/growth relationships. Groping for reasons transforms the
question to 'What happens to the sunshine?', which can be answered in a way that
permits forecasting and backcasting. Ignoring meteorological complexity, the simple
answer is: From a green farmscape about one-quarter of the sun's energy is reflected
(Monteith, 1959): of the non-reflected energy, about half is used in evaporating water
and the other half is used in various proc€sses of energy transfer from the surface to the
atmosphere. (To give scale, during a fine mid-summer week in S.E. England the ayeruge
solar radiation income is near 480 cal cm-2 day-r, and with one-quarter reflected there
are 180 cal cm-z day-l each for evaporation and for other sinks. At 600 cal g-l for the
energy of vapourisation, the estimated evaporation rate is 0.3 g cm-z dsy-l, or 3 mm
per day in the equivalent rainfall unit). The more exact working answer needs some
quantification of the energy transferred in ttre other processes and this can be achieved
with knowledge of air temperature, air humidity, wind speed, and duration of bright
sunshine (used indirectly as a measure olcloud cover). These are the elements measured-
as routine-at weather stations, and thus it became possible to use past climatological
records to calculate seasonal energy balances in a way that l€ft evaporation as the only
unknown. The result of a goup efrort was the production, by the Ministry of Agriculture,
Fisheries and Food in 1954, of Technical Bulletrz No. 4, on The Calculation of Irrigation
l{eed. Figure I is from this bulletin, and shows how often summer rainfall (April to
September, inclusive) falls short of calculated evaporation by more than 75 mm. The
map is purely climatological: it cannot indicate how plant growth would be affected by
attempts to manage this deficit. For this field experiments were needed, and after three
years co-operative work with the British Sugar Corporation on two commercial farms
(Penman, 1952), the Woburn experiment was started in 1951, with two objecfives:

(i) Practical-to measure the response of ordinary farm crops to supplementary
watering;

(ii) Speculative-to seek crop/weather relationships that might be applicable to other
sites, crops and climates.

Basic idess

Understanding of the field results, and their application to farm practic€, will be greatly
helped by a short account of some of the speculative ideas added to some basic concepts
now generally accepted as a good working hypothesis in the physics and physiology of
plant/water relations.

One physical boundary condition is that there is a large area of a short crop com-
pletely covering the ground, and that it is actively growing. (There are special problems
in small areas, as in most fleld exp€riments; for tall crops, e.g. trees; for incomplite cover,
e.g. sugar beet and potatoes at early stages; and for senescent or maturing crops.) When
the water supply around the roots is adequate, the rate of water use is dictated by the
weather, \vith plant factors having only a small effect, and soil factors negligible. This
weather-determined rate is called the 'potential evaporation' or 'potential transpiration'
rate and is giyen the symbol E7 (originally intended as the evapoEtion rate from a. turf
surface). In effect, Er is the evaporation rate from an extended area of short grass kept
l$
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in the vegetatiye phase of development, and it is not unreasonable to look for first tests

of ideas on such a sward'-- it rti.g ft"- toil at field capacity, and in the absencc of rain or irrigation' th9 qaol
oir"tioo itt*. will dry the soil at and near the plant roots, setting up stresses in both

Ioii uoa pUnt. The soil stress may affect the ability of the roots to collect more water
149
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(i.e. a soil factor now comes in): the plant stress may aflect the physiology, and, through
it, the rate of transpiration, or the rate ofassimilation. From field experience it ii obviois
tiat there is no check to plant growth in the early stages of soil drying, and thence it
is an easy step to a simple hypothesis-at least worth a trial-that this period of un-
restricted growth lasts up to a threshold of soil dryness, and that beyondihe threshold
there is a complete check. This threshold is defned quantitatively ai a limiting deficit,
Dl, as the rainfall equivalent of water that must then be added to restore the soii to field
capacity. It represents the amount of water stored in the soil proflle that the soil itself
can contribute to plant growth: to get a measure of it, crop by crop, is the major tech-
nical objective in irrigation experiments. For rain, R, and irrigiiion, i the defi"it ut -ytime is

D:Er-(R*I) (l)

and the simple hypothesis is that while D is less than D, groMh is unchecked, and while
D is more than D. and still increasing then growth is zero An extension of the argument
(see IY) leads to a value of the active evaporation contributing to plant growth is

Et: Er _ D^l Dt e)
where Dn is the maximum deficit reached during the period considered. Note that this
implies that as the profile is rewetted-whatevir the value of D-all evaporation is
active. Again as another working hypothesis---one object of the work is to find field
evidence-the gro*th rate, as botanical yield, is proportional to the potential t.unrpiia-
tion rate-when water supply is non-limiting, and the limiting deficit ioncept would add
that total. $ofih is proportional to the total active transpiritior. H"o"", ,"ith .yrobol,
representing totals,

Y : kEr while Dn is less than Dr (3)

Y : k(h - D- -t D) otheruse. (4)

The effect of irrigation, 1, is to decrease the deficit, so the maximum, D_7, fot an iri-
gated plot will always be less than D26 for a control prot, but seasonal wiaiher changes
and the-timin_g of irrigation operations will usually pioduc€ the result that D*o _ D"^,
is. /ess $a-n the- irrigation applied- (see Table 10).'Further, for maximum irdgation, as
planned, the value of D,,, will be less than D1. For both reasons, the measured-response,
as (Yr ._ Ys)lI, wild be less than- r. rx the limit, k represents the madmum pissible
response to irrigation, obtained when Dno - Da : I and D66 ) Dy

It is easiest to estimate /r for a ley, cut at intervals to give iccumulated values of r.
Yalues of .Er and, D6 are calculated from weather recoids, and the only unknown is
Dr._ Aere are various ways of estimating Ds, but it can usually be done by inspection
and adjusted. by trial until a plot of I against .81 gives a straight line. fo. o i,,V,-"uiperlaps six times in a year, with four irrigation treatments (O, i, B, C, say), there'will
be 24 points to make coherent. Usually, some of these wiI correspona to a"lii*t" t."ut_
ments and will show a scatter inescapable in field measurements: if trre processeo poinl
fit a straight line with aot much more than the same scare of scatter, tt ., tn" irod.rlo!can be regarded as successful, the slope of the line can be used as a valui of /r (thl
maxim'm possible response), and the value of D1 chosen to achieve coherence can be
accepted with some confidence. This is the quantity needed to give practical guidance
to farmers.

150

https://creativecommons.org/licenses/by/4.0/


This work is licensed under a Creative Commons Attribution 4.0 International License.

https://doi.org/10.23637/ERADOC-1-5 pp 6

IRRIGATION AT WOBURN-VII

The experiment

The ideas and equations will become much more real when the symbols turn into
numbers, and in ihe next section the results for a ley, 1951-53, will be examined in
some detail.

