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Relation$ips Betreen ttre Comlnsition of Soils and Physical Meawements
mede on lhem

R. J. B. WILLIAMS

The good drainage and aeration of soils that is essential for roots to grow satisfactorily
can be ensured only by enough pores of the right sizes together with cracks and fissures

leading through the soil and subsoil. Pore spac€ is lost when aggregates are'slaked',
either by water or mechanically when soil is compressed or deformed. In the work
described in this paper the stability and strength of the aggegates in 189 soils were
measured, and measurements related to each other and to the compositions of the soils.
The laboratory tests simulated some of the conditions in field soils, created either by
weather or cultivations. They involved two physical processes, disintegration (slaking)
and cohesion. Slaking can be caused by the capillary action of water, or by mechanical
pressure on dry soil, or by both. Cohesion expresses the resistance of aggregates to
mechanical forces tiat might break them-important in assessing the effects of imple-
ments intended to make soil finer.

The soils were mainly from arable land in Great Britain, wherever possible from sites

of field experiments about which there was already some other information. Th.irty-seven
soils were from Woburn and 27 from Rothamsted; the other British soils came from the
following counties: Bedford, Buckingham, Cambridge, Cardigan, Cheshire, Cornwall,
Derby, Dorset, Essex, Gloucestershire, Hampshire, Hereford, Hertford, Huntingdon,
Kent, Lancashire, IJicester, Lincoln, Norfolk, Northampton, Nottingham, Shropshire,
and Suffolk. There were also 13 soils from Ireland.

The soils were prepared (as air-dry aggregates) in a standard way to obtain com-
parable results; the tests were made with simple and easily constructed apparatus.
Table I shows groupings of soils- More than half were arable topsoils. A sixth were rich
in organic matter hause of organic manuring; a sixth were grassland soils and a few
*ere from woodland and subsoils. Nearly three-quarters of the soils had less than 2 /o
organic carbon-representative of much arable land in England.

TABLE 1

Desciption of soil used

History
Fallows
Subsoils
Arable topsoils
Arable (scwage sludge or compost trcated)
A.rable (rcceiviag fatmyard manuro
Woodlasd
Grasslatrd (ploughed)
Grasslaad (utrder lcy)
Grassland (perEanant pasture)
Soils >2'00% oreruic carbotr
Soils < 2'00% orgadc carbon

Major
SXOUpS Perc€ntage

ll8 62

Number
of soils

9
l0
I

2037

)

)

)

l7
14

3

t7
5

l5
49

l,lo
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Mefrods

The physical methods used were described by Williams and Cooke (1961). A portion of
each soil was air-dried and a fraction passing a 2 mm sieve was used to measure bulk
density, water-holding capacity and mechanical composition, and for chemical analyses.
The remainder was used to prepare aggregates for the tests by freezing, thawing and air-
drying. It was wetted until moist, but not sticky, packed into polythene tubing and main-
tained at -15'C for three days. The sample was removed from the tube, allowed to
thaw, dry and disintegrate; drying at room temperature was assisted by a fan. Aggre-
gates with diameters in the range 4-5 mm were separated by round-holed sieves, using
no force, and were stored so that they could not be mechanically damaged.

BuIk density @D). British Standards Institution (19,18) method,

Water-holiling crprcity (WHC). 20g soil (<2mm) were saturated with water for
several hours; the water remaining after draining ovemight was measured.

pH. pH was measured in a I :2.5 suspension by glass electrode.

Water-slaking (I/WS). The percentage change in volume of a column of 30 g of 4-6 mm
aggregates when wetted from below was measured (Williams & Cooke, 196l). Changes
in the soils during slaking were observed with a hand lens.

Dry (nechonicat) slating fl/DS). 100 g of ,1-6 mm aggregates in a column were com-
pressed at 7.03 kg/cmz for I minute; percetrtage loss in volume was measured.

Total mechrnical shking (I/MS). The two tests were combined by compressing soil
already slaked by water. (fhe pressure used, 7 kg/cm2, caused about half as much
compaction as pressure six times as large.)

Brerking sbengtt (BS). The load needed to split a section (25 mm long and 25 mm dia-
meter) of the compressed and air{ried cylinder produced by the previous mechanical
slakings was neasured. A polished steel penetrometer, 12.5 rrm diameter with a hemi-
spherical tip, was used and the section from the soil cylinder that was closest to the
plunger when it was formed by mechanical slaking was chosen.

Mechanical composition The gravel and coarse organic debris in the soil used for the
water-slaking test were separated by elutriation and sieving. Coarse sand (2.0-0.2 mm)
and fine sand (0.20-O.02 mm) were separated by decanting and sieving after destroying
organic matter by hydrogen peroxide.

A separate portion ofthe original sample was used to measure % silt (0.02-0.002 mm)
and f clay (<0'002 mm).

foss on ignition Percentage loss on ignition of <2 mm soil heated at 800.C in a mufre
furnace for 2 hours was messured.

Ctemicrt metsrements. Williams' (1948) manometric method was used to measure
%CaCOs. lN was referred to <2 Dm soil dried at 105'C, by a Kjeldahl method
(Bremner, 1960) using Cu and Se as catalysts. Walkley and Black's method (Walkley,
6
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1935) was used on <0.5 mm soil to measure \ organic carbon; the results given here
are as determined.

Table 2 gives correlation coefrcients between the physical and chemical measurements
on the soils.

TABLE 2

Correlation coefrcients betu een soil composition variates

GGOCNCOM
0 o2rnrn 0'2mm % % %

Amble soils (DF 145)

I.oo

0.39
0.35
o- 42

crassland soils (DF 35)

% Coarse particles (CP) (CO'02 mm) l'00
7" Crars€ particles ( .2mm) 0 85 I'm
% Oreaaic carbon (OC) -0 51 - 0'35 l'00
% Toid nirrogeo (19 0 60 -0 43 o'92
% Coars€ organic m.tter (COM)

(2-6 mm) -O'n -0'17 0'41
% Silt (0.02-0.002 mm) -O'73 -0'69 0'30
% Clay (< 0.002 mm) 0'78 -0'62 0'35

Coa$e particles (ffi'02 rtrm) I 0O
Coa$€ particle (6-0'2 mm) 0'85 l'm
OrgaEic carboo -0'5E -0 39 l'm
Total nitrogea -0 70 -o'42 O'92
Crarse organic matte. (2-6 mm) -O'24 -0'2t 0 40
Silt (0.024.002 mm) .0'84 - 0 71 0 39
Clay(< 0 002 mm) -O'72 0 59 0 05

Silt Clsy

:=

l .00
0.14 1.00
0.13 0.r7 1.00

0.37 1.00
0.51 o.z7 l.m
0.24 -0.08 0.40 l.m

Re$Its

Table 3 gives average values for each of the properties measured. Grassland soils slaked
much less readily than arable soils in water but the two differed less in the dry slaking
test. Test cylinders formed by compacting arable soils were much stronger than those
from grassland. Arable soils had larger bulk densities, but held less water and contained
less N and C than grassland soils. Differences of these kinds were expected.

The reproducibility of the tests employed was examined by making ten replicate
measurements on seven soils chosen for widely different mechanical compositions and
organic carbon contents. Table 4 gives average values and standard deviations. When
soils were very stable to water (i.e. per cent loss in pore space on wetting was small), the
value was not accurately determined. With values smaller than 5 %, standard deviations
tended to be of the same size. This was because stable soils were usually rich in organic
carbon and clay, which made them swell without slaking and stick to the tube used in the
test, obscuring movement of the column of soil. Larger instabilities were measured more
acrurately. The other properties were also measured quite acaurately. Measuring the
very small loss in pore space accurately for groups of very stable soils is not important,
except when comparing the effects of experimental treatments that may alter physical
properties, Where accurate measures are needed on stable soils an alternative, more
sensitive, procedure described by Williams (1963) can be used.

Comparisons of individual soil pmperti€s

The soil properties considered most likely to alter the physical attributes measured

were organic matter content and mechanical composition (especially the proportions of
7

Coarse particles
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TABIT 4

Reproducibility of soil physical test on diferent soils

f % OrgEdc ca6oo
""compocition 

t % coarsc particles

Physkzl tcst
% Watcr slating instability

% Dry slaldq instability

% Total mccb8nical slaki4

Breakiog str€ogth (kg)

Bulk density (< 2 om soil)
G/ml)

CDEFG
l.ll 2-2t 2.63 0.67 2.1481.8 56.0 39.8 82.0 54.58.0 22.3 23.7 9.7 22.s

AB
0.50 0.64,18.0 79.o

29-3 r0.3

10.01 4.12
+3.02 -t-74 36.fi

+1.23 +2.34
6-7t t5.50 t1.36 7.K

+0'66 +1.19 +0.79 +0.,14

55.72 64.8 5t'4 59.47
+1'44 +l',l8 +1.35 +2.X
9.97 5.23 1.45 8.07

+0.72 +0.66 +0.19 +1.53
t-n4 t.154

+0.m8 +0.014

% Water holding capacity
(< 2 6m soil) 49-47

+l'55

coarse particles of sand and gravel). These are examined in Tables 5 (gravel { coarse
sand), 6 (gavel + coarse sand + fine sand) and 7 (organic carbon), where the soils
are divided into goups of equal numbers (to provide comparable results) with increasing
I organic C, or increasing % coarse particles. Correlation coefficients between each soil
physical test and each soil property measured were calculated (Iable 8), also linear
regression coemcients (fable 9). In the following sections the effects of soil properties
on each of the measurements made are discussed, individually from Tables 3, 5, 6, 7, 8
and 9 and from Figs. l-5, which plot some detailed comparisons for bulk densifies, the
instability tests, and soil cylinder strengths.

Correlations between the results of the six tests on the soils are shown in Table l0 for
arable and grassland soils separately. Instability to water was well correlated with
instability to mechadcal pressure by arable but not by grassland soils; as might be ex-
pected, there was some correlation between total instability to water and pressure
combined, and to both water slaking and dry slaking tested separately. Breaking strength
of cylinders was correlated with instability both in water and on dry slaking for arable
soils, but only with dry slaking for grassland soils. Bulk density was correlated with
amount of water slaking of arable soils and with wet slaking, total slaking, and breaking
strcngths of cylinders for grassland soils. Water-holding capacity (WHC) was well
correlated with bulk density in grassland, but less closely in arable soils; WHC was
correlated with results of all slaking tests on arable soils but was not closely related to
dry mechanical slaking of grassland soils.

BoIk density (BD). The relationship b€tween apparent density and absolute density
shows total pore q)ace in soils. Arable soils as a whole were more dense, and the range of
values was greater, than grassland soils. Soils with more coarse particles tended to be more
dense than finer textured soils (Fig. la) and relationships were clearer when the .coarse'

fraction included fine sand. The densities of groups of soils with more thaa 2% ory c
carbon diflered considerably from those with less than 2% (Fig. lb). The effects of
organic carbon coDtent were clear and consistent (fable 7, Fig. lc and d), with bulk

9

53.57
+ l'70
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T,IBLE t
Coeffcients of conelations between plrysical tests on soils otd their mechanical

and chemical properties

Coarse particles FiDe particles

silt clay

-0.38 -0.!7 -0.59
-o.n 0.04 -0.84
-0.35 -0.16 -0.70

-0.35 -0.48 -O-44
-0.49 -0.14 -0.80. 0.38 -0.40 -0.62

coa$€
N (2-5 mm)

-0.62 -0.34
-0.76 -0.61
-0.70 -0.49

Orgaoic matter

G
0 02 mm

o.42
o.42
o.44

- 0.63
-0.57
-0.6t

0.80
0.50
o.72

0.83
0.81
0.78

0.57
0.61
0.5E

-o.13
-0.36
-0.6t

G
0'2 rnn

0.41
0.35
0',()

c

Bulk density (BD)
Arable
Grass
All

Water holding caDacity
(wHc)
Arable
Grass
Att

Warer slaking ilstability(rI s)
Arable
Grass
All

Dry slatiog insrability
(VDS)
Arable
Giass
All

Total mechani(:81 slaking
(r/Ms)
Arable
Grass
A[

B!€aking str€Dgth (BS)
Arable
Grass
All

-0.53 0.36 0-52
-0.39 0.34 0.17
-0.,8 0 33 0',16

0.55 0.66 0.37
0.86 0.90 0.40
0.74 0.76 0.44

-o.44 -0'll
-0.86 -O.D
-0.63 -0-26

0.15 -0.01
-o-27 -0.23
-0.03 -0.1I

o.73
0.54
0.63

0.79
0.59
0.69

- 0.63
-o-42
-0.57

0.47
-0.35

0.1()

0.56 -0.62 -0.64 -0.68 -0'28
-0.35 -0.31 -0.50 -0.55 -0'43
-0.,+8 -0.55 0.63 -0.68 -O'37

-0.64 -0.63 0.35 -0.460.68 -0.?4 -0.30 -0.47
-0.59 -0.61 -0.36 -0.4{l

-0.16
0.03

-0.r3

o.52
0.39
0.49

0.69 0.05
0.61 -0.34o.a -0.12

density decreasing as carbon increased. By contrast, clay and silt contents had little
effect on bulk density (table 8). Silt usually behaved in much the same rtray as clay,

though most relationships were less closely correlated than for clay. Cfhe silt content
rarel| had independent Cffects on the results of the stability tests and it is not discussed

in d;tail.) 'Coaise' organic matter (2-6 mm) rarely had large and significant effects on

the properties measured and does not merit detailed discussion.

Woter-boHitrg cepacity (WHC). The simple laboratory measurement of water-holding
capacity at low ttnsion was made on <2 mm soil; the values obtained always much

exceed held capacity but they are quite reproducible. WHC diminished with increasing
proportions offine particles and increased linearly with increasing organic carbon con-

ienis-both for arable and grassland soils' The slaking in water of small aggregates

aflects the amount of water retained by the sample b€cause it modifies interparticle voids

and the tension between the soil particles. The soils were wetted long enough for the

organic matter to become saturated.
-The 

percentages of coarse particles (H'02 mm) were more closely correlated with
WHC (;: -0i6t) than were-the percrntages CP (6 mm-0'2 mm) excluding fine sand

(r : -b.nA). The negative correlation of coarse particles with WHc was much less
'13
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TABLE 9
Coeffcients of linear regression of physical aad chemical properties on resalls of

physical tests

% Coars€ particles (64.02 mm)

b
Water slaking

instability
All 0.61
Arable 0.65
Grass 0.41

Dry mechaoical slakiagAI 0.34Arable O.34Grass o,17
Total mechanical slakingAll o.22

Arable 0.18Grass 0.35
Breakhg strenglh

AI
Arable
Grass

Bulk density
All
Arable
Grass

-1.35
- 1.57
-0.71

o.23
o-24
0.35

o/
Aasoc-
iaredSE t varianc€

+0.045 14.04 51.r
+0.41 16.03 63.1
+0. 9 3.43 23.0

+0.019 t7.38 6r.5
+0.019 18.22 69.4
+0.044 8.28 65.2

+0.o2. 9.69 33.1
+0.021 8.,$ 32-3
+0.075 4.62 36.1

*0. r28 10.67 37.5
+0.122 12.85 52.9
+0.305 2.31 t0.8

+0.M2 6.73 19.0
+0.043 5.54 16.9
+0.128 2.75 15.4

+0'049 10.,18 36.6
+0.s8 9.75 39.2
+0.165 4.09 30.4

% Organic carbotr

Assoc-
iatedb SE t variarce

-0.86 +0.096 8.98 29.8
-0.88 +0.092 9.5s 38.2
-0.57 +0.293 1.93 7.1

-0.47 +0.O44 10.55
-0.45 +0.045 9.86
-0.75 +0.115 6.54

-0.19 +0.083 2.28
-o.17 +o-o82 2-07

0 08 +0.317 0.24

-0.27 +0.u5 s.92 15.3
-0.26 +0.019 6.66 22.9
-0.18 +0.213 0.85 -0.8

2-47 +0.227 10.91 38.62.& +0.224 it.63 47.9
2.65 +0.583 4.55 35.4

37-O
39-7
53.7

2.2
2.2

-2-7Water holding capacity
All -0.52Aiable -0.i16Grass -0.67

Water slaking
instability
All
Arable
Grass

o.7l l:o.@9 7.17 zt.l
0.67 +0.@l 7.39 26.9
0'45 +0',140 1.02 0.1

% Total nitrogen

- 10.35
- l2-77
-4.55

Dry mecbarfcal slaking
AI -2.85Arable -3.50Grass - 1.50

Total mechanical slaking
AII -4.35Arable - 3.36Giass -5.01

Breaking strength

*0.923 tl.2t 39.9
+1.25 10.19 4t.3
+1.30 3.4t 22.9

+0.545 5.22 12.1
+0.769 4.55 lt.9
+0.80 1.80 6.6

+0.397 r0.96 38.8
+0.565 5.94 t9.0
+0.623 8.03 63.8

+2.98 1.74 l.t
+4.32 0.58 -0.4+3.37 2-15 9.1

+0.621 13.53 49.2
+0.934 8.83 34.5
+0.849 9.02 69.1

+0-770 ls.n 55.2
+1.t4 10.24 41.6
+1.10 10.16 73.9

- 0.10 +8.63 12.75 $.2
-121.79 +r1.0t 11.06 45.4
-54.95 +14.03 3.92 28.5

-37.91 +5.06 7.49 22.7-_42-0t +6.63 6.34 21.1
-26.tt +8.26 3.16 m.0

-43.29 +3.91
-30.45 +5.16
-59.80 +6.00

11.06 39.25.90 r 8.8
9- 73.2

All
Aiable
Grass

Bulk deosity
All
Arable
Grass

-5.t8
-7.24

- 8.46
-a.E
-7.6

Water holdiq capacity
All 11.16
Arable I I.65
Grass 11.19

l4

.. t2.ts +29-73 0.41 -o.473.70 +38.94 1.89 1.7
-54.07 +38.60 t.65 4.6

-82.40 +6.19 13.31 ,t8.4
-78.40 +8'30 9.44 17.6
-17.10 +tt-27 6.89 s6.4

tt9.42 +7-34 1,6.27 58.4
108.84 +10.16 I0.7t 43.8
129.78 +10.87 1t.93 79.7

% CIay (< 0.002 mm)
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TABLE 10

Correlation coefrcients between results of physical tests on arable and grasshnd nils

Water Dry(r/ws) (r,ES)

Total
(\ret +

pressure)
o/Ms)

Arable soils (145)

Grassland soils (45)

Breaking
strength
of soil Bulk

cylinders density
(BS) (BD)

Water-
holding
capaciry
(wHc)

t.00
o.7l l.m
0.59 0.52 1.00

-0.49 -0.67 -O.290.53 0.30 0.28
-0.71 -0.56 -0.46

-0.02 t.00
0'34 -0.55 1.00

-0'81 1.00

I .00
0.38 l.m
0.51 0.44 1.00
0.10 0.54 0.x
0.59 0.14 0.69*0.53 -0.28 -O-79

l.m
o- 42

-o.42

Slaking tests

r/ws
I/DS
r/Ms
BS
BD
wHc

rAs
I,DS
VMS
BS
BD
WHC

than the positive correlations with f organic carbon (r : 0'74) or with % total nitrogen
(r : 0.76), As with bulk density, water-holding capacity was little influenc€d by diflerences
in the form of organic matter caused by manuring or by a history including grassland.

Slaliry by wrter (I/WS). This, the most important of the measurements made, shows
whether soil aggregates are stable when wetted, and lose only trivial amounts of pore
space, or whether they slake to release ildividual particles, become compact and lose
much pore space. Most soils with much coarse material (>0'02 mm) slake nearly com-
pletely; residual pore space, on which aeration and drainage depend, is then determined
by relative proportions of coarse and fine materials and by the irregularities in packing.
When the fine particles are completely released and are enough to fill the pores btween
gravel, coarse and fine sand, slaking can be disastrous because, wittr pores completely
occupied by solids, no space is left for air and water. This can happen with sandy clay
soils, in which sand is enough to separate the clay and prevent it acting as a c€ment to
give stable aggregates, and clay and silt are enough to fill the spaces between the sand
particles. The upper limit of loss in pore space in the water slaking test is about 70 )(.
This was empirically measured on ranges of sand particles artificially aggregated by a
strong sucrose solution and then tested in the water instability apparatus of Williams and
Cooke (1961); the aggregates were, of course, completely unstable when wetted. The
one-third of pore space remaining varies sligltly with shape of particles and their packing
characteristics, and wh€ther they can move and resort. Particles helped to move by mecha-
nical agitation, or by moving water, can pack more closely.