The experiment was set out in the south-east corner of Butt Close on the northern

edge of tie Lower Greensand at Woburn. The area was roughly 150 x 100 m, with a
goid opeo exposure to west and north, and also to the east €xc€pt- for a few tall trees'

6ut wai very Jheltered all along the south side: it is probable that estimates of water need

were somewhat smaller than they would have been for a more exposed site, and the
meteorological frequency of irrigation need a little smaller than Fig' I predicts. The

soil, a sanly loam, contains enough clay to give coherent clods in the top foot, but
belory it is ioose unconsolidated sand. The infiltration capacity is not very great, and

care was needed to avoid run'off when irrigating row crops.
The area was divided into four series (I to IV) each divided into 12 plots giving three-

fold replication of four possible watering treatments. Though it was expected that there

would be important intiractions b€tween water and fertiliser treatments the degrees of
freedom available were too few to p€rmit much variation (and the plots were too small

anyway). Each crop was given the basic fertiliser treatment conforming to recommended

good iiactice, with one variant introduced by splitting. plots. It rf,as usually an extra

iitrogin dressing. Weather records were taken on the site or at the farm about 350 m

awayl The unit of time was the week, ending on Monday morning, and irrigation instruc-

tions were received at Woburn on the Wednesday.
For the first 15 years, up to 1965, Series IV carried some sort of ley and the other

series had varied three-course rotations. From 1966 onward the emphasis was otr manage-

ment, with series IY and I used for a long term potato exp€riment on cyst nematodes,

while the other two were used for ad hoc exlrriments, including trials of the dwarfing

compound CCC (Humpbries, 1970). Some of the results 196G69 te relevant to the
present survey, but not all.- 

The generil watering policy was that each unit block of four plots should carry an

unwateied plot (O), and bne fully inigated (C) on which the aim was to keep the deficit

at less than 2.5cm: occasionally, unavoidable delays allowed the deficit to increase

beyond 2.5 cm, and sometimes rain quickly decreased it to zero with a surplus as 'esti-
mited drainage'. The other two plots, ,{ and B, had regimes intermediate between O and

C; for annual crops one would be at the C rate early in the season and the other zero,

and then the 'earty' plot would get no more and the other would get the same treatment

as C 'late' in the-season. The division between 'early' and 'late' was usually based on

some easily recoguised phase in crop development, e.g. ear emergence for cereals,

flowering in potatoes and beans.

Irys

Particular, 1951-53 (Table 1). The seeds mixture was broadcast on 24 April 1951 wjth
components: Italian ryegrass (6), 526 cocksfoot (lO, Sl00 white clover (4) and Canadian

Alsiie (2). Next day ba;l fertiliser was applied: PzOs and KzO at 0'6 cwt acre-l' There

,"as ,o nit og"n upplied until after the first cut on I I July, and then it was as 'Nitro-Chalk'
at two inten;ities: Nr, 0'15; Nz, 0'30 cwt N acre-l. These dressings were repeated after

the second and third cuts, 13 August and 4 September, but not after the fourth cut on
9 October. In 1952 the basal PK dressing was applied on 21 March-no nitrogen-
and the N1 and N2 dressings applied after the first four cuts (29 April, 19 May, 16 June,

151
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9 July) but not after the fifth, sixth and seventh cuts (ll August, 9 September and
3 October). In 1953 the basal dressing was applied on l7 March, and nitrogen dressings,
Nr and Nz, applied on 27 March. As before, 'Nitro-Chalk' was given after the first six cuts
(13 May, 8 June, 3 July,4 August, 24 August and 16 September). The final cut was on
29 October, and the site was ploughed on 24 November.

There was randomisation of treatments in 1951, but no change was made in 1952 or
1953, either in fertiliser treatment or in watering treatment: thus treatments called ONr,
or CN2, refer to the same plots (and plants) throughout the three years. Yields were
estimated from fresh weight, measured on the plots, and dry matter contents determined
on samples. After plentiful rain or irrigation the dry matter content was tboul 2Ol:
after drought and no irrigation it was about 351- From small samples, rorgi estimates
were made ofthe glass and clover contents, too crude for safe use in quantitative analysis,
but useful in providing numbers to match visual impressions of sward composition. This,
summarised as the ratio in annual totals (Table l) varied throughout each summer on a
given plot, and was clearly changed by nitrogen treatment (more N, less clover) and by
watering treatment (more water, more clover). Because of the seasonal changes and the
interactions of treatments it was thought--quite wrongly, as it happened-that a mixed
ley of this kind would not be amenable to any profitable attempt to extract uop/weather
relationships. Accordingly, the site was ploughed, and re-seeded in April 1954 with a
pure stand of cocksfoot (see next section). This gave some very valuable relationships,
and the doubts of 1953 were removed when it was found @enman, 1967-68) that the same
analltical treatment could be applied to the results of Stiles and Williams (1965) who
had done almost exactly the same experiment on irrigation of a mixture of ryegrass and
white clover at the Grassland Research Institute. The inference-steadily becoming
more confident as experience accumulates-is tlnt within a given system of well-managed
farming, the composition of a crop does not greatly affect the total yield of dry matter,
and it is not important whether the division is, as in a ley, between species, or, as in a
monoculture, between components, e.g. roots and tops, or grain and straw. (Sugar beet
is a notable exc€ption: it seems to produce more dry matter for a given radiation income
than any other crop in the world.)

For the present survey it has seemed worthwhile to re-examine the results for l95l-53
in the same way as was done for the cocksfoot 195,t-59, so providing something new,
avoiding repetition, illustrating the degree of success attainable in handling equation (4)

diagrammatically, and, incidentally, raising the same scientific problems as emerged

from all tbe other years and crops.
As part of the general survey for leys the results app€ar at the top of Table 2. Here the

yield for Ir is that from the plots receiving most water: in one out of the six responses
given it was not the maximum yield. For the detail leading to these annual totals and
iesponses it is nec€ssary to know a little about the history of management and weather'

1951. T\e engineering was not completed soon enough, and the first irrigation was

applied later than desired. Some was applied before the fust cut (there was no nitrogen
disirimination at this stage) and more before the second cut on the C plots' These then
had no more (l and I had a little) and it is best to compare only the O and C plots for
1951. The cumulative yields appear on Fig. 2a plotted against Er from a zero time taken
as at the 6rst cut, when yields for Nr and Nz were the same-at zero nitrogen dress-

ing. The starting point for the lines drawn is at the time of the first irigation when
the unknown amount of growth would be the same for all plos, irrespoctive of later
treatments.

153
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-1952. There was no need for irigation until after the second cut, so the fint two sets
of points on Fig. 2b represent replicate treatments. After the second cut there was a
dry period of eight weeks, and then enough rain to satisfy water need. The zero time is
the date ofthe last cut in 1951.

1953. The frst nitrogen was applied before the fust cut, and the first irrigation
between the first and second cuts- After several weeks of need, the summer weather was
broken by three weeks of unusually heavy rain after mid-June. For the C plots this gave
a total of'estimated drainage' of 14 cm up to the time of the last cut, nearly half of it
between cuts 3 and 5. The zero time is trear the date of the last cut in 1953.

The weather distribution in l95l was fortunate, in that all the irrigation need came
before the crop was established, and the important aspects of the results can be picked
out without any knowledge of maximum or limiting deficits. From the second cut onward,
the sets of tbree points are colinear, and within each pair the lines are parallel. The

Y
I h._r

o)

{

rlt!

. Frc. 1. Cumrrlative. gxoEth cuves: grass/clover l95l-53. poinb fot coDtrol plots (O) atrd most-
irigated plots (C) are distiDguished only where they have a special iDterest. The abicissa ii iccumulared
acrive evapomtion, estimated from the date of rhe 6rst cut in 1951, atrd using D, : 2.5 cm for Nr, and
Dr : 3'8 crn for Nz. (Nz : 2 x Nr.)
ly

0

l95l
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slopes are t1 : 0'38 t ha-l cm-1 for Nr, ar,d kz : 0.48 t ha-l cm-r for Nz, both very
large values indicating that the crop gxew rapidly and made very emcient use of solar
radiation. The irrigation response is revealed in two ways- First the vertical separation
shows the increase in yield produced by irrigation, and at the last cut of all this is
Yr - Yo of Table 2. Divided by the amount applied (/" : 8'9 cm), the responses of
0.23 and 0.16 t ha-l cm-1, for Nr and Nz resp€ctively, are much smaller than the values
for ft1 and kz. Second, the horizontal separation represents a time b€nefit in getting the
crop established. In ,8" units, the values are about 6 cm for N1 and about 3 cm for N2:
between the second and third cuts these intervals represent about 22 and 1l days. Qualita-
tively, the results are coherent. The greater horizontal spacing for Nr implies greater
sensitivity to soil moisture deficit, and hence geater response to irrigation, but quantita-
tively the size of the difference is surprising. There was no nitrogen applied until after the
first cut, and yet by the time of the second cut the differential effect of two rates was
fully established, over a period in which there was enough rain to get the unirrigated
plots futly €stablished. Were it worth seeking here, the explanation might be found in
the grass/clover ratios at the second cut. They were: ONr,0'9; CNl,0'5; ONz,5'5; and
CN:, 0.8. As already noted, these ratios are very approximate, but, crude as they are,

they indicate that the clover was dominant on three of the treatments and almost absent
from the fourth (ONz). The 'greater sensitivity to soil moisture deficit' may be that clover
is more sensitive than grass.

The first cut in 1952 was for equal treatments since early September 1951, with the
yields from the N2 plots only a little greater than those from the Nr plots (averages:

Nr, 1.97; N2, 2.14 t ha-l) (Fig. 2b). Throughout the summer the ratio of growth rates

never really exceeded this ratio (final values of Ir: Nr, l0'4; Nz, I l'0 t ha-l), and because

the differential response was small it is unlikely that the absolute efects were very great.

When Y was plotted against Er - D^ there was evidence of coherence in , and C
results (1s:8.6cm; Ic: l3'0cm) with I and O results clearly anomalous. The
coherence was improved by using as limiting deficits, 2'5 cm for Nr, and 3'8 cm for Nz.
In plotting, for Fig. 2b, the last three points lor I treatment lYere omitted (for clarity),
and the last three for O treatment were not put in until the straight lines had been fi.tted

to the remaining 22 points. Except for the values at the first cut, the straight lines drawn
fit the observations very well, and, extrapolated back to f: 0, the apparent zero time
coincides with the date of the last cut in the previous year. The deviation of the first cut
values always occurs-it is obvious again for 1951-but it is not an effect of irrigation.

The slopes ofthe lines are: Nr, 0'25 t hu-l 96-r; N2,0'26 t ha-1 cm-1, as the maximum
possible response to irrigation: the real responses (Tables I and 2) are gxeater. The
&ginoings of an explanation of this apparent absurdity can be seen on the diagram.
From cut 3 to cut 5 the $owth on ttre O plots was barely measurable, i.e. there was no
response to the rain that fell during the period (8 cm in 56 days). From cut 5 on, growth

was resumed, and at the same rate as the well watered B and C plots. For the Nr line'
with slope 9.25 15a-l sm-r, the displacement of the control plot results is 1'3tha-l,
corretponding to an unused amount of rainfall of 5 cm. This is another benefit from
irrigation: foi a crop that would otherwise go senesc€nt in a period of near drought,
irrigation not only produces its own response to water paid for, but also keeps the crop
in a state that it can respond to rain, which is free'

The important change in -anage.eot in 1953 was that nitrogen dressings were applied
in spring, before the fiist cut, and after six of the seven cuts, equal in amount to the total
upplied in the previous two years. The processing of results was as for 1952, rvith the

sime limiting dificits (N1, 2'5; Nz, 3'8 cm) but the lines were drawn through the points
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before plotting the results for the fully watered C treatment. The reason-now considered
unjustified-was a suspicion that the small yields on the C plots were caused by leaching
of nutrients during the wet period between cuts three and five. The leaching idea was
abandoned, first because there is no hint of it in the Nz results, and, second, because the
CNl results lie below the line from the second cut onward: a poor fust or second yield,
or a faulty measurement of either, would be caried forward into all later totals. The
final four points for CNr lie on a line parallel to the full line, with slope /<1 : 0.28 t ha-l
cm--l. For N2, kz : O'32 tha-L cn-1, and here the ratio /cz/kr is nearer the value it had
in l95l (Table 1). The intercepts on the axis at F : 0 are near the zero time corresponding
to the date of the last cut in the previous year: they are also near the date of the first
application of nitrogen. Farm practice is to apply spring dressings of nitrogen when
spring growth is seen to have started, so this second near coincidence may b more
msaningful than the first.

General

Grass, 1954 onward.'fable 2 gives yields without irrigation (Io) and the responses
to irrigation (YrYo) for 12 years. For all entries, 17 is the yield from C plots that had

TABLE 2

Response of leys to itigation, 195145

Dry matler, t ha-1
Nr : 0.15, N: - 0.30, Na : 0.@ cwt acre-r N pe! application

Yo Yt-Yo (h - Yo)lII
cmYear

t951
1952
1953

1954
1955
l9s6
t957
1958
1959

8.9
13.0
14.2

7.4
19.6
9-9

t3-7
r0.9
17.3

8.4
15.2

3.8

TI
0.1
5.6

3.1
6.5

0.0

Nr Nz

4.3 6.0
6.7 7.O
10.3 11.8

4.0 6.54.6 6.87.0 to.z
7.9 10.5
9.2 11.5
3.4 4.3

I0.5 12.O
5.6 s.7

Nr Nr N,
Mixlure: 2 grass€s, 2 cloveB

2-1 1.4
3.7 4.0
1.2 1.7

New crop: S 37 Cocksfoot

0.16
0.31
0.13

0.0
0.18
o-23
0.17 0.16
0.07 0.0r
o-24 0.32

0.25 0.35
o-m 0.43

0.0 -0.13.3 3.4
2.0 2.3

2.3
0.8
4-2

New crop: S 22 Italian ryegass

Nr

0.23
o.29
0.08

0.0
o.t7
0.21

N,r

1960
t96l
1 2,64

2.1
3.1

Luceme (f&bb 3)

New qop: S 22
12.o 0.0

Jnost water applied. There were changes in the intensity of nitrogen dressings, and in the
basic fertiliser too, but these will be noted as they become relevant. In nine of the I 2 years
the response was at least half-a-ton per acre ofdry matter, and in some years very much
better. The three years of zero response-Igs4, 1958, and 196Hiffered in iainfaU
distribution. In both 1954 and 1958 there were intermittent relatively dry periods, and,
with no long-range weather forecast as a guide, each dry period was treated as the
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beginning of real summer weather. Invariably application of irrigation was followed by
rain: by the end of 1958 the C plots had received more irigation and rain than they
could hold but the estimated leaching seems to haYe done no harm to the absolute yield,
but may have decreased the response to nitrogen a little. During 1965 the summer rain
was very uniformly distributed and there were only two occasions when irigation was

called for-but some response was expected. One factor that may have contributed to
failure was the intrusion of volunteer lucerne as a weed: by the end of the summer the
infestation was too severe to justify continued cropping into 1966, and beyond, as

planned, and the experiment was ended.

Cocksfoot, 1954-59. The crop was sown on 7 April 1954 in a dry period, and a//
plots wCre irrigated early in May to get it established. Basal fertiliser, and nitrogen had
been applied the day before sowing (PzO5,0'6; KzO, l'2; Nr and Nz,0'15 and 0'30 cwt
acre-l). There were six cuts in 1954, and Nr and Nz were applied after each cut exc€pt

the last (4 November). For 1955 (seven cuts) and 1956 (six cuts) there were the same

spring dressings and N applications after cutting. A change was made in 1957. The half
plots previously at rate Nr were now given four times as much (labelled Nr): the Nz

!