In Table I I the soils are grouped by the loss in pore space on rvater slaking. The soils
become more unstable as percentages of gravel * coarse sand + fine sand (G{'02 mm)
increase and as silt + clay diminishes. The most stable soils tend to contain most
organic carboa (nearly three times as much as the very unstable soils). Soils that lost
no more than one-tenth of their pore space when wetted contained, on average, 1'5t%
organic carbon.

l5
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i; Coars. pdrticlG (CP)

O All S,oils

0106090
a soils <2%oc x soils >2%oc

123
aAablc X clarstand Oorgroic.lly tr! icd

(b)(a)

(d)

o

o

%orsanic Carbon (Wrlklcy & BI..r) (OC)

Fig, I . The efect of soil composition qrotr the bulk de$ity of < 2 oln soil.

l6

BD
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TABLE 1I

Grotqs of soils arraagetl by their instabilily in water, a d average mechanical
compositions of the grotqs

Watcr slaking
instability

Number % loss io
of soils pore space

55 (-2 to +,
26 (+5 to +1,33 (+15 to +2,44 (+25 to +40)30 (+4oto +70)

Coalse
ponicles

( '02 mm)
44.0
51.6
51.9
75.6
77.7

organic
Clay carbon

(< 0'002 Dm) %
2t-2 2.51
t8.2 1.55
17.9 t.A
9-2 1.02
8.4 0.93

silt
(0'02-

0.002 mm)
21.7
20.1
2r.6
9.9
8.5

The two constituents that had most effect on slaking are easily determined. Gravel and
sand fractions (il'02 mm), when large, dominate physical properties and their
amounts should always be measured in work on physical properties. The simple 'Walkley
and Black' method for organic carbon measures the readily oxidisable organic matter in
soils @remner & Jenkinson, 1960) which is most likely to stabilise aggregates. An ex-

ample of the greater value of this measure than of total carbon was shown by one soil
in this series that contained 0'5% C by the Walkley and Black method, the water slaking
instability was l5f (which is large for a clay loam). Combustion analysis showed that
it contained 3y" total carbon; clearly most was in very resistant forms having little
influence on soil stability.

As was expected, grassland soils were, on average, much more stable than arable soils
and the range of instabilities measured was smaller (Iable 3). Grassland soils with more
than 1.5 f C were almost completely stable; groups of arable soils with as much organic
carbon were unstable and there was little differences between the arable soils whether
or not they had received organic manures (Fig. 2c)'

Tables 5 and 6 and Fig. 2 examine the effects of increasing amounts of sand and gravel
on water stability. Soils nearly devoid of gravel and coarse sand were unstable; the most
stable group had 10-151 of particles in the 6{'2 mm range, and the least stable had
halfor more in this fraction. A quarter ofthe soils had morelhat2f carbon; as a group,
these were very stable, and tle mechanical composition had little effect (Fig. 2b). Table 6

includes fine sand (0'2-O'02 mm) in the 'coarse' fraction. The general increase in stability
with diminishing proportions of coarse particles (ffi'02 mm) is still clear, but including
fine sand diminishes coDtrasts between gtoups of soils (Fig. 2a). This suggests that the
division between coarse and fine sand has important effects on stability; small propor-
tions of fitre sand tend to behave as silt and clay but when fine sand is a major fraction,
soils are less stable. However, the correlation coemcients in Table 8 suggest that instability
of arable soils is better related to amount of coarse particles, including fine sand, than
to the fu'2 mm fraction alone. In the 'grassland' soil group, including fine sand had little
eflect. Organic carbon (and total 19 and clay content were also well related to stability
of the arable soils to water, but relationships were less in grassland soils (Iables 8 and 9).

Per cent silt was nearly as important as f clay in making aggregates more stable (Iable 8).
Amount of coane organic matter (i.e. recent remains of plants or organic manures)
was related to stability, especially of grassland soils.

Linear regression coefficients (Table 9) show that about a third of the total variance in
water instability of arable soils was associated with clay contents, but much less for the
grassland soils. More than ll() I of variatrc€ in the instability of arable soils was associated

t7

Mechanical composition
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(b)

30 60 900 30 60

a CP (6-firro) X C"(6-O2mD) aSoit5<2%@ x SoiL,2ZOC
% Coa,sc patticls (C")

(d)

90

a All Soils

1123
o Ar.bk x Grassl&d o Orgrnicdly tr.at d

% Orstnb Carboa (wdrk, & BlEt) (oq

Fig. 2, The efrect of soil compositioo upotr the *ater slsting irrstability of,l-5 Dm agg€g.tcs.
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with organic carbon, the proportion was less for grassland soils; %N was better related
to instability than y,C by the Walkley-Black method. Although the percentage of
'coarse' (2-6 mm) organic matter was significantly related to stability, the general relation-
ship was poor.

The damage that wetting does to soil structure is related to the blocking of remaidng
pores by flne particles released by initial slaking. The movement of sand released in the
instability test was observed through a hand lens while the aggregates in the glass tubes
were being immersed; Table 12 summarises the information gathered. Ten categories
of instability were gauged by the intensity of the slaking and the extent to which slaked
particles became detached from the aggregates and were resorted; resorting did not occur
intil lG21/. of pore spac€ was lost on water slaking. Field soils are also exposed to the
kinetic energy of falling raindrops. Soils in which particles moYe and with instabilities
exceeding l5l, are likely to'cap' in rain by surface pores becoming blocked by mobile
particles. It is dimcult to gauge instability visually, because some soils swell rapidly on
wetting but the partially-slaked fragments cohere. However, observing slaking of aggre'
gates under a low power microscope was useful for grading the instability of very small
samples or individual aggregates.

TABLE 12

Per cent water slaking instability aml associated viwal slaking apPearance

Obsencd

Moderate

Associated
m€an I/wS

0.2
1.4
8.3

16.0
2t.9
24-9
26-6
lt-7
4r.7
45-9

Associated
Y"coar* Associatedparticles 91 oryaoic Empirical

(G{.02 mm) carboD (w & B) 6tability scale

54.5 3'23 V€ry slabla
i18.8 2'32 Stable

Slaking Resorting
None None
Slieht None

None
very small
Small

fNooe
I verv small
l sm;u
It'tuctr

i'.H ),oou,.**"
l'?9 I Moderatelv

i's J lTi,?gxio,"

52.1
55.2
63.3
61.5
65.0
65.4
6.7
16.5Complete Complete 0.70 Very unstable

Dry slating by mechanicat pressure (I/DS). The dry slaking test, in which dry aggegated
soil is compressed in a tube (with a pressure of 7 kg/cm2), simulates the damage caused

by pressure from tractor and other whe€ls, or soil-working tools (which also smear the
soil). The values reported are the percentage diminutions in total pore spac€. Water
slaking and dry mechanical slaking were related, though not very closely (r : 0'70 for
arable soils,0'38 for grassland soils). Instability diminished with increasing organic
matter content (Iable 7 and Fig. 3) though organic matter had much less effect on
stability than on water slaking. Arable soils in the $oup richest in organic matter were
aearly twice as stable as those with least (fable 7). Loss ofpore spac€ in the test increased

with increasing percentages of coarse material in the soils; losses were more than twic€
as great in the group of soils with most coarse particles as in the goup with least (fable 6).

These relationships were more evident when fine sand was included in the coarse fraction
of soil (Iables 5 and 6 and Fig. 3a).

Soils rich in organic matter were nearly as much affected by compression as were those
with little organic matter (Fig. 3d). The close relationship b€tween diminishing resistance

19
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of air{ried aggregates to mechanical force and increasing amounts of coarse mineral

fr""6r, i. ifffitrited well in Table 8, which shows little difference between groups- of

"r"Lf" 
*J g. .luod soils. The form or amount of organic matter had much less effect

on mechaniLl resistanc€ than on water slaking. Clay and silt had larger efects than

organic matter in making aggregates stronger in- the arable soils, and were even more

eftti"" in tn" g.assland-soilJ; bith fractions had much less effect than coarse particles.

Li*u. ,"gro.io'n coemcients in Table 9 summarise these effects numerically. Tables 8

and 9 bo6 show that the percentage of nitrogen was better related to the effects of dry

mechanical slaking than /" organic-carbon, alihough %N only accounte d for 201 of lhe
variance.

Totel mechnicat rhking (I/MS). Results of this test, which measured the combined

effects of water and meclinical'slaking, indicate how damaging traffic over, or cultiva-

tion of, rvet soils can be. Losses in pore space always exceeded those by water or dry

-ola"i"at slaking alone (Iable 3). Even large increases in organic matter had only

small effects oo tnJ stabfity of aggrigates of ar;ble soils; the organic matter in grassland

rJs tua hrg". 
"ffects 

(taire z1' eftte groups of soils resh-ted com1ressiol less-as.the

pioportioos 6f 
"oar.e 

mineral pirticles increased (fables 5 and 6 and Fig' 4)' The. relation-

it iJ of orooortion of coarse pirticles with total instability was altered little by including

o. 
'o.itiird 

fine sand from the fraction @g' 4a and Tables 8 and 9)' Organic lnatter
(and % toAl I0 had much larger effects onitrength of 1e€regates 

from grassland than

i, it6L r-. 
"tuble 

soils (failes 8 and 9 and Fig' 'ld)' Increasing organic matter (and

total N; were associated with stronger aggregates from gr-assland soils, but less closely

ior 
"#"gut., 

from arable so s qlible q. UaeeO, Fig. 'ld shows that the arable soils

givei6rginic manures were compressed much more easily than- those not so manured'
- l"teas.,lements on the cylinders of soil remaining after mechanical compaction showed

thal95 Z. of the arable toilt had been compressed io at least-90 Z" of the maximum depth

p*.iUf,J; .rfy a fifth of the grassland soili were compressed- as much, as the lower ends

if tl" 
"y'ina.., 

were only Jightly 
"o.p""t"d. 

In two-thirds of the grassland soils the

cvlinderi formed retaineO it teast jO 
% oftheir volume in an uncompacted state. The roots

lJft by grassland have a specific effeci in helping soils resist damage by water and pressure;

ini, .ftt 'rr"r not achidved in the arable ioili by organic manuring that had increased

f organic carbon but not the coarse organic matter.

Brccling strength (BS). Clods are formed by cultivating heavy soil when it is so wet

that the-soil -luss it "o.p.est"d 
and smeared instead of being broken' It is important

ihat any clods formed ihould be broken easily and -fte breaking strength- test- was

ai"etopea to se" t ow easily damage to structure calsed by compressing wet soil could be

..pui*l rn" ,oif cylnders fromlhe combined slaking and compression test were air-

dried, a 25 -- section taken, and the force needed to split it under standard conditions

measured.--- 
Cyiioa".s fo.."d from the arable soils were mostly stronger than those from grassland;

.t."igt Ai-Uirn"a rapidly as the proportions of coarse material in the soils increased

Ci"Ui* f.ra 6 and Figs. 5a and 5L)' 
-there 

was no clear relationship between organic

i".boo *ot"ot -d breiking strengtit of cylinders for the whole goup of soils (Iable 7
uoa fig. S"l. Dividing the s6it. iot-o groupi with more or less than 2l organic carbon,

snowed- tow the fact;rs interacted. For any mechanical composition of soil, decreasing

oiganic matter was associated with strongei cylinders (Fig' 5b). (In addition I clay a1!

Tirguni" ."rto, t"nded to increase togJther) Fig. 5d divides the soils into goups with
2t
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@03060m
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i; Orsanic Calbon (W.lkk, & Bhcr) (oc)
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contrasted histories. Arable soils were strongest with abott l.Z% carbon; grassland
soils were usually less strong, and their strengtl diminished slightly with increasing
carbon content. Increases in clay content made both arable and grassland soils much
stronger (Iable 8).

Relationships of soil nitrogen with results of physical tests. Unexpectedly, fN in soil
was better correlated with results of many of the physical tests than was f organic
carbon measured by the Walkley-Black method. Figure 6 shows relationships between
% total N in the soils and the three measurements of instability and the one of strength
of soils.

Instability in water was roughly linearly related to nitrogen content in the range
0.284.05% N (Fig. 6a); the relationship with I organic carbon (Fig. 2c) was of the
same form, but less precise than with lN. The loss in pore space on dry mechanical
slaking was also b€tter related to %N than to I carbon, as also was total mechanical
slaking (compare Figs. 4c and 6c). Neither carbon nor nitrogen contents were significantly
related to the breaking strengths of soil cylinders. The scatter of points in the plot with
organic carbon (Fig. 5c) indicates no relationship at all rryith breaking strength; Fig. 6d
suggests, that, as %N increases, so does soil strength.

Per cent N seems to be better related than contents of organic carbon to the organic
matter fraction that is active in stabilising soil structure: %N is easily determined and
should be used in work that relates soil physical properties to organic matter contents.

Efrects of interactions of mil properti€s on r€$lts of the physicd t€sts
The results of the physical tests were rarely influenced by one factor alone. The com-
monest combination of properties acting together was percentage ofcoarse particles and
percentage of organic matter, but clay content also interacted with other properties.
The interactions of mechanical composition and organic matter content are complex
and differ geatly from soil to soil. Correlation and regtession analyses summarised in
Tables 8 and 9 were used to select soil composition variates for partial regtession
analyses. Very many analyses were made, and those that removed the most varianc€
are summarised here.

For the soils as a whole the partial regressions calculated removed half to two-thirds
ofthe variance. Combinations of f coarse particles (6-O.02 mm) with f organic carbon
removed about three-quarters of the variance in the water slaking and dry slaking tests
on arable soils but were less sucrrssful on grassland soils. None of the variates examined
explained total instability (mechanical + water slaking) of arable soils, but fN alone
accounted for three-quarters of the variance in grassland soils. Combinations of f
coarse particles plus a measure of the organic matter accounted for about two-thirds of
the variance in breaking strength of soil cylinders and were roughly equally successful
with arable and grassland; 'organic matter'was best measured by % total N.

Variations in bulk densities of the arable soils were not easily accounted for by regres-
sions involving mechanical composition and organic matter, but fN and %C ac.ounted
for two-thirds of the variance in grassland soils. There were similar relationships in
partial regression analyses involving water-holding capacity; mechanical composition
and organic matter could account for about half of the variance in arable soils but 801
of the variance in WHC of grassland soils was accounted for by changes in contents of
total N.

The more basic physical properties measured on the <2 mm soil aggregates-bulk
density and water-holding capacity-were best characterised by soil organic matter;
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the coarse mineral fractions were less important. All the other measurements on arable
soils involved tests on 4-{ mm aggregates that deformed the soili successful partial
regressions involved both coarse particles (6{'02 nm) and organic matter; clay and silt
were usually unimportant.

Partid rogreatiorl rnalysca otr tf,o soil Fopcrties

Partial regression analyscs were nade on the results of the physical tests and soil proper-
ties; equations accounting for the largest percentage of variance associated with each

test were calculated in terms of the amounts of coarse and fle material in the mineral
fraction and amounts of organic matter. Table 13 gives the percentages of total variance
that were accounted for by each of the regressions.

TABLE T3

Partition of va ance in physical measurements by pa ial rcgressions on soil composition

! @ Silt Clay OC N
L-

Water slaking instability (I,A S)
41 45 71 70 56
23 28 (28) (29) (24),O 46 61 61 49

Dry slaking instability (l/DS)
t2 2t (70) (69) 44(7) 20 69 (56) (43)
t2 23 (62) (6D 38

Total mechanical slakiog (VMS)
19 19 35 (33) 24
s 73 (66) 02) (671
39 39 ,t8 45 42

Clay
oc

59
29
55

4t
@
4t

3l
(64\
44

52
,t8
47

(34)
(69)
(4e)

5l
(7s)
63

silt
N

51
(m
<,

41
(45)
a
23

(73)
42

36
t9

40
(57)
49

cP cP siltocNoc

36
22

6/.3038
23 lO/ost 23 30

69 41 &
65 45 54
6t 35 37

32 l2 23
36 22 (0)
33 t4 l5

,t8
35
39

2
(0)
2

Clay
N

59
(30)

Arable
Grass
All

Arable
Grass
All

56

44
62
44

29
(73)
42

50
53
46

38
6l
49

5l
(79)
62

(0) (2) 67 6s9(rs167
0) (0) 63 62

53 2t
ll l0
37 t6

11 t4
15 (5)
t9 l3

39 1l
309
37 1l

(22) Qt)

Bulk density (< 2 tlm soil) (BD)
14 38 36 (38) 39
69 56 (69) (58) (68)
49 ,r8 (50) (48) sl

Arable
Grass
AI

CP : % Coarsc particles (6{.02 mm)
O€ : % Org.nic carboD (Walkley & Black)

N - % Total drrogeo
silt : % sitt (0.02-o.m mm)

Clay : % Clay (< 0.002 mm)( ): Rcgression not significant

The analyses included comparisons of the coarse soil fraction expressed as gravel +
coarse + fine sand (6{'02 mn) and with the coarse fraction omitting fine sand. The
wider range (ffi.02 mm) was always more closely related for arable soils and results for
gravel f coarse sand (i.e. 6-O'2 mm) are not given in Table 13 or discussed further excePt
in comection with equations for bulk density and water slaking. Per cent organic carbon
and %N were roughly interchangeable as measures of active organic matter in the soils.
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Breaking strenSth (BS)

vadates

Areble
Grass
All

Arable
Crass
All

Arable
Grass
AI

water holding capacity (< 2 mm soil) (WHC)
27 42 44 53 52 44 45(0) 74 80 (74) (80) (73) (81)
21 55 58 62 62 56 (s8)
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Of all the factors examined 'coarse organic matter' (separated mechanically from the
soils) in the range 2-{ mm, was least associated with the results of the tests on the soils.
It had little or no relationship to results ofthe tests on dry slaking and total slaking, or on
breaking strength of soil cylinders. Measurements of coarse organic matter were assoc-
iated with 7\ of variancc in water-slaking tests on arable soil and with 16/" fot the
grassland soils, much less than for other properties measured. The results of regression
analyses involving coarse organic matter are therefore not included in Table 13. The
contents of both silt and clay were included in the regressions. Per cent clay had important
efects in many of the equations. Results with % silt were much less useful; the fraction
rarcly had an indapendent part, often it behaved as clay but \yas less well correlated with
the results of physical tests, and sometimes it seemed nearly inert. Some results of equa-
tions including silt are in Table 13, but they are not discussed in detail. Etrects of single
soil properties aDd combinations of two properties are discussed below for each of the
measurements. Regression equations are stated, together with the standard erTors of
tleir components, the residual mean squares, and the p€rcentage of variance accounted
for by regression, Three groups of 13 arable, grassland and 'mixed' soils, selected to give
the widest range of coarse particles (6-{.02 mm), were used to test by substitution in the
equations in the following sections:

BuIk d€trsity 6D)
Arable soik. Organic matter co ent ('%C or lN) accounted for a third of the vari-

ance and there was only little improvement by taking acaount of the coarse or fine
mineral fraction. The linear regession accounting for 381 of the variance was:

BD (g/ml): 1.42 (+0.017) - 0.78 (+0083) (% Total l0
Residual mean square 0.008 (145 d.f.).

For arable soils the mean bulk density calculated was 1.25 and 1.26 found. (Coarse
organic matter accounted for 1l f of variance.)

Grssslaid soils. Organic carbon accounted for 69f of variance; the best equation
was:

BD (g/ml) : 1.37 (+0.025) - 0.076 (+0{n8) %oC
Residual mean square 0.005 (35 d.f.).

The mean bulk density for grassland soils was calculated as 1.16 against a mean of I.l4
found. There was no improvement for grassland soils from regression analyses incorporat-
ing the mineral fractions, but coarse matter alone was associated with 36% of the
variance.

All soils. The proportions of coarse particles were associated with a fifth of the
variance and organic matter with half; clay was not related (there was some relationship
with f silt). Constants in the regression equations with organic matter and coarse
particles as single factors are in Table 9; the best equation for the whole goup of soils
involved coarse particles (CP) gravel + coarse sand (6{.2) mm, and organic carbon
and associated with 521of the variance, was:

BD (g/ml) : 1.360 (+0.18) + 0{01 (+0.0m3) ZfP
(G0.2 mm) - 0.076 (+0.006, %OC

Residual mean square 0'008 086 d.f.).

n

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 29

ROTHAMSTED REPORT FOR 1970, PART 2

Average calculated and measured bulk densities for all soils examined were the same,
1.28.

Water hotling capocity (WHq
Arabb soils. About 40\ of the variance in water holding capacities of the arable

soils was associated with the coarse fraction of the soils and 40-5O% with the organic
matter content. Per cent OC and lN were associated with about three-quarters of the
variance for grassland soils. Clay accounted for a quarter of the variance for arable
soils and was not associated with variance in the grassland soils. Silt accounted for an
eighth or less of the variance in the whole group of soils. Combinations of organic
carbon and either coarse particles or clay accounted for about half of the total variance.