E (in.)

FrG. 3. Cumulative gowth curv€s: S 37 Cocksfoot 1954-59-
cvapomtiotr. (Note rhe uoits.) Frcm: J. ljzc. Sci. (1962),5E.

The abscissa is accumulated potetrtial
(Cambridse U.P.)
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plots continued as before. Yields had been good, and it was suspected that the crop
might be exhausting potash reserves, so, in 1958 and 1959, supplementary potash was
added to 6112 plots. There was weed invasion in the sixth summer and the experiment
was ended after the cut on 9 September. The unirigated plots were very dry and hard:
they were irrigated on 14 September (2 cm) and this made ploughing possible a week
later (another benefit from irrigation).

Details ofanalysis are in II and only a few need repetition. Figure 3 reproduces Fig. 2
ofII, the top half showing ttre total growtl for CNz and ON2 plots, over a period of six
summers and five winters, plotted against accumulated potential transpiration. The
first obvious result is that the average gain from irigation was near 25 %. The line drawn,
obviously a good general fit, has a slight curvature towards the end (effect of weeds ?).
For any summer the line somewhat distorts trends, particularly in the first year. Using
only the results from the C plots, the individual values of k2 are:

1954,0.4$; 1955,0.28; 1956,0'33;
1957,0.21; 1958,0'33; 1959, 0'21 t ha-l cm-r

The full analysis, applied to all treatments, was given (Fig. 3 in II) for two years only,
using values of limiting deficit: Nr, Dt:2.5cmi Nr, D, : 3'8 cm; Na, Dl: 5'l cm.
(These have iltusory precision-read them as l, l{ and 2 inches.) The values ofk derived
were: 

1-955, kr : o'20; kz: o'27 t ha-l cm-1
1957, kt :0'28; kz: 0'24 t ha-1 cm-l

The lines then drawn, representing Y : kEA, rcpeated the behaviour of Fig. 2: for 1957
the intercepts at y: 0 were very nearly the same and close to the origin at the time of
the last cut in 1956 (as for 1952 and l95l); for 1955 the intercepts were the same for both
Nr and Nz, but to the right of the origin (as for 1953 and 1952) and very close to the
fime of the spring application of nitrogen.

There was a similar contemporary experiment at the Grassland Research Institute,
Hurley (Stiles & Williams, 1965). A ryegrass/white clover sward, established in l95l
came into an irrigation experiment for four years 1956 to 1959. One of the treatments
was the same as the Woburn C treatment, and, by chance, the nitrogen treatments were
the same as the Nr, Nz and Na at Woburn, and used the same material. There was also
a zero treatment, No. From weather records at Kew Observatory values of .g!' were
calculated for the period (Penman, 1967-68), and used to plot total yield against total
.E1'. The result was a set of straight lines similar to that of Fig. 3 and the general slopes

ko:0.18; kt:0.20;
kz : O.24; ta : 0'30 t ha-r cm-l

The Woburn and Hurley results agree very well.

Italiat ryegrass, 196041. The crop was sown in October 1959, and a basal dressing
of N, P and K was applied on I April 1960. There were eight cuts to 8 November, and
dressings N2 and Na (as before) were applied after each cut except the last, and muriate
of potash was applied to half plots after the first and fourth cuts. There was an excellent
yield from the control plots and a very good response to irrigation. Simple trial showed
that Dt : 5 cm was adequate for both nitrogen treatments, and, for the larger K dressing
represented in Table 2, the derived values of the maximum tr ossible response to irrigation
were: 

kz : o'34; k1 : o',lo t ha-l
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The measured responses, in the table, are smaller, as expected. There was some evidence
ofa rather complex interaction between K treatment and response to irrigation, discussed,
but not clearly resolved, in Paper Y.

In 1961 the best yield was less than was expected, perhaps because of a strong invasion
of Poa annua thz'l started at the beginning of July. It was killed by drought on the control
plots, but persisted on the vatered plots, though very littte appeared in the cut grass.
The slope of the line Y: kEe for the larger nitrogen and potash dressings was
ka : O.27 tha-t cm-l. The measured value of ( 11 - Yo)lI was 0.43 t ha-1 cm-l.

Here is another example of the enhanced benefit from irigation, because unwatered
plots could not exploit rain.

Because of the weeds, the plots were ploughed up, and, after three years under lucerne,
another grass crop was sown in 1965.

Italfua ryegrass, 1965. TtLe experience with fertilisers in the earlier experiments on
this particular soil suggested that a change in practice was desirable to maintain the large
yields obtained by irrigation. In the event it was not given a thorough test, but the
applications, for 1965, were: Basal, applied immediately before sowing, March 1965:
P (0'6 cwt acre-r PzOs); NK compound at two rates (0.5 or 1.0 cwt acre 1N;0.5 or
1.0 cwt acre-1 KsO). There were five cuts, and the NK compound, at ttre two rates, was
applied after each cut except the last.

As already noted, the small amount of irrigation had no effect, there was no weather
problem in getting the crop established, the yield was good, and from the slope of the
line I: kE1' the value of k was 0.46 t ha-r cm-l, representing very efficient fixation
of solar radiation.

Lucerue 19624 (Table 3). The lucerne came in the ley sequence on series tV (see Table
2), after ryegrass. The fertiliser treatments balanced those given to the grass. They were:

TABLE 3
Respowe of legnnes to itrigation

Dry Drattcr, t ha-1
Inceme, l 2-A
Yo Yt

Y€ar
tga

Response
t ha-l cm-r
1963

1964

No Nr
5.73 5.87

No Nr
5.78 6.09

No FslroDse

No r€8po6e

Clov€r, 1963-65

I(r

No Nr
6.23 6.59

0.06 0.08

Kr

No Nr
7.25 6.90

0.16 0.09

I
cm
8.9

IYe3.r cE
l%3 7-O
9A 1t-4
t965 3.8

5 l early I3.21^te I
8'3 early alld latcj
l 3 early I2.slate I
5 4 early and lateJ

Yo Yt
2.13 3-23
6 08 8.78
8.52 8.54

Average yield : 7.9 t ha-r

Average yield: 9.5 t ha-r

Notes
Crimsol C. I cut oDly
Dorset Marl. 3 orts
Dorset Marl. 3 cuts

Response
t ha-l cm-r

0.16
o.24
0.00
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PsO5 at 0'6 cwt acre-1 on all plots; N0 : 0.0 and Nr : 0.3 cwt acre-r of N as 'Nitro-
Chalk'; Kr :0.3, and Kz : 0.9 cwt acre-1 of K2O as muriate of potash- Fertiliser was
applied two weeks before drilling the seed, and the NK treatments were repeated after
each cut, including the last on 3 Octobet 1962.In 1963 and 1964 there was spring applica-
tion of NPK, and only K dressings after cutting.

As for the first ley, in 1951, all the irigation in 1962 was applied before the first cut,
and on all treatments the benefit was clearly established by the time of the first cut,
with K2 plots just a little better than K1. Later behaviour was different: for three treat-
ments the value of Yt - Yo decreased at both the second and third cuts, to about half
of its value at the first cut. The exception was the NoKz treatment, which maintained its
early response.

The yield gap established in 1962 was maintained in 1963 and 1964 (no response to
irrigation), and plotting of total yield agaitrst total _E" (V; Fig. 6) gave three groups ol
3, 3 and 4 points, each group fairly fitted by a straight [ne, the three lines very nearly
parallel with slope 0.26 , hu-: sm-r, but not colinear. The obvious winter gaps correspond
to a period without growth from the end of November to mid-March. A rough estimate
of limiting deficit for the established crop was: D, - ll cm. This confirms world ex-
perience, that lucerne is a deeProoting crop and can survive drought better than any
otler fodder crop.

Cbter, 196345 (Table 3). The clover was grown as part of a three-course rotation.
In each year it followed barley, in 1963 as a newly drilled crop (April), and in 1964 and
1965 as crops undersown in preceding barley crops selectively irrigated.

As for the l95l ley and the 1962 lucerne, irrigation of the Crimson Clover in 1963
helped establishment, there was a good response at the first cut, and then no more: the
experiment was abandoned. The combination of sunshine and irrigation increased
inter-node spacing so much that the cutting completely defoliated the crop, and there
was no significant recovery, even \yith irrigation.

The Dorset Marl had basal PK fertiliser applied in February 1964 and 1965, there
were four irrigation treatmenLs and these were distributed so that the plots watered in
the barley year got least in the clover year. There was no doubt about the excellence of
response in 1964, but there is some confusion in results for 1965. The balancing of water-
ing treatments between 1964 and 1965 meant that the least watered plots in 1965 had a
better start because they were irrigated in 1964.

The results for 1964 and 1965 gave 24 yields (three cuts, four watering treatments,
two years), and plotting F against Er - Dn gave a well distributed s€t of points lying
closely about a straight line of slope ,t : 0.23 t ha-1 cm-l-the expected maximum
possible response to irrigation. (The two points for crimson clover conformed well.)
This is the same as the measured response in 1964 (Table 3), and implies that the limiting
deficit for clover is small, and that there was a period during 1964 in which the unwatered
plots werc not making full use of the rain they received. A provisional value of Dr is
2.5 cm, but it may be smaller.

Crolls glown in mtstiotr

Introduction. Formal analysis is more difficult lor annual crops: there is only one yield
per treatment per year, the yield may not be the total botanical yield, and there is un-
certainty about the length of the growing season (rarticularly the end-harvest may be
delayed). Nevertheless it seemed worthwhile attempting to fit the standard equation
160
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Y : k(Er - D* * Di to results, circumventing the uncertainty in E" in various ways
to reach acceptable estimates of D1, the limiting deficit needed to guide good irigation
practice, and of k, the maximum possible response to irrigation, either for the whole
crop, or for the part of economic value.

Potato€s

Edtly potatoes, 1951-53, 196042 (Table 4). These were not truly early potatoes.
Planting dates ranged from 13 March to 25 April, and harvest from l0 to 3l July. In
the fertiliser treatments there was basic P and K (more in 196G-62 than in l95l-53),
and two intensities of nitrogen (Nr : 0.5, N, : 1.0, I95l-53; Nr : 0.6, Ng : 1.2 cwt
acre--l, 196Q42). There were only two watering treatments (O afi C) during 1960-62:
another management variant was imposed, in a comparison of normal cultivation
with weed control by chemical means. The result was not successful; all yields and re-
sponses were decreased by about one-third. Results in Table 4 are for normal cultivation.

TABLE 4

Response of potatoes ,o irrigation

Tube6 as harvested, t ha-r
Early--{t) Ulste. Chiefiain, 1951, t952, 1953

Yo Yt- to (Yt - Yo)[IYeat cm
l95l 5.51952 6.9
1953 5.1

1960
1l
1962

t954
1955
1956

3.8 22.7lo-2 t4-67.6 7.2

Nr Nz
9.5 lt.4

26.0 4.5 6.5
17.2 l8-7 m-2
7-O 6.0 8.5

Nr Ne
9.3 9.5

Nr Nr
t-7 2-O
1.3 t.7
1.0 1.3

Approx. ,l/<

Nr Nr

1.8 2.0t4.7 l5-2 9.1 ll.524-5 D.5 4.9 6.6
(2) Arran Pilot, l9@,1961, 1962

Maincrop<l) M{estic, 1954, l95t 1955

s.6 34.5 44-O -2.0 -2.2 -0.4 -0.416.0 2s-5 23.0 20.1 15.3 1.3 1.6 1.81.3 34.8 38'3 1.5 1.2 1.2 0.9
(2) Maris Piper and Pentlaod D€ll, 1966 oDward, on the sarne sites

1.2 1.7
1.8 2-0 1.8 2.1
0.8 l.t

;
0
+

30 33
best+ 42 50

26
ewolst

2.O

Cy6ts No cysts Cysts No cysts
GeDeral
respo6e

IYear cm
1966 7.6
1967 10.8
1968 4 or 6
1969 6.5

Yo Yr
n.4 D..O
8.9 10.5

t9
69

Yo Yt Yo Yr Yo Yt
44.5 35'0 38.2 33.6 45.4 42.522.5 D..3 20.2 28.1 31.0 31.7

Responses were good in all six years, yields being doubled in 1951, 196l ar.d 1962,
but the last result must be received with caution. The seed tubers were damaged by frost
before planting, growth was patchy, and absolute yields were poor. Some of the measured
responses are very close to the theoretical maximum, again indicating that the value of
D, is small, and that in 1951, and 1961, and probably in 1952 and 1960 the secondary
benefit of irrigation \ryas operative: it kept the crop in a state to exploit all the rain that
fell.

No fumi8atrt FumigaDt

t6l
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Majestic, 1954-56 (Table 4). The same fertilis€r treatments as for 1951-53 were
imposed on a basal dung dressing of 15 tons acre-l. There were two wet years in three,
giving a small negative response in 1954 (wet), a very big response in 1955 (dry), and a
small response in 1956 (wet). The negative response is considered later.

In analysis of these results and those for 1951-53 it was found-and noted as fortuitous
at the time-that all could be fitted by the same straight lines of Y : C(Er - D* * Di
with two values of Cr and Cz corresponding to Nl and Nz, using the same value of
Dr : 2-5 cm for both varieties. These slopes are given under 'Approx. 4k' ia Trble 4,
and, if the implicit assumption is ae€pted, then the slopes for dry matter production
are: Nr, kr : 0'45; Nz, kz :0'50 t ha-1 cm-l, about the same as for a fully established
grass ley in its first year.

Main crop, IW onward (Table 4). After 15 years under ley, Series IV was only
slightly infested with potato cyst-nematode, whereas Series I had carried several potato
crops, and some plots were heavily infested. The sites are now used for a long-term
experiment in nematology, comparing resistant and susc€ptible varieties of potato, in
succession and alternating, with and without soil fumigation, and with and without
irrigation. An undistorted summary is unattainable, but the selected material in the fourth
section of Table 4 may not be too misleading. For 1966-68 average yields of the two
varieties show an unexpected negative response to irrigation in 1966, a good response in
1967, but somewhat smaller than expected, and no response in 1968, as expected (only
average yields are given). For 1969 the best (Maris Piper, the resistant variety on fumi-
gated cleaner plots) and worst (Pentland Dell, non-resistant on non-fumigated infested
plots) yields are given. The best yields, and the response to irrigation, are about the same
as for Majestic potatoes in 1955.