The best equation (associated with 53 | of the variance) was:

"/,WHc : 53'2 (+4'31) - 0'30 (+0'049) /'CP (64O2 mm) + 7'93 (+1'18\ %OC

Residual mean square 103'8 (144 d.f.).
Average WHC calculated from the equation was 5l'0fr (against,16'l % measured).

Grassland soils. Organic matter (expressed as %I9 accounted for the 801 of the
variance; the equation was:

'/*tEc :24.2 (+3.31) + 129'8 (+10'87)% Total N
Residual mean square 72'3 (35 d.f.).

The mean calculated value of WHC for the selected soils was 64'6f (aganst 67'61
measured). There was no improvement from taking account of the mineral fractions.
Coarse particles accounted for a third of the variance, but clay for none.

All soils. Organlc matter accounted for over half of the variance, smaller proportions
being associated with f coarse particles or with f clay. The equation accounting for
most (62 f) variance was:

"/$Hc : 4e'2 (+3'6s) - 0'26 (10'044)% CP (6{'02 mm) + e'27 (+0'82)y oc
Residual mean square lO4'6 (186 d.f.).

Using this equation to calculate WHC gave an average of 48'llWHC, compared with
the average of rneasured values 49'7IWHC.

An alternative, equally successful equation accountitg for 631 variance, included
the clay fraction (which, of course, increases as coarse particles diminish):

%wHc : 24.2 (+r-63) + 10.55 (+0.73) % oc + 0.43 (L0.07)% Ctay

Residual mean square 103'4 (186 d.f.).
Calculated average riy'HC was 48'5% (the average of measured values was 49'7 f).
r rter shking (I[YS)

Arqble soils. Two-thirds ofthe total varianc.e in f loss in pore space on water slaking
was associated with percentage of coarse particles. Clay was also associated with a
third of the variance and organic matter with rather more. Regressions involving both
coarse particles and organic matter accounted for 70 % of the variance for arable soils.

Most variance (71/J for arable soils was removed by this equation:

%I/ws : o'49 (+3'73) + o'sz (lo'Mz)% CP (G{'02 mm) - 6'34 (jrr'02)%oc
Residual mean square 77'6 (1,14 d.f.).
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Grosslaad rarlr. Only a quarter of the variance was acaounted for by the coarse
fraction (6{.02 mm). Slightly more variance (38/) was removed by including %, caarse
particles (ffi.2 mm) with % total nitrogpn. The best equation for grassland soils was:
yJlWs: r2'e (+s'53) * 0'n(as'6sq7 CP (G{'2 mm) - 3e'4(tl4'33)% rotal N

Residual mean square 103'5 (34 d.f.).
The average calculated value of I/'IMS using the equation was 4'7 %agtirrst0'4 f measured.
This poor agreement, and the failure to remove more variance in water instability tests
on grassland soils, are both explained by the difficulty with this slaking test of assessing
very small losses in pore space in groups of soils that are very stable to water (but the
altemative method of Williams (1963) does diflerentiate well between small instabilities).

All soilr. Per@fiage of coarse particles and I organic carbon were both important;
the best equation, accounting for over 60 % of total varianc€, was:

%rtws : 2'47 (+3'8s\ + o'47 (+0'u7)y CP (64'02 nm) - 5'e5 (+0'87) % oC
Residual mean square I16.4 (186 d.f.).

Using this equation gave an avemge of 19.51I/WS (average of measured values was
tg.on.

Dry doung (I/DS)

Arabb soits. Yariance in the pore loss on dry slaking was mostly accounted for by
the proportions of coarse particles; the following equation ac.ounted for 69 f of the
variance:

%tlDS:0.71 (+1.21) * 0.34 (as.s191y cP (6{'02 mm)

Residual mean square 20'7 (145 d.f.).
(The average calculated value of I/DS was 19.31 compared with N,9l measured.)
Relationships with % clay (and with I silt) were less close, also with organic matter.

Grussland soils. These soils behaved similarly. The following equation ac.ounted for
69\ of the vaiane:

%rlDs : - 6'79 (+3'87) * 0'43 (1s's5117 cP (G{'02 mm) + t'2s (+o's7)y oc
Residual mean square 16'3 (34 d.f.).

The average calculated values of I/DS for grassland soils was 18.9 f and the average
measured was 19.9. Percentage of clay was associated wirh 54% of the variance, and
/" coarse particles with 65 l; silt was less important.

AA soik. Eq,r*ions combining mineral composition lvith other factors in partial
regressions analyses removed no more variance than percentage of coarse particles alone.
The b€st relationship associated with 6l f variance was:

%VDs : t'4r (+r'22) + 0'34 (+0'0le) Z CP (6{'02 mm)

Residual mean square 27.2 (187 d.f.).
Average I/DS calculated was 20'3\, averuge measured was 19.61.

Tot I nerhrnicrl sLting (I/MS)
Arable soils. Coarse particles accounted for a third, clay for a quarter (silt was less

important than clay) and orgadc matter for a fifth of the variance; there was little gain
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from regressions on more than one soil property. The most variance (35 ZJ was accounted
for by the equation:

%rllMs :53.5 (+2.1' + o.ts (+0{24)y cP - 1.54 (+0.5e)% oc
Residual mean squarc 25'9 044 d.f.).

(The average I/MS calculated was 59 f compared wirh 63% measured.)

Grosslsd nils. Percentage of coarse particles accounted for a third, but organic
carbon for two-thirds and 'lN for three-quarters of the variance in I/MS; regressions
on the two properties together (emoved no more variance than organic matter alone.
The best equation associated with 73 f variance for grassland soils was:

%rlM,S :70'7 (+ l'83) - 59'8 (*6'00) % Total N

Residual mean square 22'0 (35 d.f.).
(fhe calculated average I/MS was 521, compared with 53 f measured.)

All soils. Coarse particles and organic carbon each accounted for about a third of
the variance, and about l0% more was accounted for by a regression on the two proper-
ties. The best equation us€d, which did not involve quadratic or logarithmic functions,
accounted for 481 of the variance and was:

%rl}ds:56'4 (+l'90) + 0'13 (+0'023)Z CP (6{'02 mm) - 3'11 (+0'43)% oC

Residual mean square 28'2 (186 d.f.).
(Average I/MS for the whole grollp o/sorh calculated from this equation was 59/., the
measured value was 62 %.)

Brerking stueqth (DS)

Arsble soils. Perc€ntage of coarse particles ot % clly each accounted for about half
of the total variance in breaking strength of soil cylinders (silt was much less important);
none was accounted for by the organic matter, measured as IOC or fN. Regressions
of f coarse particles and I organic carb ot together rcmoved two-thirds of the varianc€.
The most successful equation for arable soils was:

BS (kgm) : n'2 (Lr{,5) - 0'20 (+0'0t2)% CP (G{'02 mm) - 2'29 (+O'29)%OC

Residual mean square 6'15 (144 d.f.).

Grqsslord soils. The soils behaved difrerently i % caan.e particles (and % silt) and

I organic carbon each alone accounted for 1,01 or less of the variance; /"clay was
associated with about a third of the total variance. Interaction effects were clearly shown
in regression equations combining coarse particles and organic matter, which accounted
for two-thirds of the variance (using lN to measure organic matter). More variance
was also removed in equations involving clay with organic matter, but these were less
successful than those including coarse particles. The best equation for the grassland soils
associated with 67 f variaoce was:

BS (ks) : 22'9 (+2'tq - o'21(+0'026) % CP (G{'02 mm) - 24'9 (+3'22)%TotzlN

Residual mean square 3'18 (34 d.f.).
(fhe calculated average value was 4'3 kg, against 4'l kg measured.)
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All soils. Regression on /o coarse particles and I organic matter removed most
(over 60/") of tbe total variance. As rvith the separate groups, there were large inter-
actions between these soil composition variates:

BS (kg) : 22'3 (+0.e4) - 0.20 (t0.011)%CP (6-o'02 mm) - 2.43 (+0.2t)%oc
Residual mean square 6.92 (186 d.f.).

The average calculated value was 7.6 kg compared with 8.0 kg measured-

Regressions on more thon two soil pmperties

Further regression analyses were made involving more than two soil properties and
their logarithms and squares. Some of these equations accounted for more variance than
partial regressions involving two properties, but most of the regressions were not signifi-
gnt (l : 0.05) and are not discussed here. Table 14 lists results from some of the equa-
tions involving three variates and compares the variance removed with that accounted
for in the simpler regressions. Although some of the more complicated regressions
removed a little more variance than those with only one or two variaGs, the gain was not
commensurate with the extra work. It seems possible to account for most of the variance
in these physical tests on soil only where one soil property dominates the results, as where
f coarse particles determines amounts of wet or dry slaking of arable soils, or where
\ organic matter determines water-holding capacity of grassland soils. It was rare for
two contrasted proprerties considered together to account for much morc variance in
the physical measurements discussed here than each property considered separately;
it was very rare to account for much more than three-quarters of the total variance. But
the results of the regression analyses must be regarded as satisfactory when account is
taken of the many factors that must contribute to variability in the results and which
were not identified and measured.

Relevsnce of the results to practical problems

Kemper and Koch (t966) studied 519 soils from Western USA and Canada but used
only one criterion of structural stability-the perc€ntage of the soil retained on a sieve
with 0'25 mm square openings when agitated under water in a standard way. (A correc-
tion was made for sand particles larger than 0.25 mm.) Aggregate stability was related to
organic matter, clay, free iron oxide, and exchangeable sodium (the last was .of little
importance in the soils studied'). A regression equation involving all these factors
accounted for 31 f of total variance of aggregate stability. .fhe most consistent correla-
tion was with organic matter: clay was important only in well-mixed surface soils; free
iron oxide was important in stability of subsoils, but was less important in cultivated
topsoils. Increasing organic matter to more than 2l added little to stability of soil
aggregates but with less than 1 % stability decreased rapidly.

Kemper and Koch reviewed the literature on aggregate stability in relation to soil
structure. Wlerever conditions are comparable, my results obtained on British soils
fit those of Kemper and Koch and earlier workers. I-arge instability of pore space on
water slaking is the reverse of large aggregate stability; measurements of both show the
importance of organic matter content, but my work also shows that the amount of
gravel f coarse sand f fine sand is even more important than organic matter itr arable
soils. The aggregates usually stable in wet sieving tests are much smaller units of the
structure than the assembly of crumbs and other particles that make up cultivated land

3l
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TABLE 14

Compaisons of variance associated with regressions of soil physical tests upon soil
composition involving one, two or ,rorc indePendenl wriates

Arable Grassland
soils soils

Bulk deosity (BD)
ZN
'/"oc
"/N,%cllv
"/"cP, %oc, (o/"@)2
if, Ct^y, t-As %OC, (% dzy\2
%CP, t-os "/Pc, ("/"Q)t

Water holding capacity (WHC)
i{N
"/N,%OC
"/"C,p, "/"oc, (./"OY
% C,lay,I-/Js, "Af

Water slaking instability (I/WS)
./.@
il}r
"/"a,'/"oc
"/"cP, "/"oc, (./"o\z
r/"cP, '/N,l,.s '/"cP*n, *u, ,"trqp12, (/"oc),

Dry slakiDg iDstability (UDS)
"/"cP
"/"o."/pc
%@,t-ae'/"CP
"/"@, ./.oc, ("/"@t2

Total mechadcal slaking (I/MS)
./"@
z"N
%cP,%oc
%@,%(rc,(%@)2

Breaking stletrglh (BS)
%@
%clav
%e,"/"oc
%cP, "/N
"/"@, %oc, ('/"oc)2
"/"c?,Lr>s "/N

All
soils

48
49
49
52

(48)
50

58
62a
57

5l
46
61
64
63
67

6l
(a\
&

(60

33
39
,t8
49

37
39
63
62
64
59

38 56
34 69
38 6l
39 (72',)(3O 8s
& (79)

44 80
s3 Q4)s7 03)50 86

23
28

(28)
45
46

(4e)

65
69
69

(7r)

36
73

(66)
(66)

ll
35
57
67
62
67

64
45
7t
73
7l

(?3)

69
(70)
13
76

32
l9
35

(35)

53
it8
67
65

(67)
63

CP - % C.{,arf€ p.fiictes (64'02 mm)
OC : 7l Orgmic @iboa (Watkley & BlacD
N: % Tolat N

Clay - I Clay (< 0'002 mm)( ): Regession oot si8nificant

usually described as having good tilth. They are also much smaller than the structural
units in subsoils. Aggregates that are very stable in water usually have 'skins' of clay,
or are cemented by iron oxides or organic matter. For these reasons, Kenper and Koch
found that both organic matter and iron oxide had greater power to bind aggregates in
subsoils than in cultivated surface soils. Aggregates in sub'surfact layers result from
pedogenic proccsses, whereas aggregates in cultivated topsoils largely depend on farming
iystems and cultivations and their stability depends greatly on both clay content and
organic matter. Therefore a subsoil may contain a larger proportion of aggrcgates stable
to wet sieving, provided the proc€sses that developed it encouraged the subsoil to accumu-
late organic matter and to form stable ferric oxide bridges and cements binding particles

32
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together. This, of course, implies that the plant community under which the soil developed
was qeep rooting (to provide organic residues) and that the soil was well drained (to
permit both deep rooting and the aerobic conditions in which ferric oxides are stable).

The aggregates that are stable to wet sieving are probably p€rmanent units of the loil
structure and may be of more direct use in pedological investigations than in planning
arable farming. The aggregates used in this work are much more closely related to the
assembly of particles that make up the structure and tilth thought important for crop
gro*th. They are transitory and are formed when the weakest mechanical links in larger
soil structures are broken by the forcrs exerted by freezing, by wetting and drying,1r
by cultivations. The best measure of structure that aflects crop production is probably
the amount of stable pore spac€ expressed by capacity to hold water in the field; with
this defnition good structure implies an assembly of small, medium and large pores
that, while permitting rapid drainage, nevertheless holds much water at relatively low
tension.

The tests used were devised to assess soil characteristics important in planning land
use, especially for arable farming and they are commended to investigators who advise
farmers ; they should also be useful measurements for making practical use of soil surveys.
The methods are empirical, but so then are the conditions chosen for wet sieving tests
of aggregate stability. Bulk densities and laboratory assessments of water holding
capacities are easily measured; they are basic properties of the soils. The otier tests
were 'purpose designed'. Wet slaking shows whether soils will retain the good tilth
established by suitable cultivation during spring or whether the structure collipses to a
mass of soil with no macrostructure and having minimum pore spac€ when iaturated
with water. Dry slaking shows how easily soil could be damaged by cultivations when it
is dry enough to carry tractors. Total slaking shows the soil properties that make for
resistanc€, or the lack of it, to compression by tractors and other implements used when
soil is saturated with water. Compression caused by ploughing, or cultivating wet soil,
or by tramc, is remedied when ilods are easily brokeni the-'.breaking str;$h' tesi
examines this possibility.

The results of all the tests are related to easily measured soil properties and are assoc-
iated with mechanical analyses and organic matter contents by the simple equations
listed. These may be used confidently to extend this work to other Brirish soils and as
an aid in forecasting behaviour when soils are cultivated. Reasons for having confidence
in the relationships established are the close agreements between averages of measured
properties and average values calculated from equations, and by the large percentage of
the total varianc€ a@ounted for in many of the regressions. When the soils used by
Kemper and Koch were divided into 'surface cultivated layers,, .surface sod layers' and
'subsurface layers', regressions involving organic matter, clay and ferric oxide, accounted
for 44,35 and 3&[respectively of the variance in aggregate stability. By contrast, several
of the prop€rties measured here were much more closely related to soit composition;
it was common for 60 f or more of the variance to be accounted for and some equations
increased this to 75 or 801-

The 'structure' ofsoils that affects crop groMh has never been satisfactorily defined and
it is improbable that any single laboratory test, or group of tests, can be devised to do so.
Crop growth is altered both by pore spac€ arangements in topsoil and by the subsoil
characteristics that govern drainage and root penetration. Ability to drain speedily so
that aerobic conditions arc quickly re-established after rain, together with capacity to
retain much water at low tension, are probably the most important soil characters
affecting yields in Britain. Arrangements ofpores, cracks and channels that remove water
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quickly, also permit deep rooting and ensure that roots are not killed by waterJogging.
These conditions may also favour development of ferric oxide cements that bind particles
into the kinds of aggregates found stable in wet sieving tests. A more complete assess-

ment ofthe suitability of land for modern arable farming may be obtained by using the
tests described here to assess top soil behaviour and a wet sieving test to assess the struc-
ture of subsoils.

Kemper and Koch (1966) showed the large effect that organic matter has on stability
of aggregates in sub-surface layers, with improvements continuing up to 4f organic
matter (few British subsoils in well-drained land have as much as 2fi. T\e effects of
free Fe2Os were even more striking, with percentage aggreBate stability increasing from
&flto 941as free Fezos increased from barely measurable to 2'5f ; Fe2O3 cements
had much more eflect on stability of subsoils than of surface cultivated layers. It may be
profitable to apply these concepts to assessing structure of British soil profiles. For
example Broadbalk subsoil is stable and drains well. Kemper and Koch found this
equation measured % stable aggregates in subsurface layers.

AS : 65'6 f 32'8 log \OM - 0'051clay * 0'008 f (clay)z + 6%Fe2os
Applying this formula to values given by Avery and Bullock (1969) for Broadbalk subsoil
,18-70 cm deep, suggested 84% of the aggegates were water stable. This value con-
siderably exceeds the average aggregate stability (76 ZJ of all the subsoils investigated by
Kemper and Koch.

Summary anrl corclusions

Aggregates of4-{ mm, prepared from 189 soils (mainly British) by deep freezing, thawing
and air drying, were used in physical tests to relate soil composition lvith the instability
of soil aggregates to water slaking, dry mechanical slaking and to combined wet and dry
mechanical slaking. Breaking strength of compacted soil cylinders, bulk density and
water holding capacity were also measured. There were 147 arable soils and 37 from
grassland.

The water shtitrg t€st measured the stability of soil particles to capillary forces caused by
water entering pores within air dried aggregates, and to the strains set up by hydration
and swelling of clay and organic matter. Slaking was most influenced by content of
coarse (6{.02 mm) particles in soils containing less than 2/o organic carbon. With more
thajn 2% organic carbon (or 0.251 total nitrogen) the form of organic matter was
important; grassland soils were more stable ttran arable soils, whose stability was little
affected by organic manures. Soils with more than 70\ coarse particles (ffi'02 mm)
were very unstable, lacking clay and silt to bind the larger particles.

Th€ dry shking test measured the stability ofair-dried soil particles to mechanical crush-
ing. The results depended even more than those with water slaking on tle amount of
coarse mineral particles in the soil. The organic fraction of soil had much less effect and
arable and grassland soils did not differ greatly. Organic manuring did not make soils
more stable.

Total mechanicat sleling measured the effect of mechanical compaction on soil that had
been water slaked and then drained. The proportions of coarse mineral particles (6-
0.02 mm) were most closely related to results of this test; clay, silt and coarse organic
matter contents were not well related. Grassland soils were more resistant than arable
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soils to total slaking; %N was the best measure of their organic matter content for
indicating stability.

Brealing strength measured the cohesion b€tween particles of dried soil in a section of a
cylinder formed by mechanical slaking when wet;this was air-dried before the test. The
strength of the soil cylinders was more closely correlated with coarse particles (6_
0.02 mm), and with % clay content, than with any of the measurements of organic matter.
Both clay and silt contents were more closely related with breaking strength of cylinders
from arable soils than from grassland.

Bult dersity measured on <2 mm soil was more closely related to organic carbon (or
nitrogen) contents, especially of grassland soils, than to coarse particles, clay or silt.
The amount of'coarse' organic matter, mostly undecomposed plant remains, was related
to bulk density especially of grassland soils.

Il,ater holding crpacity of <2 mm soil was also more closely related to organic matter
contents, especially of grassland soils, than to sand, silt, or clay fractions.

The soils used differed considerably in calcium carbonate contents, but there was no
detectable association between this fraction and the physical properties measured.