The behaviour in 1966 repeated that of the main-crop in 1954, but with bigger negative
responses. The explanafion offered is that in 1966 the combination of early watering and
rain produccd estimated drainage through the irrigated plots and none through the
control plots, in amount 2.5 cm by the end of June, 3.7 cm by the end of August, and
5'3 cm by harvest time. The effect was about equivalent to halving the nitrogen dressing
(1.2 cwt acre-r N in basal NPK). The same efect probably occurred in 1954: colour
contrasts in foliage early in July 1954 provoked the query'kaching?'. The early leaching
may be the more important.

Sugar beet. Table 5 includes results from experiments, 1948-50, on commercial farms
(Penman, 1952) where two farmers co-operated wilh the British Sugar Beet Research
and Education Committee: at least one treatment was based on weather records collected
on or near the site, and this provides the entry in the table.

Management was very much the same throughout. There was basal PK, sometimes
agdcultural salt, and two intensities of nitrogen fertiliser, with Nz : 2 x N1. Values
were: 1948-50, Nr : 0.4; 1951-56, Nr :0.4; 1957-59, Nr : 0.6; 1963-{5,
N1 : Q.fJ gwt acrs-r-

During the 15 years there were good to excellent rcsponses in six, the outstanding
retums coming in years of late summer drought (1949, 1955, 1959 and 1964). There
were five years in which there were small negative responses on the plots that got most
water, perhaps because of leaching, but the evidence is not conclusive, and there may be
some other factor to look for. The results given are for sugar yields: they fluctuate
greatly from year to year, and the total botanical yield probably changed as irregularly,
so there is little hope of any successful synthesis that will give the important parameters
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Yr-Yo
Year

l95l
1952
1953

Nr
(Surrey)

1.0
6.6

2t.o

14.8
to-2

8.5
14.2

3.3
16.2
3.6

9.2
4-6

!8.6

8.3
10.2
3.8

NgNtNr
I

cm

0.1
1.2

7.8 8.0
6.8 6-4
8.1 8.1

1948
1949

1919
1950

1954
1955
1956

1957
1958
1959

t963
t9&
1965

Wobum (Beds.)

Kesgrave (Suffolk)

0.05 0.06

o.m 0'16
0.18 0.ll

0.09

0.09 0.12

on oa
0.10.], ,1.

3.0
1.8

o.2
1.4

-0.1

2.4
t.l

0.8
0.5

-0.5
0.0
1.0

-o.2

-0.1
-0.5

3.8

0.8
3.5

-0.3

-0.5
-0.5

3.2

0.1
1.5

-1.1

in the total growth equation Y: kE* An attempt to do so on the results for 1963-65
(YI, Fig. la) gave a value of k = 1 t ha-t cm-l for total dry matter, and if sugar repre-
sents 40% of total dry matter, then ks = 0'4 t ha-r cm-l. The year to year variation
can be eliminated by using the ratio S/S-, where .!rn is the maximum yield in the range of
treatments, and ,S is the actual yield. This, plotted in Fig. lb, in YI, for three years, is
repeated here as Fig.4, but now includes 12 years of Wobum results for all O, B and C
plots. The few I plot values are omitted for clarity. The ordinate is the ratio ,t/.S,r,
as the average of the two nitrogen treatments. The abscissa is the maximum deficrt, Dn,
after the middle of July. The diagram is informative in several ways. Five of the O points
lie below 90f, i.e. in five out of 12 years failure to inigate decreased yield by more than
l0%. Six ofthe B and C points are below 1001. (The lowest, at 0'91, is for 1965.) The
roughly fitted line passes through D- - 10 cm at |m% and this offers a useful guide to
irrigation management-keep the deficit at less than l0 cm from mid-July onward. The
slope of ttre line is 0'045 cm-r. For a good sugar yield of 8 t ha-r, this would correspond
to &s ! 0.36 t ha-r cm-l. This is a large value, confrming what is in Table 5: at its best
the sugar production by a sugar b€et crop is ahrost as good as the total dry matter
production of a ley. The maximum values of (h - Yo)lI anlvhere ir Table 5 are
0.20 (Nr, Kesgrave, 1949),0'12 (Nr, Woburn, 1955),0'17 and 0'20 (Nr and N2, Wobum,
1959), and 0'33 (Nz, Woburn, 1964).

In several years, early irrigation produced obvious response in top gowth, but the
beneflt did not persist through to harvest. It is difficult to offer advice that will improve
on the practice of one successful grower: give the crop a good soaking in mid-July (about
5 cm) and then no more unless the late summer is exceptionally dry.
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T,IBLE 5

Response of sugar beet to irrigation

Sugar, t ha-r
Selected(h - Yo)llYo

Nr Nz
Milford

8.4
4.5 4.4

3.8 3.9
6.5 6.9

5.5 7.1
5.9 7.0

10.1 10.9

5.2 5.9 0.0
4.1 4.5 1.47.5 8.4 -0.6
7.5 8.0
5.2 6.2
7.8 1.2
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l0
o xx --+-rm

s
Sm
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Dm cm

frc. a. Sugar yrgld (.t) as a fraction of the b€st yield (S-) plotted against maximum deficit after mid-
July. 1951-59; t96H5.

Barley (Table 6). The cereals have proved the least amenable to formal analysis, and
even after 1l years of irrigation experiment on barley guidance on practice is based
largely on impression. The results for 1968 in Table 6 are for interest only: an exp€riment
on soil fumigation included irrigation as a variable, and there was some response where
cbloropicrin showed its efficiency as a nitrogen fertiliser.

For the ordinary experiments, l95l onward, there was basal PK plus nitrogen at
Nr : 0.2 and N2 : 0.4 cwt acre-l up to 1956, and again 1960-62, but for 1963 and
1964 the rates were 0.3 and 0.6 cwt acre-l. In the frst two courses, barley came after
potatoes in l95l and after sugar beet in the other flve years. In 1960 it came after a bean
crop. In 1961, 1962 and 1963 the barley was in a sequence that started with early potatoes,
half cultivated, half treated with weedicide, then some plots were drilled with trefoil,
later plo"ehed in as green manure, and then came the barley. The results in Tabte 6 are
for the sequence: potatoes cultivated, and no intervening trefoil. In 1963 and 1964 the
barley was undersown with clover.
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TA.B[,8 6

Response of barley to inigation

Glah yicld (dry mattcr), t ha-r
Selecaed

Yt - Yo (fi - Yo)lI

NNTNTN:
0.91 0.39 o.lt
o.t2 0.51 0-0,

-0.04 -0.t4 -0.07
1954
1955
1956

1960
1961
1962

IYear Variety cm
1951 Plumage Archer 8.11952 7-31953 2.O

1963 Proctor
1964 Mads Badgpr

1968 Maris BadgBr\
,',')

Herta 4.6 3.91 4.@ O.D -0.10 0.05
,, 3.5 3.96 5.06 0.10 -o.r4,, 6.6 3'08 3.90 0.56 0.44 0.08 0.07

Yo

NNt
2.11 3-76
2.71 2.89
2. 3-74

\Nr
3.2 1.08 2.93

3.04 3.33

Proctor 5.1 2.12 2.77 0.35
,, 8.2 2.71 3.27 0.09
,, 8.9 2.05 2.O 0.84

0.39 0.07 0.08
o.2tr.o7 0.09 0.12

\Nr
0 03 -0.04 No fumigant0.29 0.14 C'l oropicriD

7.O 1.78 2.72 0.45 0.76 0.06 0.ll5.1 3.00 3'90 0-24 0.01 0.05

From the four yeani results for Proctor (and Maris Badger in 1964 conforms) it seems
that the response of barley to irrigation can be interpreted if it is assumed to behave as a
grass crop up to the time ofear emergenc€, i.e. the best gmin yield will be achieved if the
deficit is kept at less than 4 cm up to this stage: what happens after has little detectable
effect. Yisual checks on the results for the fust six years show no extreme contradiction
to this specification. For example, there was a good yield of Herta in 1955 when the con-
dition was satisfied in both treatments, and, though there was severe drought afterward,
there was no rcsponse to irrigation. (As a technical point, for both barley and wheat,
irrigation was stopped when the farm manager considered that the risk of lodging was
too great to accept.)

In general, respons€s were small, with erratic interactions of watering and nitrogen.
Again as an impression, water and nitrogen seem to be interchangeable-but nitrogen
always produces a response.

There is no information in Table 6 relevant to the other parts of the experiments of
196l-63. A quotation from Paper YI (p. 90 may sumce: 'Preceding management of
the potato crop probably had no effect on the $omh of the barley. Trefoil increased the
yields, certainly at the smaller nitrogen dressing, probably at the larger one, halved the
response to nitrogen, and may have increased the response to water.'

With great uncertainty, an approximate value of k, is near 0.16 t ha-r cm-1, for the
grain, for both nitrogen treatments.

Spdng wh€at (Table 7). During 1957-59 wheat came in a normal rotation, after sugar
beet, and was given basal PK fertiliser plus nitrogen at intensity N1 : 0.4 cwt acre-l of N.
Other rates, then and later, were Nz, Na (and Ne) at 2,3 and (4) x Nr. The second
group includes results for eryleriments in 1966 and 1967 on the dwarfing compound, CCC
(Humphries, 1970). Four intensities of nitrogen fertiliser were used but as the fourth was
rather far outside the specifcation of 'recommended best practice' results are given for
three only. The values given are averages with and without CCC.

165

https://creativecommons.org/licenses/by/4.0/


This work is licensed under a Creative Commons Attribution 4.0 International License.

https://doi.org/10.23637/ERADOC-1-5 pp 21

ROTHAMSTED REPORT FOR 1970, PART

TABLE 7

Response of spring whea, to irrigalion

Graio yield (dry matter), t ha-r

Yo Yt-Yo
S€lected

(Yt - Yo\lI
I

Variety cm
Peko 8'l
,, 3.8
,, I1.9

Opal 3'8

Kloka 7'6
,, 10.2

Nr Nz Na
0.09 --0.04 -0.06 -0.09 0-12 -

0.06 0.11 0.06

0.08 0.06 0.15
0.04 0.12

Year
1957
1958
1959

1965

1966
1967

Nr Ne Ns
0.28 0.16 --o.14 -O.24 -l.l I 1.38 -
o.2t 0.42 0.21

0.58 0',14 l'13
0.37 0.45 1.18

Nr Nr Ns
2-70 2.75 -2.s9 2.94 -1.94 t'8t
3',18 4'04 3'90

2.68 4.08 4.31
3-79 5.02 4.56

Except in the wet summer of 1958, when there was a small negative response to a small
amount of irigation, spring wheat responded to irrigation, by more than 501in 1959.

There is much less evidence available than there is for badey, and generalisation is based

on impression. Like barley, spring wheat should b€ treated as a grass until ellr emergence:
unlike badey, it seems to be somewhat sensitiye to later deficit, and a guide to action
woutd be: keep the deficit at less than 4 cm up to ear emergenc€ and thereafter do not let
it increase aboye E"/4-measured from sowing date.

Analysis of the results gives a very tentative value of ks for wheat as near 0'24 t ha-1
cm-l, for the grain, for N ) Nr: it is much less at the smallest nitrogen dressing, and
apparently the wheat needed nitrogen at rate Nz to be able to respond to irrigation.

Two general points in croP-weather relationships are worth noting here. First: spring
wheat responds to water-positively-like any other gtass crop, and a droughty summer
is not the best for getting maximum yield out of a healthy crop. Second: the 1967 crop
was healthy: there were straw yields too, and for the best nine plots the average total dry
matter at harvest was 12 t ha-r, even after losses during maturation. This is as good as is

obtainable from a well managed ley or a very good potato crop.

Beans (Table 8). The first thee years of spring beans had the fertiliser variant of dung
at 12 tons acre-r applied on half-plots in winter (Dr). The seed was drilled with a basic
PK fertiliser. For the second three years the intention was to use winter beans, but drilling
was not possible in autumn 1960, and the crop drilled in autumn 196l failed. The 1968

crop had no PK, but was given nitro-chalk (four treatments) and a dwarfng compound
(B-Nine, two treatments). The entries in Table 8 are for the zero treatments for N and
B-Nine.

Analyses of the two sets of results (1957-59; 196G'68) give concordant values of
limiting deficit near D! : 4 cm, but the value ofke, for grain, was near 0'14 for 1957-59,
and 0.17 t ha-l cm-1 for 1960-68: this is another way of indicating that yields were about
20% better in the second period.

Except in 1958 and 1968, when the summers were wet and little irigation was applied,
the responses were very good, and almost the same as the theoretical maxima inferred
from the analysis. This confirms that the limiting deficit is indeed small, but if it is not
to be made vanishingly small then in all five years of good response the irrigation was
needed to keep the crop vigorous enough to respond to rain. Other crops have shown this
susceptibility occasionally, but none so frequently, and the derived values of D, may be
over-estimates, and the conflict between real performance (as in Table 8) and predicted
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TABLE t
Response of beals lo inigation

Grain yield (&y matter), t ha-1

, ,---*----------- 
Y': Yo 

, , 
(Yr ' Yo)lI 

,Year Variety cm Do Dr Do Dr Do Dr
1957 SDrinE tick lO 2 1'41 1'74 1'77 l'47 O'17 0 t4
1958 2.s l.9l 1.79 0.09 0.05 0'04 0'02

1960 Winter, RSQ 9 0 Tq l'24 0'14
1961 Sp ng tick ll'4 1'41 I 55 0'14
DA 8.3 2.23 I .33 0'16

1968 Tarvin 3'3 2'95 0'16 0 05

maximum best becomes perhaps rather more severe. (At present, August 1970, at the end
of a fairly dry summer, the bean crop is showing the same behaviour. On ordinary experi-
ments, and on the unwatered control of the irrigation experiment, the crop is poor and
only about 20 in. tall. The irrigated plants are about zlo in. tall.)

Discussion

(Table 9)

The value of successful irrigation is that it provides the lvater of a wet summer in the
sunshine ofa fine one. No one doubts that there is no need for it in wet summers such as

1954, 1958 and 1963, or that it could be beneficial in extremely dry summers such as 1955
(after June), 1959 nd 1964, but in between there is uncertainty- Arbitrarily (i.e. based

TABLE 9

Fraclional increases in yield (/) for maximun irrigation

Year of Grass/ Ea y Maincrop S!8ar Sp-.inS _Year 'oeed'? clovei Grass Lu@me CIover potatoes potato€s boet Barley wheat B€atrs

l1 t0
718

-5 -4
-50-290 45 -33-2 lt

-t
-8
53

14

0.4 0.3

167

l95l +1952 +1953 0
1954 01955 +
1956 0
t957 +
t958 0
1959 +1960 0
1961 +1962 0
1963 +t96r'. +1965 0
1965 0
1967 +1968 0
1969 +
Limiting defcit

(in.)
EstiEated f for

whole clop
t ha-l cm t

23
57
14

0-
50

,o
9-

t23
18 -l14

No52
o44

== 
= =t-1, l-2 4 I

=_27 1m
-8576 158

116

l0 -tl-
9-

l1 l1

6
4l

l0 28
55 I
-4

-12
24
l0--l
19-
141+

120
76

?