The apparatus used was simple enough for routine measurements on soils; it could
be further mechanised and the ancillary chemical analyses automated.
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The chemical composition of water from land drains at Saronundham
and Wobum, and lhe influence of rainfall upon nutrient losses

R. J. B. WILLIAMS

Iftodmtion

Most of the work on the composition of drainage done since Lawes, Gilbert and
Warington (1882) published their classic account of the drainage from the Broadbalk
Wheat Experiment, has been concemed with drainage from soil columns and boxes,

or from filled lysimeters, in which conditions are rarely comparable to those in the field.
Work with lysimeters constructed around undisturbed soil blocks are more relevant to
field drainage, but they may leak or water may flow through fissures made in constructing
the lysimeter or between its wall and the soil. Examples in the United Kingdom ofwork
with soil block lysimeters are at Rothamsted (Lawes & Gilbert, l88l; Miller, 1900 and
at Craibstone, near Aberdeen (Hendrick, 1930; Hendrick & Welsh, 1938). The comPosi-
tion of drainage from farmland on different soil types has been little studied. In their
work at Rothamsted, Lawes, Gilbert and Warington (1882) used the drainage system
installed on Broadbalk field in 1849 to measure the loss€s of plant Dutrients from expri-
mental plots under continuous wheat. Work done in other countries has been compre-
hensively listed by S. F. Atkins (1970) and by the Tennessee Valley Authority (1969)'

Both publications emphasise losses of nitrate from agricultural land. Comprehensive
work on composition of drainage has been done rec€ntly in irrigated areas of U.S.A.
(Johnston e, a/., 1965). Wadleigt (1968), who reviewed reclnt work on losses of nutrients
from agricultural sources, concluded that nitrate in well waters came mainl, from the
natural nitriication in soils and from the nitrification of human and animal sewage;
he found no clear evidencr that using fertiliser resulted directly in Large nitrate concen-
trations. Losses of nitrogen and phosphorus from agricultural land in Britain were

discussed by Cooke and Williams (1970) at a Symposium of the Society for Water
Treatment and Examination, where Owen (1970) reported on the composition of land
drainage in the Ouse Valley, and Tomlinson (1970) described changes in nitrate in river
water in relation to changes in the fertilisers used in the catchment areas concemed.

The measurements now to be described were on two diflerent soils, 100 miles apart,
having contrasted drainage systems, but both given current dressings of fertiliser. The
influence of soil type on the chemical composition and volume of drainage water is
discussed. The results, thought to be unique for modern conditions in England, are rele-
vant to eutrophication of natural waters, and to all work intended to make fertilisers
more emcient.

The chemical compositions and flowrates of drainage water at Wobum and
Saxmundham Experimental Stations were measured from March 1968 until March
1970. At woburn, the drainage was sampled twice a month; at Saxmundham, where
drainage flows varied more, sampling was more frequent, especially during very wet
periods in spring and autumn when losses of nutrients, especially nitrogen, were most.
Figure I shows the positions and numbers of the drains at the two sites. Methods of
sampling and estimating flows, and analytical methods, are briefly described in the
Appendix.
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Sa:murdham. The Experimental Station at Saxmundham, started in 1898, is now only
one field (Harwood's about 3 ha) surrounded by deep ditches. Animals are not kept and
no drainage from higher land reaches the field; nutrients come solely from rain, soil and
fertilisers. The main ditch runs down a shallow valley and intermittently becomes a
small stream; water finally flows into the River Alde. The positions and outfalls of the
drains known to have been installed in 1948 are in Fig. l; records of an older drainage
system on Harwood's field were lost in a fire. Drain 4, which flows intermittently, is
part of this old system. The modern drains are thought to be at least 65 cm below the
surface. The field was mole-drained 56 cm deep during the dry autumn of 1964.

The Saxmundham soil is derived from calcareous boulder clay with rather more sand
than is common for this. It is classifed as Beccles Series. The surface soil slakes and caps
easily; the subsoil is mostly imlxrvious compact clay, interspersed with lenses of lighter-
textured material. Deep trenches excavated 500 m away for gas mains suggest that the
sandy lenses may be widespread. The drains have outfalls l'2 to l'5 m below the surface
and discharge into the de€p ditches surrounding the field. In addition to water from the
land drains, surface water from the field was analysed, as also was water from a pond
behind Spark's barn to ttre south of Harwood's Field; the pond is filled by land drainage
and in most seasons there is no flow from it. Drain 6 discharged from tle adjacent West
Field (which has similar soil but is imperfectty drained); it was sampled because the
composition ofthe water differed considerably from that drained from Harwood's Field.

Woburn. The drains differ from those at Saxmundham. Crawley Mill Farm is 1'5 to
3 km north-east of Woburn, mosfly on the edge of the Lower Greensand ridge and down-
wash from it. The lower part is heavy Drift deposits overlying Oxford Clay. All the water
drains northward to the Ouzel. The land is irregularly drained, by drains of uncertain
age and extent that must have been put in for local need and not to any general pattem.
Drains l, 2 and 3 run from deep soil profiles of lighter drift over\dng relatively impervious
resorted Oxford Clay; they flow continuously through the year. Drain 4 collects water
from an area of resorted Oxford Clay under permanent grass that is periodically grazed.

Its flow is much less than those of the other drains and there is little or none during dry
weather. Drains 5 and 6 both originate in a spring at the rear of Honeypot Field; No. 5

discharges into a nearby ditch, Drain 6 traverses shallowly a cattle watering point in an
adjacent field. Differences in composition ofwater from these two drains reflects pollution
in Drain 6. The small stream (No. 7) comes from an underground source, provided
'with soil traps, in Mill Dam Close. It flows behind the farm buildings, joins the stream
to the north ofLong Mead and ultimately discharges into the River Ouzel. It was sampled
north of the farm buildings where the flow was measured at a small weir. This stream
flowed continuously throughout the two years, and diminished only in very dry weather.
The artificial lake south of the farm buildings, which was sampled as a static sourc€,
discharges by a drain to the stream and its composition was an interesting comparison
with that ofthe v/ater from Drain I which fed it. Figure I shows the extent and nature
of the typ€s of soil in the drained areas of the farm.

Effects of weatter on dreinage

Tables 2 and 3 show the amount and intensity ofrainfall, soil temperature and drainage,
and the mean combined flow ofthe drains at each site. Table I gives the means and ranges
of the flowrates of individual drains. For Saxmundham, the total monthly drainage flow
is also expressed as a tr ercentage of the monthly rain, as the drains serve a flnite area.
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At Woburn the catchment areas are not known and a similar calculation cannot be
made.

Mean flowrates were greater at Woburn than at Saxmundham but varied less. At
Saxmundham very large flowrates were recorded for short periods, but often the drains
ran very little or not at all. The flow from Drain 6 (West Field) was most erratic,
especially during the second year; although the drainage system in West Field is recent,
it works badly, and the field is often waterlogged with much surface run-oflduring healy
rain.

Samunilhrm. The mean flow from Drains 1-4 at Saxmundham was much greater
during the second (16 l/min) than the first year (9.4 l/min). The mean monthly flow-
rates also differed during these two years, with flows much larger in the fust three
months and the last five months of the second year, when September and October were
dry. The drainage flow pattern followed the rainfall distribution in both years, the
beginning and end of the I 969-70 period was much wetter with a larger proportion of the
rain in increments >10 mm daily. There was only 9 mm of rain during September and
October 1969, whereas in these months in 1968 nearly 190 mm of rain fell, much ofit in
increments >10 mm daily. The soil, 30 cm deep, was colder from March to June 1969
than in 1968 but was warmer for the succeeding tbree months, when evaporation was
greater. In November 1969, after two dry months, nearly 60 mm of rain was needed to
start drainage; total soil moisture in the 0 to 23 cm horizon was thet 2A\ vlv aD.d

301 v lv 45-92 cm deep. Estimations of the moisture deficit at these two depths by the
end of September, together with the observed volume of drainage during November,
suggested that, when rainfall at Saxnundham is largely in increments >10 mm daily,
the subsoil below plough depth does not take up the extra water and prevent rapid
drainage, so there are losses of soluble nutrients, especially N. This is one feature of the
considerable difference in behaviour between the Saxmundham and Rothamsted soils;
at Rothamsted roots penetrate deepet which improves subsoil condition and permits
plants to use more subsoil moisture. Of the relationships between mean monthly flow-
rates, total monthly rain, rain >10 mm weekly, rain >10 mm daily, or >2.5 daily, the
closest was between flow rate and rain >10 mm weekly, especially during the winter
(September-February). Rainfall intensities and drainage were less well related during
summer (March-August) because of the greater evaporation during these months. As
mean annual concentrations of nutrients in drainage at Saxmundham fluctuated less
than mean annual flowrate, flowrate dominalsdl ths qranlities lost in drainage each year.

lYobrnn. Rainfall during March, April and May of 1969 was more ttran in 1968 but
drainage flowrates were similar in both years. Heary rain from June-September 1968
maintained larger flow than in 1969 when the monthly rainfall was much less. The dry
months of September and October 1969, when only l5 mm of rain fell, contrasted sharply
with the 149 mm that fell during the comparable period in 1968. The flows from the land

Fig. 1. Plans of Saxmundham and Woburtr (see opposite pagp). Draio outfalls oumbered.

Key to the soil types at Wobum-
A. Brcwn earths on resorted Lower Grceosaod.
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TABLE I
Rates offlow from individual drains at Sanmadham anil Wohrn. Averages for

the two periods (llmin)

Drain
I
2
3
4
5
6

Stream

Draio
1

4
5
6

Stream

Year Motrth
1968 March

April
May
June
JulY
August
S€ptember
Crctober
November
Dea€mber

1969 January
February
March

Tota,
Mean

1969 March
ADril
May
June
July
August
Septembea
Octol,er
Novemb€r
Decemb€r

1970 January
February
March

Total
Mean

Wobum, I96H9

Mean Max. Min-
13.4 Z2.s 8.7l0.r E.o 1.73.3 15.0 1.01.9 8.7 0.123.6 15.0 0.625.5 15.0 1.7130.0 130'0 130.0

1969-70

Drain
t'l
2l Haru,ood's
3 f Fietd
4)

6 West Field

Draiq

il n".*ooat
3 f Fierd
4)

Saxmuadham, 196M9

Meatr Max. Mitr.
3.1 80.0 0.03.9 80.0 0.01.7 20.0 0.0
0.1 60.0 0.0

0.9 60'0 0.o

1969-10

4-9 60.0 0.07.6 t20.0 0.02-O 80.0 0.01.4 50.0 0.0

9.0 22.52.3 2.5
2-8 15.0
l.l 8-73.3 15.018.3 80.0

75.0 130.0

52
34
'15

30
40
60
t2

3
65
49
56
51
50

583

1.0
1.0
o.25
0.0
o.2s
2.5

15.0

TABLE 3

West Field l.l 15.0 0.0

Relationships betwem raidall, its intensity, soil temperdture, and drainage at llobum
22 March 1968-10 March 1969

Rainfall (mm)
Rainy
days

(> 0'25 mm)
4

l3
17
l5
l3
14
t9
13
l5
12
22
l5
I

,:

Soil
tempera-

tule
Flowate 0/min)>l0mm

Total daily
50

51 lt55 t5
78 37109 '77

75 34108 664t t253 20
47 12
76 1l

40
759 317

130
130
130
130
t30
130
130
130
130
130
130

130

t30
130
130
130
130
80
l5
l5
30
l5
80
l5

75.O

11 March 1969-23 March 1970
34 1214 1528 1714 l0137
24 t409
0

18
4

t5
0 t8
11 22o20
12 l3

168 t'l6

30 cm ("C) Drains l-6 Spdtrg
7-O
8.1

10.9
15.3
16.6
15.9
r 5.0
l3.l
10.3
4.8
4.5
2.1
2.2

9.7

3.8
7.2

1l .9
t4-9
17.6
t7.o
15. 1

12.9
7.8
4.6
4.2
3.4
3.3

9.5

8-2
6.7
4.8
3.5

4-2
4.1
5.5
9.1

l1 .8
l2- |
6.4

6.4

6.'3
5.3
4-l
4.5
4.O
3-7
3-2
2-1
8.2
6.0

25.7
6.9

6.7
40
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drains diminished from September 1969 and their rates, and that ofthe stream, remained
small until March 1970; the stream had a larger and constant flow tbroughout 1968.
There was little association b€tween rainfall > l0 mm daily and drainage flowrates, which
depended more on longer periods of dry or wet weather. This is because the soil profiles
are much deeper and the areas drained much larger than at Saxmundham. The large
flowrate from Drain 6 during February 1969 is not readily explained, but it is a shallow
drain and may have gathered some surface water. Drain 5, which originated nearby, also
had a large flowrate during this month. The larger mean annual flowrate for 1968-69,
especially of the stream, is the cause of larger estimated losses of nutrients than during
1969-10.

The contrasts between the drains at Woburn and at Saxmundham (other than No. 4,
which has its source in resorted Oxford Clay and resembles the Saxmundham drains),
are: (l) that flowrates from Woburn drains were less afected by daily rainfall; (2) the
concentrations of nutrients did not show the sharp maxima, especially of NHaN,
NO3/N and K, found in drainage water at Saxmundham during early spring and summer.

The efiects of reinfall rnd volume of drainage on composition of the wrter

Tables 4a and b give the monthly means and ranges of concentrations of nutrients in
drainage water at Saxmundham during 1968-70. Table 5 shows the relationships between
the individual drains, expressed as mean annual concentrations of ions, together with
values for pH and specific conductivity. Tabtes 6a, b and 7 give the corresponding measure-
ments from the sources examined at Woburn. Of the major plant nutrients, nitrogen is

TABLE 5

Average concentrations of ions (mgl\, conductiyities, and pH values in water from
five drains and one static source at Saxmundham 1%849 and 1969-70

Calcium

Magnesium

Potassium

Sodium

Ammonium-N

Nitrate-N

Phosphorus

Sulphatc-S

Chloride

Crnductivity
(l mhovc'rr)

pH

4

Drain I Drah 2
1968J9 190 190
1!X9-?0 t75 152
1968-59 8'9 9.8l%9-70 6.9 1.2
1968-59 1.9 1.2
1969_70 2.2 1.6
1968-69 23 22l%9-70 20 17

1968-69 0.13 0.06t 9-70 0.18 0.17
1968-59 I1.5 12.7
1969-70 t2.O 10.9
1968J9 0.06 0.02
1969-70 0.08 0.o2
1968-69 57 61
,969-70 s2 52

l 8-69 5s 44
1969-70 59 41

1968-69 950 9Q
1969-70 9& 850
1968-69 7-6 1.6
1969-70 7.8 7.7

Draio 3 Draitr 4
mt 155
16l t53
10.9 5.0
7.6 5.2
l.l 1.9
1.4 1.5

22 15
18 13

0.05 0.03
0.17 0' l3
I8.7 t5.9l2-4 14.9
0.04 0.080.01 0.04

65 33
a. 37

46 52
4t 38

1000 7@
870 7m

7.7 7-7
7.8 8.0

West Field
Dr:ain 6 Pond
t24 r33lm 1u

1.7 10.3
7.7 10.6
2.O 17.7
2.1 t8.9
15 29
t3 29
0'09 1.43o.x 1.47
2.5 0.6
5.4 0'8
0.13 0.58
0.00 0.44

35 t8
$22
33 63
30 63

650 800650 ?90

7.6 7.7
7.8 7.9

Han ood's Field
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TABT,E 7

Average concentralions of ions (mgl\, conductiviries, and pH-talues of water from
six drains, a wrmanert ttreai ard oneol;ic source at Woburn, 1968-69

Calcium 1859
1959-70

MaSnesium 1968-69
1 9-70

Potassium 1968-59
1 9-70

Sodium 1968-69
196q70

Ammodum-N 1968-69
1969-70

Nitrate-N 1968J9
1969-70

Phosphorus 196H9t 9-70
Sulphate-S I%8-{9

1969-70

chloride 1968-49
1969-10

Cooductivity 1968-69
(r. mhos/cm) 196F70

DH l%8-59' 1969-70

Drain
I

167
t46

9.5
8.4
1.9
2-2

14.3
13.3

0.13
0.00

m-4
24.s
0.08
0.02

Drain Drain Drain Drain Drain-'{ -t 4 5 6 stream take
ts2 70 231 130 ln 77 126
r44 72 237 t2l 92 87 lll
6.8 10.3 16.7 5'2 1'O 8'6 11'3
6.2 9.9 21.3 4'6 5'8 8'7 10's

o.7 4,4 1,5.7 0'6 3'4 3'1 8'6
0.6 4-1 t9'Z O'7 5'3 4'1 9'0
9.7 8.7 16.1 8'7 l0 l 11'6 l5'5
b.t e.s t9'4 8'4 9'3 1l'6 15'8

0.m o'00 0'25 0'01 0'03 0'05 0'29
0.04 0.02 0.06 o'01 0'07 0'15 0'54

12.2 20.4 8.2 1'2 7'9 t0'8 2'O
1r.a zr.t 1t-7 s'o lo'9 9'o 1 9

0.02 0.43 0.09 0'07 0'22 0'15 0'01
o.m 0.33 0.03 0'05 0'22 0'05 0 01

50 33 lO4 33 4t 23 58
4a 41 119 38 43 39 54

29 24 47 15 19 35 46
it 27 53 14 18 39 '18

77O 41O l20O 6!0 650 'l8O 73O

tio 5oo t23o 610 530 550 680

7.3 6'3 7.4 7'2 7'l 1'l 7'5
i.q 6.6 7.8 7'5 7'2 7'3 7'5

59
53

46
41

880
El0

7.1

most affected by leaching and, for this reason and because the amount leached depends

on fertitiser-N apptied, 
-nitraie 

conc€ntrations are discussed separately, with particular

reference to the etilects of rainfall intensity and evaporation on leaching'

Nitrate in thainege

Saxmmrtham. Figure 2 shows the relationships between monthly rainfall, rainfall

sreater than 10m; daily, evaporation from olrn water surface (Eo) from May-to

s;;i;b..;;J..uo .orihly flio*"t"t"s (fminute) from Drains 1-4, with corresponding

.i", *ntfrfy 
"oocentrationi 

of nitate in drainage for the three years 1967, 1968 and

rS69. Dil;riSOZ, rainfall tluring the first four months (158 mm) was less than in 1968

iizd.-f "iio 1969 (213 mm). Evaporation (h) was greater ia^196'l than in the two

,o"o"alig y"".. u"d tirere was an accumulated, moisture deficit (0'75 Eo mizus rainfall)

;iiA;; by ihi end of September 1967. In 1968 the monthlv deficit never exceeded

ii .- uoa ty O"tober there was a surplus of 89 mm of rain oler evaporation from the

n"u"r-.uirrai a".ing August_september. In lg6g the accumulated moisture deficit was

""*i-uiiri.in, ooiv to i8 ,. liy the end of october, after two months of exc€ptiooally

arv weather. Th-e relitionships of rainfall and evaporation were reflected in the pattem

oiL"Jaruinug". When rainfill was small and evaporation large during May-Septemb-er

is6i; d.a."d tt"pped; by contrast, the drains ian throughout-the summer of 1968

i"L'ptionuUi t*ty rain in September 1968 induced very rapid flows containing large

conciot atioirs of nitrate. Very little rain fell during September 1969 and there was no
47
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@ RaiP l0 mm daily
E Rain < l0 mm daity

._-+No drainaSp

J FMAM, r A soN D ITFVAM i, A ioND lrir\i,in;lA soND
196? t 969

FiC.2. Rainfall. rainfall intensitv- evaporatioo, draipse flowrate, and NO._N conc€ot.ation, indrai[age at SaxmuDdham l 7-69. "

0/min)

1969 1968 1969
Fig. 3. Efrect of daily raiafall uoon draimge flosrate sd correspooding NOrN io dtaiaagc qat€r

at SaxDu.dbam.
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drainage during September and October. Spring rainfall determined whether fresbly
applied fertiliser nitrogen was leached. There were considerable falls in all three years
and the drainage water contained much nitrate. There were large flows during the winter
of 1967-68 and the water contained much nitrate. More was lost during May 1968 when
moderate flows were rich in nitrate, indicating that leaching was still very active. Much
nitrate was leached during the winter of I 968-69 when the drains flowed fast until March.
Heavy, and at times intense, rain during March to August 1969 caused further large
losses of trate, and fast flowrates were sometimes coupled with large concentrations
of nitrate. Many crops grown in 1969 appeared deficient in nitrogen, and this was
confirmed by tissue tests and responses to supplementary topdressings of N-fertiliser.

Figure 3 shows that large amounts of rain falling in a day or less were associated with
fast flowrates at Saxmundham. Howeyer, the amount of nitrate lost depended on weather
patterns and times of applying N-fertiliser. In the first week of May 1969 there was a
very large flow containing much nitrate, but before and after this, flowrates and con-
centrations of oitrate were much smaller. More than l0 mm of rain on each of two days
before 6 May caused much drainage from the soil, which was already close to fleld
capacity; these flows were responsible for the total loss (or transport into subsoil) of
much freshly-applied N-fertiliser. In contrast, during December 1969, when the drains
ran rapidly for most of the month, the flows caused by similar intensities of rain did not
contain much nitrate. Freshly applied N-fertiliser, and nitrate derived from residues, are
leached in different ways. September 1969 was very dry and there was no drainage.
Figure 3 shows holv the very wet September of 1968 caused large flows containing much
nitrate, ranging from 7 to 20 mg/l NOrN and although these flows in autumn removed
much nitrate from the land, they differed in character from those in spring when the
mean concentration in large flows was about 70 mgil of NO3-N.