^ll8t?

I

0.50.3 0.3 o.2 0.5 I 0 0.3
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on judgement) Technical Bulletin No. 4 defined a year of irrigation need as one in which
the excess of potential evaporation over rainfall is more than 3 in. for the period
I April to 30 September. At Woburn this was expected to occur seven years in ten, but,
as the second column of Table 9 shows, it happened only ten times in 19 years. This,
though no more than an ac.€pted variability in climatology, does mean that there have
not been quite as many favourable proving years as expected. Even so, in 13 years at
least one crop gave morc thar. 20% increase in yield, in ten years at least one crop gave
more than 50 f increase, and in five years at least one crop yield was doubled. This is
a fair enough summary of the field evidence, and has some legitimate propaganda value,
but it is a little unfair technically. An alternative is: in flve years at least one crop yield
was halved because of lack of water, and one contributory factor was the failure of the
crops to make full use of the rain they got. There is a need for another soil water para-
meter in growth studies, namely a deficit (or a water potential) within which the plant
not only survives, but remains ready to respond to rain even when the growth rate is
negligible or zero. It may be, as suggested in Paper Y, ttrat a promising index already
exists (at least worth a trial) in the'root constant' (Penman, 1949) introduced to ac.ount
for the hydrology in terms of water balance, where grofih is disregarded. At some stage,
as the soil gets drier, the actual evaporation rate becomes smaller than the potential rate,
and it may be at this stage, or a little beyond it, that the plant loses the ability to respond
immediately to rain.

The conyentional approach to responses, though it has been used in this survey, is
not the best in water studies. For a given farming system there is a limit to the yield
attainable when water supply is adequate, and it is the task of the remainder of agri.
cultural research to raise this limit. Water cannot do so, but shortage of {ater can
prevent a crop yield from reaching its optimum: part of the survey has been an attempt
to show the scale ofloss through the constant k. It has been called the'maximum possible
response to irrigation' (valuable if for no more than preyenting too much being claimed
for the technique-there's no magic or mfuacles in irrigation), but it is also a measure of
the maximum possible loss in yield attributable to lack ofwater. With the very important
qualification already sufrciently stressed (full use of rain), /r as a measure of maximum
disaster will always exaggerate because of the ability of the soil to store some water
available for plant growth. Quantified tbrough the limiting defici! Dr, the value is not
very diflerent for all the crops in Table 9 (luceme and sugar beet are the outstanding
exceptions), at a value between 1 a;nd 2 in. as rainfall equivalent. If this depends on
the quantity of water held in the soil profile at low tension, then Dr will be bigger in soils
heavier than the sandy Woburn loam : if-rather less likely, but possible-it depends
on the depth of soil occupied by nutrients, then soil type may not be very important in
determining the size of Dr. (N.A.A.S. experience on potatoes indicates that Dt - I to
l] inches is best on a wide range of soils.)

The experiment had the advantage of first class management that got the best out of
every crop. The values of ft are a measure of this achievemen! for, converted into dry
matter equivalent of total botanical yield, they show no great spread (sugar beet excepted)
about a general average near ,k : 0.3 t ha-r cm-r: for a growing season with a total
potential eyaporation near 33 cm this corresponds to a total dry matter production near
l0 t ha 1, and an efficiency of fixation of solar radiation of about 80 x 10-a- The effi-
ciency of average British farming is near 35 x l0-a. The point in these figures is that
this efficiency (or the value of &) is a measure of the response to inigation when
irrigation is needed. The better the standard of farming, the greater is the return for
added water.
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Whrt h..pp€trs to lte vrter? Table l0 shows what might have occurred at Woburn,
from April to November, with all quantities in c€ntimetres per month. The first two lines
give the raiofall and potential evaporation, and the third gives their monthly difference.
The fourth line is a running total and represents the estimated soil moisture deficit at the
end of each month: it reaches a maximum of 8 cm at the end of August (this would be
D- for the O treatment), and passes through zero in November to reach -5 cm at the
end ofthe month (this would be 'estimated drainage' by that date). In line fiye is a possible
C treatment, with irrigation amounts of3 cm in both June and July, and after the obvious
intermediate sixth, the seventh line gives the history of the managed deficit. The madmum
is now ooly 3 cm, and it occurs at the end ofJune: the return to field capacity occurs in
October (estimated drainage, 4 cm) and by ttre end of November the total estimated
drainage is ll cm, equal to that for the O treatment (5 cm) plus the added irrigation
(6 cm).

TABLE 10

Idealised water-balance (cm per month)

Apdl May Jurc July Aug. Sept,
RAin.R 5 5 5 7 6 5

O Pot, evap. E" 5 7 9 8 7 4
Et-R O 2 4 I I -lTotalEr-.R:D 0 2 6 7 a 7

Oct. Nov.
78
2t

-5 -72 (,s)
Irrigation -t 0 0 3 3 o

C Er-(R* l) O 2 I -2 I
Total: D O 2 3 I 2

000
-l -5 -7l (-4) (-l l)

Acrepting a very important unstated assumption, no irrigation water is consumed
at Woburn. It starts in the Greensand aquifer under the plots and, after a complex route
that makes it costly, it reaches the soil above the aquifer. Here it, or an equal amount,
is stored until autumn rain is enough to wet the soil profile, and what was taken out
from below in June and July is retumed to source in October and early November,
ahead of the main recharge through unirrigated areas. In the hydrological balance
sheet for the area what was borrowed in summer is returned in autumn, and employed to
grow a bigger crop in the interval. Suppose the crop to be grass with a limiting deficit of
Dt : 4 cm, and consider growth from the end of March to the end of September.
The value of Er is zl() cm, and by the definition used the potential maximum yield is
40k. For the O treatment the active evaporation (E1:Er- D-* Di is
40 ._ 8 + 4 : 36 cm and what would appear as yo in a table such as Table 2 is Yo : 36k.
For the C treatment D is always less than Dl and Ea = Ey : ,10 cm. Hence the corre-
sponding entry for Y1 is Y1 :,lok. The derived measured response is then

(Yt - Yo)lI: (4k - 36k)16:4k16,

i.e. the measured response is less than the theorctical maximum by a factor 2/6, because
2 out of the 6 cm applied were not necessary: a total of 4 cm, appled either as two
doses of 2 cm in June and July, or as a single dose in June-but nal in July-would have
served and given a full retum equal to the maximum possible.

Here the assumption must be exposed. Does the diminished growth mean there is less
water used ? The best answer is: 'No-within limits,' so expressing the dominance of
weather. The limits are imposed by plant and soil factors, and for the supposed crop
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and its seasonal water balance, as in Table 10, it is probable that the limit was reached
at a maximum potential deficit of 8 cm. For a wetter summer the 'No' would be safe,
and the hydrological inferences from Table l0 could be accepted. In a drier summer
actual eyaporation would be less than the potential, from the unwatered plots, for part of
the time, because available water in the root zone .l 7as exhausted. Then the water balance
in the upper part of Table l0 would be distorted in the sense that the actual maximum
deflcit would be less than the potential value (Dm), and autumn recharge of the aquifer
would start sooner than predicted, and, relatively, the irrigation operation would seem
somewhat disadvantageous.

The problem has some relevance to what farmers should pay for irrigation water, and
a few more facts will be helpful. Current irrigation experiments at Rothamsted and
Broom's Barn are b€ginning to provide these facts.
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