WobET. Most of the drains had large and relatively constant flows and nitrate con-
c€ntrations did not show the large spring and autumn maxima found at Saxmundham.
However, Drain 4 at Woburn, which serves an area of heavier textured soil, behaved
similarly to Saxmundham drains. Figure 4 illustrates the differences during the two years
betv/een Drain 4 and Drain I at Woburn; Drain I originates in deep sandy soil in the
higher part of Great Hill Field (Fig. 1). Drain 4 showed seasonal maxima in flowrates
similar to the smaller peaks from Drain l. The nitrate concentrations in water from
Drain I did not vary greatly during the two years, but tended to increase when drainage
was least. During the first two months of 1970, increased flow was accompanied by an
increase in nitrate conc€ntration in Drain l. This could have been because residual
nitrogen, accumulated during the dry September and October of 1969, was removed by
the unusually large flows in February 1970; the smaller flow in March 1970 had a usual
dtrate concentration.

Wobuq Samunrlham and Rottemsted compered. Figure 4 also compares Drain 2 on
Harwood's Field and West Field Drain 6 for Saxmundham. During the two years,
maximum flowrates from the West Field drain werc much smaller. Comparatively small
flows from Drain 2 had much nitrate during the spring and summer of 1968, and
West Field drain did not run; both drains had maximum flows in May 1969. Although
the concentration of nitrate in the West Field drainage exc€eded that in the drainage
from Harwood's Field, the flow from tle West Field drain was only one-eighth as large.
The nitrate concentrations in Drain 4 at Woburn and the West Field drain at Sax-
mundham were generally similar, but ttre Saxmundham drain had less nitrate during

49
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WOBURN

- Dr.in I
---Drein 4

- Drain 2 (Hrrwoodh 6.ld)

--Drain 6 (W.st field)

SAXMUNDHAM

-Drain 
2 (Harwoodt f.ld)

-Drain 
6 (w6t fclo

monthly 
_"

o/mio)

l0

monthly
NOrN
(m8,4)

N rlMlJ
AJ

1969

AJAODFAJ
1968 I rc69

NIJ IM
AODF

lrcTo
AJAO FDF

I lrgro

Fis.4. S€asooat variation in diainage ffowrates and correspondiog NO3-N codceotntioDs at Wobum
and Saxmuodham 1968-70.

the fust three months of 1969 and 1970. Tables 4 and 6 show that the mean annual
concentrations of nitrate in Saxmundham drainage was l5'4 mg/l in 1968-69 and
12.2 mgll in 1969-70; these are very similar to the corresponding figures for Wobum
of 12.3 and 14.8 mg/I. However, at Saxmundham the daily concentrations ranged from
<0.01 to 90 mg/l NO3-N in very variable flows, whereas at Woburn, they were from
1.2 ro 32.2 m9[ NOrN, with more constant flows. Table 5 shows conc€ntrations of
NQ-N in water from the individual drains at Saxmundham. Drains 1 and 2 gave

similar nitrate concrntratiotrs, which were less than those from Drains 3 and 4, and

50
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Drain 4 had smaller flowrates. On average, water from Drain 6 (West Field) had much
smauer nitrate conc€ntrations than water from the Harwood's Field drains, which also
produced much larger flows.

These new measurements of nitrate concentrations in drainage confirm the work of
a century ago on Broadbalk Field at Rothamsted, where a separate drain under each

of the pl,ots collects water; the experiment proYided a unique opporhnity of measuring
losses of nitrate from plots fertilised with diflerent amounts and kinds of N-fertilisers.
The Broadbalk experiment is in l7 long parallel strips each of 0'2 ha; winter wheat has

been grown each year since 1843. Tile drains 0'6 m deep were laid in the c€ntre of each

plot in 1849; they run for only a few hours after heavy rain and are dry most days of the
year. Drainage water analyses begun in 1866 were continued for 15 years and were
reported in several papers (Lawes & Gilbert, 1874; Lawes, Gilbert & Warington, 1882).

Until lS72-73 ammonium salts were applied in autumn and nitrate in spring. Table 8

TABLE 8

Dtaindge fiom Broadbalk: average analyses for 1866-73 and seasonal changes

meaflred in 1878-31

AveiaSe
NOg-N in
drainage
t865-73

Annuat maou.ing, kg N/ha mg/l
Farmyard manure (35 tons/ha) l2
None 4
None 5
48) as ammonium salts. itr 9
96 I autumn uqtil 1873: in 16
l44l spring l878jl 20
96- as nitraie itr spring 16
96 as ammonium in autumn

PIot

3
51
6.
7t
8r
9.

15.

Harv6t Autuon
SDrioc I June to to

ferlilising to autumn spriDg Whole
to3t May harv€st sowiog fertilisinS year

416108
30554
30564
15 l6 55
27 17 51
)A41489
50915812
7382A19

t These plots also rcceive annual dressings of PKNaMg fertilisers.

gives results for a later period (1878-81), when both ammonium salts (Plots 6,7 and 8)

ind nitrate (Plot 9) were applied in spring. Much nitrate was lost from the 'natural'
supply in farmyard manure, and wate( from this plot was richest in nitrate during autumtr
and winter. Drainage from land not given fertiliser (Plot 3), or not given nitrogen (Plot 5),

contained ,t-5 mg/l NOrN. From fertilised plots, spring drainage was richest in nitrate
and there was a second peak early in autumn. During the second period (1878-81),

when autumn and spring dressings were compared, the largest losses were from plots
given ammonium salts in autumn (Plot l5); more nitrate was lost from nitrate fertiliser
(Plot 9) than from equivalent ammonium salts (Plot 7) when both were applied in
spring.

At both Saxmundham and Woburn, concentrations averaged l2-15 mg/l for the whole
year, about the same as the amounts in Broadbalk drainage when 96 kg N/ha were
applied as ammonium salts in autumn or all as nitrate in spring.

Other nutrients in drainrge

Tables 4a and b show the monthly means, maximum and minimum conc€ntrations of
calcium, magnesium, potassium, sodium, ammonium-N, phosphate-P, sulPhat€-S and

5l

1878.81; NOg-N in draioaep, mel,4
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chloride, found in Saxmundham drainage water. Table 5 shows the mean annual con-
centrations of these ions, together with conductivity and pH ofwater from the individual
drains. Tables 6a, b and 7 provide corresponding valueJ for the Woburn drainage.

Calcium. The largest concentrations in the drainage water for both Woburn and
Saxmundham were of calcium. Maximum and minimum concentrations in daily samples
at Saxmrrndham were 280 mg/l and 62 mg/l, but monthly mean concentrations ranged
much.less. Exceptionally small values were associated with large rainfall. The mian
alnual value-s of 192 mg/l for the first year and 168 mg/l for the sicond year were larger
than those for Woburn drainage (148 mg/l and 132 mg/l respectively). At Wobu;,
however, the conc€ntration of calcium in Drain 4 from the Odord Clay sometimes
exceeded 360 mg/I, whereas Drain 3 had consistently less calcium (<86 mg/l). Larger
variations in the composition of the water from different drains at Wobum than-at
Saxmundham show clearly how water composition depnds on soil type. However,
management of land can affect the relative concentrations of ions in drainage from the
same kind of soil; less calcium rvas found in drainage water from Saxmundham West
Field, which has poor drainage, than in Harwood's Field drainage during 196g-70.
The stream at Woburn, which seems to be fed from an extensive and varied catchment,
had less calcium than the land drains observed (except for No. 3), and its composition
fluctuated less than the composition of land drainage during the two years, but flows
greatly exceeded the flows from the land drains.

Mgn€siun
Sanwdham. The concentration of magnesium in Saxmundham drainage water

ranged from 0.8 mg/l to 28.8 mg/l; more was presenr in 1968-69 than in 1969-7b, which
was wetter and drain flows were larger. Concentrations of magnesium diminisbed during
winter, when flows were large, and increased during zummer and autumn, except when
there was much rain as during September 1968. Mean annual concentrations of mag-
nesium were 9.5 mg/l for 1968-69 and 7.3 mgll for 1969-i0. The concentrations of
magnesium in water from the separate drains at Saxmundham did not differ much,
exc€pt that water from Drain 3, which had a smaller average flow than Nos. 1 and 2,
contained slighdy more Mg.

Wobwn. Magnesium concentrations in the drainage ranged from 3.3 mg/l to
34.O mgl during the two-year period, but mean annual conc€ntrations were almost the
same. The least concentrations were in drainage during the very dry montbs of September
and October 1969; these were followed in November and December by somi of the
largest values recorded. Large flows in February 1969, and in 1970. did not diminish
magnesium concentrations much below the mean annual level. Concentrations in the
individual drains differed. Water from Drain 4 from the Oxford Clay had most Mg,
water from 5 and 6 had least, and that from Drains I and 3 had intermediate ..orntt-
The large conccntrations of magnesium in drainage at Woburn may derive from glauco-
nite in the Lower Greensand, which is the parent material of the lighter soils at Woburn.
Concentrations of magnesium in the stream resembled those in the drainage, except
from Drain 4, which contained more.

Potassium

Samndhstt. Potassium in Saxmundham drainage ranged from 0.4 to 4.8 mgl K.
Usually there was less in the larger flows, although the largest concentration was in a
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flow of 60 fminute from Drain 2 on 17 September 1968 (perhaps because there \ras
dispersed clay in the water). Concentrations of K in the water from different drains were

similar, which was expected as water comes from the same soil type; mean annual

conc€ntrations were l'8 mg/l and l'4 mg/l of K.

IYobwn By contrast, the concentration of potassium at Woburn differed between
drains. Drain 4 from the Oxford Clay gave the most and Drains 2 and 5 the least. Drain
No. 4 produced the largest hdividual concentrations in June of each year (up to 90 mg/l
K), peihaps because its flow was always least and the water was longest in contact with
soil. Mean aonual conc€ntrations of potassium in all the drains at Woburn (Table 6)

were similar for both years, averages of 4'4 and 5'3 mgi4. Mean concentrations in the
stream were 3'7 and 4'7 mgll, with little change during the whole period.

Sodium

Sarmndhan. The sodium in drainage during 1968-70 ranged from 7'4mgll to
.14.8 mg/l Na; mean anr:ual values were 21'6 mg;/l for 1968-{9 and l7'9 mg/l for 1969-70.

Most was in water during March and April in both years, and mean montbly concentra-
tions were least when rainfall, and drainage flows, were largest. After dry weather during
autumn 1969 drainage ceased; the concentrations of sodium were not very large when
drains ran again. Analyses of rain at Saxmundham (Williams, 1968) showed that sodium
was the dominant cation and the amount in rain falling between Dec€mber 1966 to
November 1967 was equivalent to 8 kg/ha. Concentrations were larger during spring
and autumn, especially when the wind was from the east, i.e. from the sea, which is
8 km away. Sodium can accumulate in soil when rain is not enough for drainage to
occut.

Woburn. Wobwn drainage contained only about half as much sodium as drainage
at Saxmundham. Mean annual concentrations were 11'3 for 1968-69 and 1l'1 mg/l for
1969-?0. The maximum concentration found in the two years was 28'4 mg/ and the
smallest 6.8 mg[. Most was in water from Drain 4, which flows from the heavier land,
possibly because flows from this drain were least. Pollution of drainage water by animals
did not increase sodium, because Drain 6, which runs under land often gLzel, gave

rather less than the other drains from land that carries no stock. Sodium concentrations
were not associated with rainfall or flowrates; the stream had atmost the same mean

annual concentration of sodium in both years, although total rainfall and its distribu-
tion ditrered greatly.

Ammonium-N. At both sites drainage water contained little NHr-N, ranging from
<0.05 mgfl to 3'0 mg/l NHa-N at Saxmundham and from <0'05 to 3'2 mg/l NHr-N
at Woburn, but most measurements were less than I mg/I.

Mean amual concentrations at Saxmundham were 0'08 mgfl in 1968-69 and 0'16 mg;il
in 1969-70, and at Woburn 0'07 mg/l and 0'03 rng/l; the largest value at Woburn
was from Drain 4 serving ttre heavy soil. AIl four drains on Harwood's Field at Sax-

mundham and the West Field drain gave water containing more NHa-N than usual
in September 1968 when 108 mm of rain fell; this very wet period may have caused

temporary waterlogging that inhibited nitrification and the rapid drainage removed
ammonium-N @ig. 3). Anhydrous ammonia was applied in March 1969 to an experi-
ment on gmss near Drain 3. Much rain next day caused large drainage flows of 'l()-
60 fminute aad these contained unusually large amounts (1'4 mg/l) of ammonium-N,
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suggesting that freshiy-applied ammonia can be leached from this soil soon after it is
applied.

The stream at Wobum usually contained less than 0.05 mg/l of NHa-N but had
0.5 mg/l from December to February, probably because there was little nitrifcation of
soluble organic matter when soil temperatures were near freezing point.

Phosphorus. Concentations of phosphate in the drainage water at Saxmundham and
Wobum resembled those of ammonium-N and never exceeded 1.2 mg[. At Saxmundham

lhe lqqe -yas <0.05 to 1.2 mgfl POa-P and mean annual .oo""otiitioo was 0.04 mg/l
for 1968-69 and 0.06 mgil for 1969-70; corresponding figures for Woburn were <0,65
to 0.85 mg/l POa-P, 0.15 and 0.12 mgfl POa-P.

At Saxmundham in 1968-69 the West Field drainage contained more phosphate than
water from Harwood's Field but none was detected during the second year. At Wobum
(Table 8), in contrast to other nutrients, Drain 4 did not give the most phosphate;
mean annual concentrations of 0.09 mgf and 0.03 mg/l for 1968-69 and 1969-70 were
smaller than those from Drain 3 (0.43 and 0.33 mg/l) and Drain 6 (0.22 arLd O.2Z mgl)
respectively for the two years. We do not know the origin of the larger concentrationj of
phosphate (0.2 to 0.6 mg/l) in water from Dlain 3, but the mains water at Woburn Farm,
which comes from boreholes in the Greensand strata of the Birchmoor source, contains
similar amounts. Water from Drain 3 but not from the others was slightly acid, and
perhaps this makes native phosphate more soluble.

Water from Dmin 6 probably contained some phosphate because the pipes are shallow
and animal excreta may have penetrated to them. Drains 5 and 6 serve the same area but
Drain 5 does not cross grazed land and always had less phosphate.

Much soluble phosphate in drainage was often associated with dispersed soil particles
in the water. Drainage water at Saxmundham was turbid after autumn cultivations and
after lrriods of severe frost followed by a thaw. Samples of water from Drains 2, 3 and 4
at Saxmundham on 26 September 1968 contained 255 to 4X) mgfl of suspended solids
and had 0.10 and 0.16 mg/l P. Twelve days later, there was less than 0.05 mgil of p,
although there were still 160 mg/l of suspended solids. During the same period, drainage
from West Field had 622 mgll of suspnded solids; these diminished to 363 mg/l 6y
8 October, but soluble phosphate remained almost the same (0.36 mg[). West Field is
poorly drained and structure may degrade when the subsoil is anaerobic; reduction of
ferric compounds may allow phosphate to dissolve, and these small (but larger than
usual) amounts of soluble P to be leached.

Sulphur

Saxnudham. Sulphate in drainage water at Saxmundham averageA 62 mgfi in
1968-59 and 55 mg/l in 1969-70; during the two years the range was from 7 to 176 mgll
SOa-S. I-east sulphate was in water from Drain 4 after exceptionally heavy rain caused a
large flow during mid-September 1968 (58 mm of rain fell during the previous three
days). Most was lost in late April 1968 in water from Drain 3, after a period of dry
weather, when the flow was very small (0.051/minute). Yariations in sulphate in
Saxmundham drainage water are discussed below in relation to changes in nitrate.
Water from Drains l, 2 and 3 of Harwood's Field contained larger concentrations of
sulphat€ than water from No. 4 or from ttre West Field drain. Mean monthly sulphate
concentrations were not closely related to mean monthly rainfall or to volume of drain-
age.
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Woburn. Tbe mean annual conc€ntrations of sulphate were 54 mg/l in I 96-8-69 and

so."lfi" txs-10, simitar to those at Saxmundhim' Concentrations also fluctuated

.irriiiri". r.".isr] ie: .g7l son_s, tut there were contrasts between individual drains.

i;;';;;ilri;n""ni utiin, in water from Drain 4 ranged from 85 to 156 mg;/l of
sii-i,-"rJ r& tne other drains from 15 to 103 mg/I, with the mean annual conc€ntra-

tl"r', ,1.*. i, r"ule 7. Montbly mean sulphate concentrations varied little during the

t*" ,".* Jtrro*l monthly rainfall and rainfall distribution varied greatly. The stream

; \rd;il; ;;rdined less iulphate than the drainage water io both years, but concen-

t ution.-n 
"t" 

smaller and more varied during the first year when the flow was more

"onitunt. 
fratt sulphate was recorded in Siptember T9- Ogtryt 1968 when there

was much rain, andiargest conctntrations in December 1969 when flows increased again

after the dry September and October.

Chlorftle

Saxnsrulhan.Chlorideinthedrainagewateraveraged48mg/linl968-6i'and
+t-^ett *-ig6i_li; ih" .ung. for the twJyears was 1G129 mg/l Cl. Individual drains

o, 
-ff?.*""J'. nield naO siriilar concentraiions, which were larger than those in West

Field drainage.

Wobun- Chloride averaged 30'6 mg/l in 1968-69 and 36'6 mg/l in-1969-70' the

.^i". r.iin" i"" r"u., *u. il.4 to 126 mg/!, very similar to the range at Saxmundham.

ih"';;;;;;ti";s depended on the source, water from Drains I and 4 had most

;hi;riJ;;; from prains 5 and 6least. The stream contained about as much chloride

as water from Drain l, giving a range of 29 to 46 mg/l during the two years'

Physical measuremerts on drainrge woter

Cofltuctiyity. The mean sP€cific conductivity of th9 dral-n1ry water from Harwood's

ii"fa 
"iSui,-oranu- 

t"a, 949 p mhos/cm in 1968-69 and 874 p mhrdcm in 1969-70'

The range during the two years was from 3'10 to 1420 p mhos/cm Water from individual

iiri", Oif"."J; i-, the firsi year Drain 3, which gave the smallest and most intermittent

n.*li"r" *rtit *ittt the l;rgest conductivity, but in the second year conductivity was

irr,'e?""pt i.t i.." lu.g" 
""'lo"t 

in November 1969 after two dry months' Water from

wJiiFi"ff fr"a ttismalLst conductivities in both years; this drain flows slowly (resem-

tii* i.i", r 
^ra 

+ on Harwood's Field), but contains less soluble salts; this is unusual

i". Er"i"rg. tft"t flows slowly when the water is more nearly in equilibrium with soil

constituents.--eiivo-U".n, 
*ot"r from Drain 4 had largest conductivities in both years, 1200-p mtoV

"..i" is6*9 anA iZ:O p .t or/"m in 1969-70. water from Drains 3, 5 and 6 had least

""rJ""if"ity, 
ranging from 470 io 646 p mhos/9m; Drains 5 and 6 gave similar results'

;;;;;ily il;t-the" first vear. Drains I and 2 had intermediate values, ranging from

ifi , m[orlc. io gg3 p miros/cm during the two years. The stream water had larger and

,flgt[fv ,ii" rurioble conductivities in i969-20 than in 1968-69. when flows were larger

uol rnor" constant. Measurements of conductivity were Yery useful when considered

*i tr 
"."fvra. 

f"ii"dividual ions in the drainage waters; they were acheck on composition'

""p*l"fii 
*ft". tft"." were large concentritions of individual ions while other ioos

remained relatively constant.
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Hydrogen ion concetrtntiotr. The pH of drainage water at Saxmundham ranged only
from 7'l to 8'6, as the soil is carcsreous. The valuei were close to the maximum aisociated
with equilibrium calcium bicarbonate solutions. Differences between individual drains
were very small.

At Woburn, water from Drain 3 had a smaller mean pH (6.3 and 6.6) in both years
than from the other five drains or the-stream, which averiged'from pH 7i1 to Z,A AUn!
the two years. Drain 3 varied from pH 5.8 to 6.9 in ttre fiist year and from 6.0 to 7.6 ii
the second_year. The largest varue recorded (s.2) was from prain l ln November 1969
after two dry monttrs.

Relatiooships between ttre concetrtntioE of niturte
and of the otter ioos itr drriEge wrter

l-arge drainage flows at saxmundham during spring were always accompanied by sudden
increases in nitrate conc€ntration resulting from the rapid t"ictiog oi,e.€oU; afpliiJ
fertiliser. changes in nitrate were associated with changes in the dncentratiors of ion.
other than the dominant calcium_ion, wbich remained relativery constant at zfl mgll.
Figure 5 shows th€ relationships between SOa--, Cl-, Na+, -d l,tg**, witt Ucreaiil!
concentrations of NO3-.

sulphate was more concentrated than other ions, exc€pt carcium; it was aflected most
by the changes that also caused nitrate to change, and diminished as nitrate increased.
Hovever, the sulphate concentration also showed a smaller, but significant, increase
before the maximum conc€ntration of nitrate was reached, 

'men 
nitrate diminished

after reaching a peak, sulphate concentration increased again to a near usual value.
Because the drainage flow also diminished sharply with falln nitrate concentration and
sulphate had not increased enough to compensite, the conductivity ofthe drain;g;;;;
was at a minimum. Sodium and magnesium concentrations, whici were much liss than
those of sulphate, were affected similarry by the increase in nitrate, but the relative
decreases were much smaller. chloride behaved differently and showed a sma[ peak
coinciding with ttrat of nitrate.

Potassium was much less concentrated than the other ions discussed; it flucfuated
during the period when nitrate increased, but the fluctuations were not clearly related to
changes in concentration of other ions, or to dirution and solubirity effects. Saxmundham
soil contains much readily exchangeable potassium and its solubility se€med to alter in
the.same way as that of calcium. Ca concentrations varied only fiom 212 to 2g0 mg,[
during the period illustrated in Fig. 5 and the only large change-s for this ion were aftir
elceptio-n1l rain-_ On 16 September 1968, after 5g mm;f rain 

-during 
the previous three

days, calcium fell to 115 mg/l and again to 86 mg/l on 26 september-196g when a further
3l mm of rain had fallen. These small concentrations were 

-presumably 
the resulrof the

mass flow of rainwater, containing very rittre calcium, through leached and saturated
soil; drainage was too fast for calcium salts in so to reach-equilibrium with the soil
solution. In these conditions concentrations of sodium, magn"iium, nitrate, chloride,
and sulphate diminished and the corresponding conducti-vities were exceptionauy
small.

There were similar effects with Wobrrm drainage water, especially from the heavy
land_(Drain 4), but sampling was less frequent ttan at Saxmundham so the effects of
rapid changes in nitrate concetrtrafion on the concetrtrations of other ions could not be
examined.

The concentration of sulpharc ions in drainage reached a p.k that preceded the large
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Fig.s. Relationship between NO3-N aad SOa-S, Cl, Na, aod Mg ir diainage at Saxmundham
3 April-Io May 1968.

peak in nitrate. This effect is similar to that in column chromatography when displaced
molecules or ions occur in a band of greater concentrations detectable by collecting
fractions of the solution. This band is lollowed by a peak concentration ofthe displacing
species (in Saxmundham soil the very mobile nitrate ion in combination with the major
soil catioa (Ca)). Soil solutions cannot contain as much sulphate as nitrate, because the
concentration of sulphate is governed by the solubility product of sparingly soluble
calcium sulphate, which may not dissolve quickly enough to maintain normal concentra-
tions of SOe during the rapid flows that leached the nitrate. Slower flows allow sulphate
concentrations to become normal by solution from sites in the soil; but nitrate cannot
be immediately renewed in the same way, so its concentration decreases rapidly. Cation/
anion interactions in the solutions moving down soils in the fleld where modem fertilising
is used should be studied more, especially the effects of much nitrate, and of calcium,
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on the other ions. The results reported here would not apply to acid soils with litde
exchangeable calcium. Important changes in drainage water composition occur very
quickly; samplng must be very frequent to detect peak concentrations.

Ihe effects of storing Ia l draimge water in ponls anil lakes on its chemical
comlnsition

Two bodies of nearly static water were sampled regularly. The farm pond 200 m south
of Harwood's Field at Saxmundham is fed by ditches that receive land drainage. The
catchment area is arable land, mostly growing cereals, which receive 70-120 kg N/ha/
year; beans are also grown. No stock is kept and no animal efluent enters the pond, which
overflows only during very wet periods. The artiflcial lake of about 0.4 ha at Woburn
receives water from Drain I (it may have other underground sources we have not
detected); it discharges only after very wet weather during summer, but often during
winter. The lake is surrounded by our farmland, mostly in experiments in which large
fertiliser dressings are used; the composition of its water was especially interesting
because we knew the composition of its main source (Drain l). Mean annual conc€ntra-
tions of ions, pH and conductivity measurements for the Saxmundham pond are in
Table 5, and for the Woburn lake in Table 7.

Samu(lham" The analyses of pond water diflered little between the two years. The
conc€ntrations of calcium, nitrate, and sulphur were smaller than in the drainage water
from Harwood's Field; pH, conductivity and magnesium concentrations were similar
but the pond contained more potassium, sodium, ammonium-N, phosphate-P and
chloride. The nitrate from field drainage was no doubt removed by water pla.nts. The
water remained clear throughout the two years, without any bloom of algae. The larger
concentrations of ammonium-N, potassium, and phosphorus were probably caused
by decomposition of organic matter from weeds and trees, which surround the pond,
and from water weeds. These ions were more concentrated during winter, when it was
cold and water plants did not grow than during summer. Sulphate-S was least conc€n-
trated from September to December (down to 6 lo 7 mgl) and most during late winter
and eady spring (up to about 70 mg/l). Chloride was more constant, and ranged only
from 50 to 70 mgl during the two years.

Woburn. The mean annual concentrations of the ions measured in the Woburn lake
water were also similar in the two years. The differences between land drainage composi-
tion and that of lake water were generally similar to those at Saxmundham; concentra-
tions of sulphate and cbloride were similar, but sulphate varied less than at Saxmundham.
Calcium concentrations in Woburn lake were small during the dry September and
October of 1969 and remained small until December. During ttre preceding (wetter)
year calcium concentration fluctuated less. Monttrly concentrations of ions in water
from Drain 1 and the late are interesting comparisons. Conductivity, calcium, phosphate,
and especially nitrate, were smaller in the lake water. Magnesium, potassium, ammonium-
N, and pH, were larger whereas sulphate and chloride were similar to the concentrations
in water from Drain 1. Although 20 to 24 lrrgfi of NOrN entered the lake from this
drain and there was enough soluble phosphate in the lake water to support algal growth
(the minimum amount is thought to be 0.01 mg/l), no algal bloom occurred during the
two years, the concentration of nitrate never exceeded 5 mgl and was mostly less than
2 mg/I. The fate of the nitrate is not known but large water plants may remove it. The
lake contains trout that thrive.
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Composition of woter lying on tle surface of land at Sa>muntlham

After heavy rain at Saxmundham, samples of water from shallow pools lying on
Harwood's Field were analysed and their content of nutrients compared with that in
drainage water sampled at the same time. The results show how nutrients can be lost in
surface run-off from this land, which slopes to the south. Since 1964 the field has been

ploughed deeply and accepts rainfall better, but before 1964 nutrients were probably

iariid in surface run-off to lower parts of the field or were lost altogether. Until recently

the field was cultivated in the 'stetches' traditionally used in parts of East Anglia. Beds

of land 3 m wide were shallowly ploughed and had surface drainage furrows between

to remove the excess rain unable to penetrate into the cultivated layer.
Table 9 gives mean concentrations and ranges of ions in the surface water samples

taken in 1968-69 and 1969-70. Only magnesium and sodium were less than the corre-
sponding values for water from land drains. All the other ions (which were applied in
fertiliser salts) varied considerably; nitrogen, phosphorus and potassium were very con-
c€ntrated, especially during March to May of each year. The Saxmundham soil quickly
'caps' when there is much rain and plant nutrients, especially nitrate, whether added as

fertiliser, or dissolved from the soil, could be easily lost by surfac€ run-of down the
field. Transport of this kind has occurred on the site of Rotation I Experiment, because

crops on plots in the lower blocks have responded to nutrients washed over a central
headland, and extra nutrients have been detected by soil analyses where fertilisers have

not been applied. Small concentrations of nutrients in the drainage water from West
Field may be partly because they are lost by the surface run-ofi which has been observed.

Removal of cmp nutrients in lanrl drainage

The amounts of plant nutrients lost in land drainage depend not only on their con-
centrations and the corresponding flowrates of the land draiDs, but even more on how
long the flows last. Large and protracted flows containing smaller concentrations may
often be more significant in removing nutrients than spectacularly large concentrations
in a short flow. Both composition and the flowrate ol drainage water at Saxmundham
ditrered from that at Woburn. At Saxmundham very large flows were often brief, but
sometimes concentrations of ions were large, At Woburn continuous flows at moderate
rates, and with moderate concentrations of ions, were recorded from deeper drains
serving a much larger catchment,

The difficulties associated with estimating losses of nutrients in land drainage were

well understood by Lawes and Gilbert when they investigated the composition of the
drainage water from Broadbalk Field nearly 100 years ago. On Broadbalk the drains,
laid 60 cm deep and overlying pervious subsoil over the chalk, receive only a small
proportion of the total drainage as most of the water percolates between lines of tiles.
to itudy the eflect of flow on composition of the drainage, Lawes and Gilbert used a
simple visual assessment of flows from the individual drains (Grey, 1922), similar to the-

one used here. Visual assessments were periodically checked by measuring the volume of
drainage water collected during a known period. Mean monthly flowrates were calculated
from daily records at Saxmundham, and from bi-weekly samplings at Woburn. These

were used, together with the mean concentrations ofthe elements determined, to estimate
nutrients lost in o, served drainage. Lawes and Gilbert based their estimates of losses on
total dtainage occurring during the periods inYestigated, but the drainage was collected
from an uncropped lysimeter 1'8 m x 2'2 m (0'0004 ha) and 1'5 m deep situated on
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Bamfield a.nd not on Broadbalk. This lysimeter was continuously fallowed, and they
were aware that the drainage recorded was greater than from land that grew crops,
although it might be similar for parts of the year when Broadbalk was bare or the crop
very small.

At Saxmundham and at Woburn the drains are deelrr than on Broadbalk; they overlie
less p€rvious strata and must gather more ofthe total drainage. Flowrates at Saxmundham
may have been over- or under-estimated, as they sometimes varied within one day;
flowrates at Wobum were relatively constant and less frequent observations were satis-
factory. More sophisticated measuring devices could have been used to measure the very
small and very large flows, but it is questionable whether these would have beenjustified,
because the proportiol of total drain ge collected by a tile drainage system is never known
and it probably differs from season to season as subsoil drainage channels vary in capa-
city in dry and wet weather. In spite of these uncertainties, approximate estimates of
nutrient losses seemed worth calculating to compare with those made for Broadbalk
by Lawes and Gilbert. The figures are useful because they record the total amounts
lost as surface drainage into ditches and streams. At Saxmundham a// the other nutrients
ttrat are leached from Harwood's Field enter the deep subsoil and mobile ions may reach
underground water reserves. The same is true at Woburn, but there may be other drainage
channels to springs and streams that we have not detected. Tables l0 and ll show
estimated losses of nutrients. The losses at Saxmundham are also estimated as kilo-
grammes per hectare per year, because the drain outfalls on Harwood's are all known
and they serve only this field; this could not be done for Wobum.

The greatest difference between nutrients lost in drainage at the two sites was that they
were much greater for individual drains at Woburn. This resulted from the more constant,
and on average larger, flowrates at Woburn. At Saxmundham the order ofthe amounts of
individualions lost was Ca > SO.I-S ) Cl > Na) NOrNl Mg > K> NHa-N > POa-P.
At Woburn the order was similar except that more NO3 was lost than Na, and more
phosphate-P than ammonium-N. Saxmundham is close to the sea and receives extra
sodium in rain, whereas Woburn is well inland. (The concentrations of sodium in the
rain at Saxmundham and Woburn average 2'2 mgll and 0.5 mg/l respectively)- At
Woburn the subsoils contain some phosphorus compounds that are more soluble and
are leached more readily when the drainage water is acid (as with the Drain 3). The
stream at Woburn removes considerable amounts of nutrients, with the proportions of
individual ions in the same order as in drainage water at Saxmundham. The large amounts
of calcium and nitrate removed each year by this small stream indicate the major losses
there must be in larger rivers. The amount of nutrients removed by individual drains at
Saxmundham reflect their different flowrates. Drain 2 carried most and Drain 4 least.
The West Field drain removed much less as its flow is very small; the drainage was poor
in nitrate and more magnesium and sodium than NOrN were lost in the two years.

I-awes and Gilbert (1882) constructed a balance sheet for Broadbalk showing relative
losses and gains of nitrogen, but, as stated above, the absolute magnitude of their figures
is uncertain because the amounts of drainage are unknown. However, these measure-
ments are relevant to pervious soils overlying Chalk, which are common in Southern
and EastErn England. Winter wheat is sown during autumn each year and Plot 7 receives
about as much N-fertiliser as farmers apply (95 kg N/ha on average for England and
Wales in 1969). For the year as a whole, drainage water passing into the Chalk will
contain 7 mgll of NOrN and, when there are 250 mm of drainage, l7 kg/ha of N from
fertiliser will be lost. Where only organic manure is used (as in Plot 2), losses of nitrate
might be larger. Even without fertiliser-N or organic manure (Plots 3 and 5), drainage

6l
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TABLE 11

Totdl losses of nulrients from irulividual drains at Woburn (kglyear)

Draia Ca
1 tt76
2 807
3 l2t
4 230
5 3706 246
l-4 2950

St.eam 5261

Dt"aiD
1 690
2 176
3 106
4 t37
5 885
6 2tO
r-6 2U

Stream 3429

(1968J9)
Na NHeN NOrN
tol 0.9r A4s2 0.m 55
l5 0.00 3516 0'25 829 0.09 2316 0.02 6

n9 l.n 281
792 3.4 738

(1969-70)

POrP SOr S Cl
0.56 414 3n
0.r1 263 t55
o.74 57 42
0.(x) 104 41
0.63 lt8 56
0.13 63 292.26 l0l9 656
10.20 1558 2419

0.10 252 N
0.m 57 29
0 ,18 60 39
o.o2 69 30
2.12 413 178
0.09 6 25
2.81 9t7 505
1.60 ls53 1545

MsK
67 13
354
l8 8
t7 16
20 l0
l0 I

168 52
588 25)

401063
7 1 ll
t4 113
t2 tt 11
56 51 89
8 I 15

137 8t 2n2
343 185 457

0.00 l 16
0.05 l5
0.03 3l
0.03 7
0.67 105
0.02 9
0.80 283
5.91 345

water would contain 4 mg/l of NOrN (average for the year), 11 kg N/ha would b€ lost
(and yields would be less than a third of those with N-fertiliser or FYM). Losses of
nitrate from spring-sown cereals given all their fertiliser-N between February and early
April will probably exceed these on Broadbalk. (The average dressing for barley in
England and Wales in 1969 was 80 kg N/ha.) Winter wheat transpires some water during
spring, and drainage is less than from land under a spring-sowtr crop; the wheat also
begins to take up nitrate by March and removes much in April, whereas spring-sown
cereals take up little N until May. Losses of nitrate from Broadbalk Field from 1878 to
l88l were calculated by Lawes, Gilbert and Warington (1882). They estimated that
78 kg/ha N was lost during 1879-80 when 96 kg/ha N was applied as ammonium salts in
autumn. When the same amount was applied as nitrate in spring, 68 kg/ha was lost in
drainage. During 1880-81 the respective losses were 88 kg/ha and 63 kg/ha of nitrogen.
The fust winter was dry, the second very wet. The unfertilised soil lost 17 kg/ha N in
1879-30 and 2l kg/ha in 1880-81.

Raney (1960), who analysed leachates from lysimeters filled with Lakeland sand,
concluded that the loss of cations was more closely related to the increase in nitrate than
to the amount of water passing through the soil, when these were expressed as equivalent
weights. Ctrloride and sulphate showed less association. Losses ol nitrate in this work
(Tables l0 and ll), were associated with the amount of total bases (Ca, Mg, Na, K)
and with SOa-S and Cl expressed as kilogramme equivalents a year. These relationships,
shown in Fig. 6, were closer for Saxmundham than for Woburn drainage. Work on eight
different soils from lllinois, used in the form of large, undisturbed, uncropped, and
unfertiLised cylinders was reported by Stauffer (1942). Surface run-off as a percentage of
total rainfall on Muscatine silt loam was 22.41, from Cowden loam it was 36'21,
drainage was 22.7 \ and 3.6 f respectively. Loss of calcium was 95 kg/ha/year from the
Muscatine soil and only 3.5 kg/ha/year from the Cowden loam. These results, although
referring to lysimeter studies, illustrate the variations found in losses from different soil
types, and emphasise the need for more informafion of tlis kind on feld soils in the U.K.

For most British conditions, the total amounts of nutrients leached from farmland
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Fig.6. Relationship b€tween NOa-N and total bases, SOa-S, and Cl, in drainage at Wobum ard

Saxmudham 1968-70.

cannot be estimated acpurately; percolating water, which displaces the soil solution, is
never completely collected by any drainage system providing a flow that can be measured
and sampled. The areas drained by ditches and streams can be assessed only rarely. On
welldrained farmland, some of the water passes b€tween the tiles into the deeper subsoil
to reach a permanent water table. The proportion of water 'lost' in this way cannot be
determined, but it must depend on the type of subsoil and parent material, and their
physical condition (size and nature of cracks and fissures).
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Losses reported here can be regarded only as approximate, as they are based on florps
measured and sampled intermittently. However, they serve to emphasise how much
nutrients are lost and they show the need for greater care in fertiliser use and land
management to avoid waste of fertilisers. The intensity ofrainfall, which is the important
factor in leaching of nutrients, cannot be predicted; but all that is practicable should be
done to increase the proportion of rainfall that is accepted and retained by soils. In-
creasing the water-holding capacity of soils and the rooting depth of crops, by good
management, helps to use both rain and soluble nutrients in soil solutions more efficiently.
As more fertilisers are used, it becomes more important to use them emciently. Nitrate-
nitrogen and lime are the principal nutrients lost in drainage. Lime is cheap and costs
British farmers only a few million pounds a year, but nitrogen fertilisers cost them about
f,70 million. If advisory officers assess drainage flows (which can be done visualty) and
measure the nitrate they contain (this is possible with a field test (Williams, 1969), they
can gauge the losses of nitrate. Assessments made tbrough the winter could help in
planning spring dressings of nitrogen; tley would be even more valuable for assessing
the losses from fertilised land in spring and indicating the need for extra top-dressings.

Srmmfiy afll concl[siotrs

Land drainage water from tile drains and from a pond and lake was sampled during two
years at Saxmundham in East Sutrolk, and at Woburn in Bedfordshire. A small stream
at Woburn, and water from surface pools on fertilised land at Saxmundham, were also
analysed, mainly by automated methods, for K, Ca, Mg, Na, NHrN, NOrN, POa-P,
SOI-S and Cl. Specific conductivity and pH were also measured. The influenc€ ofweather
(mainly rainfall and its intensit, on the volume and the concentrations of all these ions
was examined, but most attention was given to nitrate-N.

Drainage from a field of 3 ha of soil derived from boulder clay at Saxmundham,
overlying a relatively impervious subsoil, was compared vrith the flows from deeper
and more pervious soil derived from Lower Greensand overlying Oxford Clay at
Woburn. Drainage flows from the boulder clay soil varied widely and depended on short
periods with much rain (> l0 mm/day). At Woburn, drainage flow was more constant
and continuous, and depended on longer periods of dry or wet weather. A heavy Oxford
Clay soil at Woburn gave drainage flows similar to the boulder clay at Saxmundham.

Drainage from the boulder clay and Oxford Clay soils showed sharp maxima in
NOrN concentrations during spring; at Saxmundham these peaks were related to
recently applied fertiliser-N. Much was lost in drainage at Saxmundham during spring
when nitrate was more concentrated than during autumn and winter, when the nitrate
came from residues of fertilisers or crops or from soil reserves. There was no marked
nitrate maximum in drainage from the Greensand soils at Woburn. The mean conc€ntra-
tion of nitrate 13.8 mg/l (at Saxmundham) and 15.5 mg/l (at Woburn) for the two years
resemble thos€ in drainage from Broadbalk Field at Rothamsted during the last century
(12 mg/l) on the plot given 96 kg Niha NOrN in spring. Sudden increases in nitrare
concentration in drainage from the calcareous Saxmundham boulder clay soil caused
corresponding decreases in SO4-S, Cl, Na and Mg; Ca and K corcentrations were not
affected. Sulphate-S concentrations increased just before nitrate reached its maximum;
chloride also increased (but less than sulphate) at the same time as nitrate.

The mean annual concentration ofions in the drainage water from Saxmundham (near
the sea) were in the order

Ca > SOr S > Cl > Na > NOrN > Mg > K > NHr-N > POa-P

il
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at Woburn (inland) NO3-N > Na and POrP > NHI-N. The concentrations of ions
in drainage diminished when flows were large, except when freslrly applied nitrogen was
being rapidly leached. Soil type influenced drainage composifion at Woburn; ionic con-
centrations other than POa-P were greater in the Oxford Clay drainage than in Greensand
drainage.

Soil management changed the composition of drainage water on the same soil type at
Saxmundham, as th€ result of the imperfect working of reccntly laid tile drains. phos-
phate-P and ammonium-N were usually less than 1 mg/l in drainage but phosphate \yas
usually more than 0.01 mg/l recognised as being neccssary for algal growth. Blooms of
algae were not obs€rved in the pond at Saxmundham or in the lake or stream water at
Woburn.

The waters collected from a pond at Saxmundham and a lake at Woburn had different
compositions from the drainage that fed them. Calcium, nitrate-N and sulphate-S were
less; potassium, ammonium-N, phosphate-P and chloride were more in the pond and
lake.

Surfac€ water from shallow pools left after rain on boulder clay at Saxmundham
contained less Mg and Na than drainage water, but more of other ions contained in
lertilisers.

Estimates of the nutrients lost in observed drainage were calculated from mean annual
flows and concentrations, but total losses cannot be determined as the proportion of
drainage water that passes into subsoil between the tile drains is always unknown. The
losses recorded emphasised that large amounts of nutrients were removed by drainage,
especially lime and nitrogen, both of which farmers have to buy. Much more is spent on
nitrogen than on lime, and using N efficiently becomes increasingly important as diessings
increase. Also, lessening the nitrate that enters water used for public supply will help
water authorities. Drainage flows can be estimated visually and their nitrate conc€ntra-
tions can be measured in the field; doing so might be a valuable aid in planning nitrogen
fertilisi ng.

APPENDIX

Methods of analysis and sampling used for the drairage weter

Sampling and flowrste mersureDent. All samples of drainage water were collected in
clean polythene bottles, stored in a cool place itr the dark, and del.ivered as soon as
possible to Rothamsted for analysis. Ammonium- and nitrate-nitrogen were measured
immediately and the samples were stored in a refrigerator until other analyses were
completed.

Flows from tile drains were fint calibrated by measuring the volume in a known time.
Subsequently, visual estimates of flow were found to agree closely with these volume/
time measurements; these assessments were used later with periodical checks. It is
immaterial how the visual estimates are made, so long as a constant scale is used that is
not so fine that there is a dsk of confusion between adjacent values. Rates slower than
30l/minute are easy to estimate visually; larger flows, which transport much nutrients,
even during a day and with concentrations of >25 mg/1, should be verifed by measure-
ment. Grey (1922) described the empirical equivalents used by Lawes, Gilbert and
Warington (1882) for visually assessing the flows from the Broadbalk drains to investigate
the efect of flow on drainage composition.

Potrssium and sodim. By 'EEL' flame photometer.
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Calcium and nagoesium. By a'Unicam' SP 900 flame spectrophotometer with radiation
buffers (Salt, 1967). Magnesium by atomic adsorption.

Ammonium-N. Absorptiometrically, using a 'Technicon AutoAnalyzer' and the method
of Varley (1960 modified by adding a citrate/tartrate buffer; forty samples an hour
were done and the limit of detection was 0'05 mg NH1-N/1.

Nihrte-N. Absorptiometrically, using a'Technicon AutoAnalyzer' and Lirchfield's
(1967) method. Twetrty samples an hour were done with a limit of detection of 0'01 mg
NOTNA.

Phosphon& Absorptiometrically, using a 'Technicon AutoAnalyzer', by Fogg and
Wilkinson's (1958) method. Sixty samples an hour were measured with a limit of detec-

tion of 0.05 mg POa-P[.

Ctlorirte. Absorptiometrically, using a'Technicon AutoAnalyzer' and Henriksen's
(1966) method. Forty samples an hour were measured with a limit of detection of0'5 mg
Cl^.

Sulphate. Turbimetrically, using a 'Technicon AutoAnalyzer' by the method
Wifuams and Twine (1967). Trventy samples an hout were measured with a limit
detection of 0.1 ng SOrSI.

Cotrductiyity. Using a 'Mullard' conductiYity meter.

pH. Using a'Pye' pH meter and a glass electrode.
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Resrlts of the Rotation I Experiment at Saxmmdham, 1960-69

R. J. B. WILLIAMS aud G. W. COOKE

Rotation I experiment was started by the East Suffolk County Council in 1899. The four
course practisid until 1969 was: l, Wheat; 2, Roots; swedes or turnips in the early years,

then usually mangolds until 1964; from 1956 to 1964 mangolds and sugar beet were grown

side by sidl on half-plots: 3, Ba ey:4, Legume; usually beans but sometimes clover,
peas oiten between 19,10 and 1964. From 1965 to 1969 only beet and beans were grown

bn the root and legume breaks. Each crop was grown on one block of the experiment

each year.

Classical heatmerts The manurial treatments, unchanged from 1899-1965 and listed

in Table 1, were applied annually to the same plots in each of the four blocks' The

treatments had the full factorial arrangement of N, P and K, but were not randomised,

and rqxated in each block in the order listed in Table 1. Until recently, the manures used

were not analysed and the nutrients applied are estimates based on probable aveEge

compositions, ihe figures for FYM are based on analyses ofsamPles used at Saxmundham

from 1964 to 1969; average contents were:

221dry m*te4 and
3'3%N,l'z%P and2'll K in dry matter'

Sodium nitrate probably had nearly constant fN but fP in superphosphate and lK
in muriate of poiash must have increased, especially since 19210. Two cwt/acre of su?er-

phosphate weie applied each year; assuming that this-was usual commercial material it
*i[ hor" *nt"io" d tZ-tl% PzOs at the beginning of the period alad 20\ PzOs.at the-

end; the figures in Table i assume an average of l6%PzOs. Similarly, the muriate of
potash alsJ changed, probably from 501KzO (or less) from 1900-to 1950 to 60% KzO

Ly 1960; the K supplied in Table 1 assumes an average analysis of 50 % KzO. 
- ,- 

The experiment-was described by Oldershaw (1941) and Trist and Boyd (1966)' wlto
summarised the yield results from 1899 to 1962. Crops were never systematically sampled

and analysed until 1965. Cooke, Mattingly and Williams (1958) calculated a rough

balance sieet for the period l90l to 1956, using average compositions ofcrops fromother
experiments, and compared the results with analyses of soils taken from each Plot in
1957.

New manming Eertments. In autumn 1965 most of the treatments were modified'

The 'new' manuring (described on p. 74) was applied to six-sevenths of each plot, but
a square subplot wltil 6 yd sides i; the lo\a'er section of each block continued to receive

the"classical' manuring listed in Table 1, except that 12 tons/acre FYM was applied to
Treatment l. The sub'plots provided continuity with past results and the crops grown

from 1964 to 1969 weri analysed to make a balance sheet relevant to the main period of
the experiment. They also provide soil for laboratory and pot experiments. In 1970 the

".oppiog 
t u. greatly changed, for lucerne was sown on one one-half of each plot and

grass on the other; manuring was little altered.
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TAELE 1

Experimental treatments in Rotation I expeimen, at Saxmndham in the
clasical period

PlaDt trutrieots
applied amualy

(apprcximate
esiDares)

Treatment
numb€r Symbol TrEato€trt p€r acre

I FYM 6 tols fatmyard malure2 BM 4 cwt borc meal3 N 2 c1*,t dtrate of soda4 P 2 cwt superphosphate5 K I cwt muiiatc of potash
6 O No oaoute

NPK
0b/aqe)

98 35 5l16 43
35

16
11

? PK ?#ilffi}"".fskil rc 47

8 NK ?#flffi:j:ifil",.r 35 - 47

e NP 3#SFfff.ti*?.* 35 16 -
ro NPK 3#SLfff*if"t** 35 16 4i

I cwl muIiatc of potash

Cuhivations. Two changes in management were made that affect results: l. The whole
field was noledrained in 1964 and afterwards was ploughed, all one way, with a reversible
single-furrow deep plough. The old ploughing depth was 5-6 inches (or shallower where
the subsoil was compact). The new plough worked 10-12 inches deep and roughly
doubled the depth of cultivated soil. 2. From 1965 cereals have been combine-harvested
(the plots have no 'blank'rows) and from 1967 beans also. Yields of straw from the main
plots alter 1965 are not comparable with earlier yields when crops were cut by binder and
threshed. On the small plots which continue the classical treatments, cereals have been
harvested by hand and straw yields are comparable with the past.

This palrr reports results from the experiment from 1965 to 1969, both for the 'classical'
and the 'new' treatments. Yields and crop compositions were used to calculate the
nutrients removed; analyses of soil from the main plots and the sub-plots in 1969 were
compared wittr analyses in 1957 and 1966 to show how changed manuring and deeper
ploughing since 1965 had altered nutrient reserves.

Yarieties Cappelle Desprez wheat has been grown each year since 1964; sugar beet
has been Klein E. Proctor barley was growa from 19@ to 1961, Zephyr was used in
1968 and Sultan in 1969. Spring tick beans were grown in 1966 and 1967, Maris Bead
in 1968 and 1969.

Results fron the classicd hstments, 1964 to 1969

Yields. Average yields from the classical treatments for the whole period of the experi-
ment, given by Trist and Boyd (1966), are compared in Table 2 with yields since 1964.

lt 19&-69 unmanured wheat and beans yielded a little more, and barley a little less,
than average yields for the first 60 years of the experiment. Yields of unmanured beans
were almost identical in 1905-18 (frist & Boyd, 1966) and in 1967-69. There was no
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Trble 2

Yields per a*e of crops gown in Rotation I expeiment at Saxmtmdhon with
Clossical tedments
Wheat (c{t of grsin)

Tr€atm€nt
nuDbcr

6
3
4
5
9
8
7

l0
t

6
3
1
5
9
8
7

l0
t

None
N
P
K
NP
NK
PK
NPK
FYM

None
N
P
K
NP
NK
PK
NPK
FYM
BoDe meal

None
N
P
K
NP
NK
PK
NPK
FTM
Bone meal

Treatment 1900-61 1964
10.2 13.9
13.9 2t-3
13.8 19.7
l0.l 9.9
19.0 27.4
15.0 20.8
14-6 18.l
19.4 25.2
I8.9 2s.3

Bone meal 14'3 18'2

Avcrage
1966 1967 t968 1969 t9&-69

9.1 19.8 3.9 I3.0
19.5 3t.9 9.9 2l-4
15.8 23.7 8.1 16'8
12.9 18.1 5.9 l2.l
29.1 34.2 11.9 25.4
22.2 27.5 7.4 m-9
t5.3 19.5 6.5 15.3
32.4 36.0 16.7 n.O
35.1 36.9 10.6 27.5
15.9 22.8 9.8 r8.7

t965
t8.2
24-6
15.9
13.9
u-3
26. s
16.9

.8
29.4
m.9

Barley (cwt of Sraio)
8.2 2.8 6.4 6.3 tl.2 6.6
10.9 lt-7 12.4 12.7 l8'8 8.5
10.0 5.2 5.4 lr-7 10.9 8-7
8.0 2.O 3.7 7-7 9.r 6.2
17.0 14.4 23.6 15.8 25.9 13.4
12.2 tl.l 8.8 12.6 18.9 8.8
ll.l 3.1 5.9 8.1 t3.4 9.1
18.0 16.1 21.2 17.5 23.5 10.8
16.2 21.3 23.2 16.6 2A.9 19.0
10.7 7-4 9.8 t4-2 10.9 9.7

Beaos (cwt of grdin)

6.7
t2-8
8.4
5.7

18.6
t2-o
7.9

17.8
2t -8
10.4

6
3
4
5
9
8
7

l0
I,

6
3
4
5
9
8
7

t0
t,

l.l
o.7
3.1
0.6
5.5
0.9

7.1
9.8
3.2

1905-6r* 1967 1968

Node l0'9 8'0 l5'5
N 11.3 11.5 23.1
P 17'0 16.4 24-3
K '4 8.2 13.7
NP 16.9 19.2 23-7
NK 12.1 12.0 24.8
PK 20.1 15.6 29.2
NPK 20.8 19.3 30.4
FYM 2t.7 l7-2 31.3
Borp meal l5'3 21'0 24'6

Average
1969 1967-69
16.4 13.3
12.5 t5.7
r5-2 18-6
10.1 to-7
13.7 !8.9
19.5 18.8
16.1 X.1
14.3 21.3
18.9 D.5
7.0 t7.5

* 3l crops of beans and 18 of peas,

SuSar b€et (tons of fresh rcots)

Average
195ffi5 1964 1965

t.4
2.9
7.6
2.4

10.2
0.9
6.8

I1.0
I1.9
,0.0

2.1
3.0
6-2

9.6
2-4
5.0

10.0
13. I
7.2

1958

5.1

7.2
6.4

11 .9
4.7
84

127
18.5
8.6

1966,

3.5
4.4
5.0
2.1

12.7
3-1
7-3

tt-2
I t.l
5.4

1967
4.7
9.1
5.8
4.2
9.4
96
7.0
8.5

t2.4
5.8

Average
t969 196/.{D
0.6 2.7
I .5 4.05.4 5-7
0.8 2.7
6-4 9.3
0.4 3.4
4.5 6.0
4-6 9.2

11.8 12.95.6 6.4

Jvores-l In 1966 the wheat plots werc trot established and the b.rley $as so poo. it was not harvested.
2. The peas sown in 1964 and the beans in 1966 failed. The lcgume brcak was falowed in 1965.
3, In this and l.tcr Tsbl6 cercal yields are 8iv€D as cwt of gain co[taidlg 15 % of moistut€.
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suggestion that the small productivity of the soil was further dininished by growing
crops for nearly 70 years without manure. Direct comparisons of lelds of manured
wheat and barley over the whole period cannot be made because different varieties with
geater potential yield were grow:r after 1960. All wheat given N and P fertilis er in 1964-69
yielded more than the long-term averages. Modem barleys yielded no more with nost
treatments in 196,1{9 than the older varieties grown between 1900 and l9l9; FYM
gave consistently larger yields during the last period (but the dressing was doubled for
the last four crops). Mangolds were not grown after 1964; yields of beet in 1964-69 were
very similar to those in the previous ten years. Average yields of the three bean crops
grown were similar to those obtained between 1905 and 1918.

Trist and Boyd (1966) discussed changes in crop yields and main effects of fertilisers
for three sets of 2Lyear averages between 1900 and 1961. Table 3 gives corresponding
results for 196,t.69. (Ihe table also contains 'main effects' of the nelv treatments; these
are discussed later.)

T,I.E',E 3

Main efects offertilisers and their interactions in Rotation I experiment

1900 19 1920-39 t94A-6] 19ffi9
2020225

196-69

4
New
trcat-

mentsi
(6.1)(-l.o_:,

2.6 4.1 6.62.6 s.l 5-40.2 0.8 0.7o.2 0.3 0'6
0.0 0.4 0.2

-o-2 0.2 0.2
-0.2 -0.4 -0.6

9.4
4-2
0.3
0.8
0.9
o.4
0.7

4.4 4.8 6.3 8.12-4 3'9 5.8 3.90.6 0.8 0.1 -o.7t.0 1.6 2.1 1.9
0.1 o-4 0.4 0.00.4 -o.2 0.4 0.1

-0.2 -0.4 -0.5 -0.1

1966-69 1900-19 1920-39 t94Mt 1964-69r905-r8 1920-39 1940-61. 1967-{9
No. ofyeal3 14 15 16 3

t966-69

4
New
treat-
metrtE

9
New
treat-
ments

um226
C'lassical treatments

Margolds Suear beet

N
P
K
NP
NK
PK
NPK

(2.e)
(-0.5)_:,

3.0 3-2 4-2 2.27-2 11.3 r r.O 4.3
0.2 0.6 r.0 -0.t2.O 2.6 2.4 l-20.0 0.2 0.4 0'3
0.2 0.1 0-4 0.2
0.0 -0.2 -0.r 0.0

I B€ans and peas.
t Main eff€cts of new N and P tr€atments are ia parentheaes b€cause they att differences tF,tttr,@n tttes

of fertilis€N, not main eflects as normally ptesslted.

Cercalr. Responses to nitrogen by wheat and barley have increased steadily through
the whole 70 years. Responses to phosphorus have been less since 1964 than in the
previous 20 years. Both crops gave small responses to potassium from 1900 to 1961, but

7t

0.4 0.1 0.8 2.9 r.37.4 8.3 6.1 s.2 (-1.4)
r.4 2.8 2.1 l.l 3.0

-o-2 -0.3 0.0 -2.3 0.60.3 0.3 0.3 1.6 1.11.2 1.7 1.3 0.9 -t.50.1 0.4 -0. I -1.2 l-2

1900-19 1920-39 t940-61 19ffi9 1966-59

Classical treatments Classical treatments

Beans (cwt/acre) Mangolds and sugar b€€t (tons/acre of roots)

Classical treatments

N
P
K
NP
NK
PK
NPK

No. of
years

Barlcy (cwt/acr€)
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the response by wheat in 196449 was less than previously and that for barley became
negative. The only substantial interaction was for NP.

Beans gave small responses to N throughout the p€riod and larger responses to K;
phosphate had the largest effects, as for other crops. There was a consistent positive PK
interaction with beans, response to K increasing with P, but it was not larger at the end
than at the beginning of the experiment.

Sugat bcet yielded smaller weights of roots than mangolds, but responses to N and P
were proportionally similar. Mangolds gave small responses to K, which slightly
depressed sugar-beet yields. The only large and consistent interaction with beet was of
N with P.

There were two important trends: l. Nitrogen responses tended to increase tbroughout
the period. 2. Potassium responses did not increase. (frist and Boyd (1966) also com-
mented on the increases in nitrogen responses and suggested that %N in the soil had
diminished during the experiment.) The capacity of the soil to supply K has continued
undiminished for the 70 years. The small responses to K by wheat, barley and beans,

shown from the start of the experiment, diminished for wheat and beans, and became

negative for barley in 1964-69. The land has been ploughed twice as deeply since 1965

and the capacity of the soil to supply K may have been increased by cultivating layers
that were preYiously subsoil.

Nutrient balance. Table 4 shows average amounts of nutrients removed by the crops
grown between 1964 and 1969. A balance sheet relevant to the 'classical' period calculated
from additions (Table 1) and losses in crops (fable 4) is in Table 5.

Until about 1950, FYM for the experiment was made by fattening bullocks housed in
winter on the Station, and Oldershaw (1941) suggested it was 'of average quality'. The

samples used since 1964 have come from a nearby dairy farm; their analyses were:

Dry
matter

Avemge
Range

PKCaMgNa
t.rl 2.ur 2.75 0.73 0.36

0.7+t.75 1.32-2. 6 1.88-r. 48 0.n-1. 63 0.204. 62

Such manures provided more total nitrogen in a 6 tons/acre dressing than crops removed.
The P supplied by 6 tons/acre must have been much more than crops removed annually
since 1900, but on the basis of these analyses the K supplied has been less than crops
grown with FYM contained.

Because losses of N by leaching and denitrification cannot be estimated, and the
amounts fixed by legumes and by non-symbiotic organisms are not known, a true balancs
sheet for nitrogen cannot be calculated. However, Table 5 shows that fertilisers never
supplied as much N as crops removed, even where growth was limited by phosphate
deficiency. With P, but without N, the four crops have obtained about 2001b/acre.
Table 4 sholys that beans fixed, on average, more than l00lb N/acre/year and wheat has
beneflted from the residues left by the legumes. Barley receiving only PK fertiliser obtained
about l4lb N/acre from soil or other natural sources, sugar beet about twice as much'

Phosphorus supplied has always been more tlan crops removed from treated plots.
The K gupplied excceded that remoyed where yields were restricted because neither N nor

72

22.1 3.31
19.3-28.8 2.45-3.91

Per cent itr dry matter
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TABLE 4

Amou s of nutrients (in blau) removed each year b! ctops grown with'classical'
treatments in Rotalion I experimmt at Saxmundhatn, 196,rc9

Nirrogen
Wheat
Badey
Beans
Sugar b€et
Total of four crops

Phosphorus

Wheat
Barley
B€ans
Sugar beet
Total of four crops

FYM BM N P K

64.9 36.t 42.5 32.4 24.1
38.4 t8.7 22.7 r4.2 tt.7

t22.3 103.7 82.4 108.1 56.6
76.2 16.9 28-8 29.8 17.9

301.8 195.4 t76.4 184.5 110.3

t4.o 7.6 6.8 1.3 4.3
10.0 4.1 4-2 3.4 2.O
14.3 9-9 5.6 10.8 1-4
16.5 7.9 3.5 7.O 2-6
54-8 29.5 20.1 28.5 12.3

O PK NK NP NPK M€ao

25'4 3O'7 43.2 5O.O 55.3 ,10.4
t2.o 13.7 23.1 29.8 30-2 21.5
73.5 114.3 100.9 1t2.5 120.7 99.4
2.-O 30.7 31.2 49.4 49-8 37-3

112.9 t89.4 198.4 Ut.1 256.0 198.6

4.5 7.0 6.8 t0.3 11.3 8.02.3 3.3 4.0 1.4 1.5 4.8
4-1 tt.2 5.9 12.3 t1.t 9.13.5 1.2 3.0 ll'6 ll.3 1-4

14.6 4.7 19.7 4t-6 43.2 29.3

t7-4 21.4 27-E 3t.O 37-7 25.O
8.0 10.0 18.9 18.6 2t-1 t5-3

20.2 42.O A-2 25-9 44-2 3s-O
43-5 70.7 47.8 93.0 107.3 75.3
89.1 144.1 116.7 168.5 210.9 150.6

4.3 6.0 6.9 9.7 lO-9 7.8
3.1 4-2 5.6 7.8 8.t 5.4

t4.3 2A.2 20-6 U.O 29.1 21.8
ts-t 22.0 18.5 33.7 y.3 24.6
36.8 60.4 st.6 75.2 82-4 59.6

2.1 2.8 3.5 4.1 5.3 3.71.1 1.4 2-1 3.5 3.s 2.2
2-9 4-5 3.8 4.7 4.7 4.1s.5 8.3 s.9 13.8 l2-9 9.8tr-6 t1.o 15.3 26.7 26.4 t9-8

0.4 0.5 0-7 0.8 0.9 0.6
0.4 0.4 1.1 1.9 t.4 0.9
9-l t2.9 8.t 24.4 t6.7 11.77.1 7.0 to.s 2t.9 l9-2 13-6

t7.0 20.8 m.4 49.0 38.2 28.8

Potostium
Wheat 49.2 22.9 25.2 m.4 n.OBarley 30.6 12.4 15.2 9.7 8.0Beatrs 8l-4 25-6 20.2 21.5 25.4
Sugar beet 164.4 70.9 47.7 65.4 42.3
Total of four crops 325.6 131.8 108.3 119.0 92.7

Calcium

Wheat l3.l 7-9 8.0 7.0 4.6Barley 9.0 4.s 5.5 3.9 2.6B€aas 26-5 24-8 16-3 21.8 12.5
Sugar beet 41.8 23.3 m.l 22.9 13.9
Total of four crops 90,4 60.5 49.9 55.6 33.6

Magrresium

Wheat
Ba ey
Beans
Sugar beet
Total of four crops

Sodiunt
Wheat 0.9 0.5 0.7 0.5 0.4Barley 1.3 0.6 1.4 0.5 0.3B€atrs 6.2 2l.O l7-7 18.6 2.9
SuSar beer 26.7 l3-2 l7.O 9.2 4.5
Total offoul crops 35.1 35.4 36.8 28.8 8.1

6.4 3.5 3.5 3.3 1.94.3 1-9 2.2 1.5 1.0s.4 4.3 3.6 4-4 2.4
20.9 r0.l 7.0 8.7 4.7
37'0 19.8 16.3 17.9 t0.0

TABLE 5
Eslit ales of annual changes caused by classical tteatments in nutrients

in the soils of Rotalion I experiment fot 196449
lb/acle

Treatment
numtrr

6
3
4
5
9
8
7

10
2
I

Treatment
None
N
Px
NP
NK
PK
NPK
Bone meal
FYM (at 6 toos/acre)

N
-33.2
-9

-46
-28
-25
-15
-47
-29
-31+23

PK
-4 -22-5 -27+9 -30-3 +2i+6 -42-5 +t3+9 +11+5 -6+33 -32+21 -m
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P was given. NPK fertilisers applied to Treatment 10 supplied a few pounds less K than
crops removed.

Without P fertiliser, the crops with N and K removed about 5 lb P/acre/year from the
soil, wheat most and sugar beet least. Crops without K fertiliser (but with N and P),
removed about 40 lb K/acre/year from the soils, sugar beet several times as much as

cereal or beans.
The average annual balance for N, P and K shown in Table 5 is relevant to the period

of classical manuring since 1900; average crop yields in 196,H9 were near to the long-
period averages and there is no reason to expect crop compositions to have Yaried greatly.
The figures suggest that, in 70 years, crops have removed about 3501b P/acre where
they received N and K fertilisers but no phosphate (roughly equivalent to 175 ppm P in
the top soil). About 28m lb K/acre has been removed by crops receiving N and P
but not K, which is equivalent to 0. 14 % K in the top-soil (assuming that the old ploughed

layer, which was about 5 inches deep, weighed 2 million lb/acre).

Resdts from the modifled cxperine$ 19699

New hertu€nts. In 1965 we saw no point in continuing the demonstration on whole
plots that unfertilised crops at Saxmundham leld little, that phosphate fertiliser is

essential, and that much nitrogen is needed for all crops but legumes' The treatments
given to the main part of nine of the ten plots in each block were modified for the crops
harvested in 1966. (Sub-plots 6 yds long, out of the total length of ,14 yds, retained the
classical treatments). Only the bone meal dressings (freatment 2) remained unchanged.
The FYM dressing was doubled to 12 tons/acre and, in all years except 1966, 56 lb N/acre
was applied to the main plots. The fertiliser tests are described below. The existing four-
course rotation was maintained, spring beans were sown each year and only sugar beet

on the root break.

Phosphorus. 39 lb P/acre was applied to all plots not given superphosphate in the
past (freatments 3, 5,6 and 8); the old rate was increased slightly to 19'5 lb P/acre and
was continued on Treatments 4,7,9 arld 10. The change was intended to discover how
quickly yields from very P-deficient soil could equal those from plots given P annually
for 65 years and containing nearly enough P residues for maximum yields. The accumu-
lation of fresh P in these poor soils from the new manuring was measured by soil analysis.

Potasium was given only to those plots given it previously but the dressing was

increased to 93 lb K/acre. Cereals and beans had responded only sligltly to K in the
65 years, and sugar beet not at all. The larger crops grown from 1966 removed more K
and the ne\y test was planned to see for how long crops yielding reasonably could obtain
adequate potassium from the soil. (fhere is no other long-term experiment in Britain
on soil with a reputation for releasing much K where this information can be obtained.)
The dressings and treatment symbols were: P1 : 19'5lb P, P, : 39 tb P, and K : 93 lb
K per acre.

Nitogen tesls were modified as experience accumulated. 'Nitro-Chalk' was used
instead of sodium nitrate. Initially 56 (N1) v. I 12 (Nz) lb N/acre was given for non-
leguminous crops, the smaller dressing to Treatments 4, 5, 6 and ?, where N was not
given before. For spring-sown crops, dressings were applied to the seedbed, for winter
wheat they were given in March. In each year the test on beans was of none v. 56 lb N/
74
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acre (on N2 treatments). In 1967 large losses of dtrate were measured in drainage water
during May, and extra top{ressings of 28 lb N (Nt treatments) and 56 lb N (on N2
treatments) were given to barley on 15 June and to sugar beet on 18 July. From 1967,
S! !! N/acre was given to FYM-treated plots for the three non-leguminous crops. In
1968, 112 lb N/acre was given to all the N-teated plots of wheat, barley and beet; on Nz
treatments this was followed by a topdressing of 56 lb N/acre, given when tissue-tests
on the crops suggested they needed more N. The dressings were given to wheat on
15 May, to barley ot29 Mzy, and to sugar beet on 25 July. In 1969 more detailed work
y,T 99oJ on tissue. testing and proyisions were made for testing two totr.dressings.
1l2lb N/acre was given to all N-treated plots when sowing spring crops aod to winler
wheat duringlate March. Topdressings of 56lb N/acre were given to wheat on 2g May,
to badey on 3 June and to beet on 3 July, all when plant tissue contained little nitratl,
A further top{ressing of 56 lb N was applied for sugar beet on Treatments 3 and l0 on
20 August. Table 6 summarises the new nitrogen manuring treatments.

TABLE 6
Nitrogen manuting used in Rotation I experiment, 196fr9

B€aos

(a[ years) 1966
(All don-

1967
wheatTrcatment

numbcr
1
3
4
5
6
7
8
9

t0

Symbol cwt N/acre leguEes)

1961
Barley,

sugar b€et
0.5
1.51
0.75*
o.75.
0.75.
0.75.
1.5*
t.5.
1.5*

FYM(+lO
N!
Nr
Nr
Nl
Nl
Nr
Nr
Nr

0.0
0.5
0.0
0.0
0.0
0.0
0.5
0.5
0.5

0.0
1.0
0.5
0.5
0'5
0.5
1.0
1.0
t.0

0.5
1.0
0.5
0.5
0.5
0.5
t.0
1.0
1.0

1968 1%9 1969
(All Dotr- Whear, Sugar
legumcs) barley b€et
0.5 0.5 0.51.5' 1.5 2.01t.0 l.o t.0'1.0 1.0 1.0I.0 1.0 1.0t.0 1.0 t.0l.5r 1.5. 1.5.1.5.1.5.I.5.
I .51 l -5* 2.Ol

. Includes onc top-&6sing.
t Includes two toldrcssiugs.

Yields

Results with orgoaic noascs. 'fhe only mntinuity with the past has b€en with the
bonc meal treatment (No. 2) and for three crops; average leldJhave been:

wheat
Barley
Beans

1900-19 1900-61 196-49
15.4 14.3 15.4tt-7 10.7 I0.317.5. 15.3 14.1

' 1905-18 only.

Average yields.of wte{, badey and beans given bone meal have been nearly the same
recently as dudng the first 60 years. Wleat yields in the last four y€rs were ihe same as
the average in the frst 20 years of the experiment, but bean and barley yields were less.

Yields with FYM in 1966{9 cannot be compared with older yields beciuse the dressing
has been doubled and 56 lb N/acre was given to the main plots in the last three yearsl

75

Wh€6t, barley, sugar b€et

Yields, cwt/acre
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The table below sets out the average yields obtained with FYM and with the full fertiliser
dressing.

1954-69
'Classical'l9m-61 t€atme s

FYM1 NPKT
wheat (c,wt) l8'9 l9'4
Barley (cwt) 16.2 l8'o
B€ans (c,wt) 21.7 m'8
Susar be€t (toos) 13 l' t0'0'

FYMI l.IPKt FYM ll NrPrK ll

n.5 n,o 35.2 3s.2
2t.a 17.8 2A-9 30.3
22.5 21.9 2A.7 2l-3
12.9 9.2 16.0 15.4

. 1956-65.
+ Amou s in Table l.
i 6 toDs/aqe in 1964 aDd 1965, 12 totrs io later years.
il New tieatmeDts, including 12 toos of FYM al1d with 56 lb N/acr€ on FYM-tneated plots froE 1967.

During each of the periods, wheat has yielded similarly with FYM and with the NPK
dressing. Barley has varied more, yielding a little better with NPK than with FYM
exc€pt in the continued 'classical' test from 196,169 which includes four years with
double FYM dressings. Beans and sugar beet haYe yielded consistently more with FYM
than with fertilisers during each of the periods.

Resallt ol tle fenilisu resr. Table 7 gives yields from the modified experiment.
'Main effects' are summarised in Table 3; only for potassiun (with a test of 93 lb K/acre
against none) arc these normal. The 'main effect' of nitrogen is of double rersls single
dressings in 1966 and 1967, and of seedbed dressings alone versrs seedbed plus top-
dressing in 1968 and 1969. The phosphate test is of a double quantrty (P, : 39 lb P) to
plots not given any before 1965 against half as much @1) continued on plots that were
dressed annually from 1900 and contained large residues. The complicated interaction
effects are not discussed here.

Phosphoras. For all four crops the 'main effect' of P was negative; over the four years,

average yields from plots with residues from 65 years ofP manuring exceeded those from
poor soils given twice as much fresh phosphate. The surprising feature was that giving
phosphate to previously starved (P2) plots quickly increased yields (Iable 7). In the
first year (1966), Treatment 9 (N2P1), which has always received phosphate, yielded more
beans, wheat and barley (but a little less b€et) ttran Treatment 3, with superphosphate
for the first time. Results in intervening years were variable but wheat, barley and sugar
beet yielded better with NzPz than with NzPr. Although Saxmundham soil is naturally
very deficient in phosphate, the deficiency can be quickly remedied; 39 lb P/acre seems

enough for the crops we have grown, both to maintain yields from poor soil and to build
up reserves,

Potassiam bad a much larger effect on wheat in 1966{9 than in any of the preceding
periods of the experiment. The effect on beans was also larger than previously, but
that on barley and beet was negative; yields of beet were sligluy depressed by potassium
fertiliser, The results vrith wheat and beans suggest that potassium reserves in the soil
may now be diminishing to the point where K-fertilisers will be generally needed, but
this is not supported by the results with barley and beet. The exPeriment suggests that
small K dressings should be used for wheat and legumes on these Chalky Boulder Clay
soils, but that other crops need none.
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Nitogen The 1966 test was a sinple one of two amounts, results were:

N applied
lblacre

56
1L2

Wheat (c*t) Barlcy (cwt) Sugar beet (toas)

Roots Top!
9.2 4.01t.2 6.7

More than 1l2lb N/acre might have benefited the wheat, but for ba ey and beet this
amount must have been nearly optimum.

In March 1967, Nr and Nz treatments rec€ived the same dressings as in 1966. Drainage
water contained much nitrate during May and crops became yellow, so top-dressings
(shown in Table 6) were given to barley on 15 June and beet on 18 July. Both crops
responded quickly. Average yields 1rr acre were:

Nr Nr
56lb N 1t2lb N
26.0 36.3
17.1. 25.3'
t 1.3. 16.8.3.9. 6.5.
39.7. 57.4'

Barley, c*'t Sugar b€et,ofgrah cwt of sugar

t968 1969 1968 t%9y.3 x.6 5t.o 58.8

1.9 8-1 0.4

Grain Straw Grain Straw
18.8 12.1 25.2 15.8D.l 20.O 30.1 18.8

Seedbed dEsriDg/acrc
Whear (cwt)

5.6
1.3

Bs ey (swt)
froots (toDs)

Surar beet { tops (to!s)
Lsugar (cwt)

. With extra rop{ressiDgs of 28 aod 56 lb N/acre to Nl and N, plots.

The large gains from the double dressing suggested that the crops would have benefited
from still more N; from their appearance the top-dressings should have been applied
earlier and should also have b€en given to wheat.

In 1968 following I 12 lb N/acre to both Nr and N2 treatments extra tolFdressings of
56lb N/acre were applied to N2 plots for wheat, barley and beet; the top-dressings were
given when analyses of nitrate-N in the stems of c€reals and in petioles of sugar beet
suggested they were needed. Spring of 1968 was drier than 1967, rainfall was better
distributed and drainage water removed much less nitrate. (Results of the nitrate tests
on the plants have been reported previously (Rothonsted Report for 1968, Pan l,
49-51).) Maximum yields of wheat and ba ey grain, and sugar from beet, were obtained
with ll2lb N/acre applied in March; the only gain from the extra topdressing on N2
treatments was 5 tons/acre more sugar-beet tops.

In 1969 the drains at Saxmundham ran on every day of the year until 20 June and
much nitrate was lost in the drainage \vater. Measurements were again made on nitrate
in cereal stems and beet leaf petioles (norrarzsted Report fot 1969, Part l, 5l-53).
Extra top{ressings of 56 lb N/acre tested on N2 treatments were applied to e3ch crop
when nitrate concentrations became small (29 May for wheat, 3 June for barley and
3 July for beet). A further top-dressing on 20 August was tested on two plots of beet
when leaf nitrate had again become small. The first top-dressings were justified on all
three crops. They increased yietds by 4 cwt/acre of wheat, 9 cwtlacre of barley and 5$
cr*t/acre of sugar and also gave extra yields of sugar-beet tops. The additional top-
dressing to beet was notjustified (little rain fell after it was applied). Results of the top-
dressings given in 1968 and 1969 are summarised below:

Wheat, cwt
of grain

1968 t969
Yield with 112 lb N h March/April 4r.2 21.4
Increase from topdEssitrg

Fi$t toldrcssitrg O.2 4.5
Secood topdr6siDg

Yields/acre
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. The four yeats' results emphasise the difficulties of using nitrogen fertiliser, even
in an old-established and carefully controlled exp€riment. tn tSO6 tne two amounts
grven to the seedbed did not show how much N was needed for maximum yield, or
wiether applying part of the N as a late top-dressing would have benefited thelrop. In
1967 and 1969 much nitrate was leached during short periods of large rainfall in April
ald May; other experiments on the field showed later top-dressinga were much m-ore
€mcient than seedbed dressings, provided there was enough rain to wash them in. In
1967 the need for extra dressings was realised too late for them to be fully effective. In
1969 the topdressing for barley was applied at the beginaing of June just as three weeks
of dry weather started, and the fertiliser remained on the soil surface. By contrast, in a
spring with well-distributed rainfall, such as 1968, little nitrate is losi from seedbed
dressings and timing of the N-dressing is of little importaoc€.

Nuhients removed. Table 8 gives average amounts of nutrients removed annually by
the crops grown with new treatments. P1 dressings supplied 19* lb p and pz 39 lbplarrel
y€r; the K dressing supplied 93 lb K/acre. The nutrients supplied by 12 tons of FyM
were twice those shown in Table l. Annual changes in N, P and K calculated from Table g

are in Table 9. No balance has been calculated for nitrogen exc€pt for Treatments I and 2.
The FYM added from 1966-69 supplied more N than the crops removed. On the bone
meal-treated plot, yields are limited by N{eficiency and, on average, all crops except
beans have recovered little N from natural sources if all the N in bone meal becomes
available, Fertilisers given to the other treatments have, on average, supplied about
twice as much N as harvested crops recovered.

TABLE 9

Estimates of a nual changes in nutrients in soils of Rotation I expeiment with
modif e d manw ing, I 96649

Tr€atnrent
trumber TreatmeDt

I FYM+N
2 Bole meal
3 NrPr4 NrPr
5 NIP:I(
6 NrPr
7 NrPrK8 NrPetr(
9 MPrl0 NlPfi

Amual cbatrges (lb/aqQ

N'PK
+152 +55 +35
- 18 +34 -27( 80) +2a -57(-61) +9 -49(-55) +30 +34(-60) +29+ -51(-69) +7+ +27(-88) +27+ +16(- 86) +7 -58(-86) +6* +22

. Data for N aie balanc€s fot Plots I and 2; but for plots 3_lO, they arc a.Eouots reEoved by crops.

Phosphoras, The crops removed only about 50,% to 701 of the smaller dressing
given to Pr treatments (dependingoD the amount of N given). With rle double dressin!
but without P dudng the classical period, otrly about a quarter was recovered by thi
crops (these statements take no ac{ount of P recoyered from the soil). The crops on plots
given phosph-ate each year from 1900 always contained more p (on average 7lb pTacre
grore in the four years) than crops on plots given their fust dressing in 1965-66. About
5lb P/acre/year accumulated as residues from the small dressing during the classical
period; the crops now grown leave about 7lb P/acre from the sliAtly lfi;er p dressing
80
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given since 1965. The double dressing provides nearly 30lb P/acre/year more than the
crops use, and this residue is accumulating in the soil.

Potassium supplied exceeded the total amounts removed by crops during the four
years, and from 20 to 40 lb K/acre are ac.umulating annually (the amount depends on
the N dressing applied). Although there was little leld response to K-manuring, crops
on K-treated plots contained 57 lb K/acre in the four years more than crops without
K-fertiliser. The largest amount ofK removed from soil by crops receiving no K fertiliser
was about 230 lb/acre in four years. Increasing the nitrogen dressings in the new treat-
ments has increased the maximum K extracted annually from 4zlbllcre during the
'classical' period to 58 lb of K during the last four years. With full NPK manuring from
1900 to 1965, potassium has not accumulated on Treatment 10 (fable 5); the manuring
now used on this plot leaves a residue of about 22 lb K/acre annually.

Analyses of the soils

The soils of each plot were sampled in 1957 and the analyses described by Cooke et al.
(1958). Later samplings were in spring 1966 (after the experiment had been ploughed
about l0 inches deep in winter 1965), and in summer 1969. Analyses are in Table 10.

The soils have reserves of calcium carbonate and pH is not altered by treatment.
Organic carbon is most in FYM-treated plots; differences caused by other treatments

are small but largest values were in plots given most fertiliser and where crops were
largest. The plots were ploughed about 5 inches deep until 1964, and twice as deep since.
The subsoil ploughed up diluted the old top-soil so that all percentages of organic matter
and nitrogen are less in the 1969 than in the 1957 samples. Total phosphorus in the 1957
samples reflectd the balance between P applied by manuring and removed by crops.
With the continued classical manuring on the sub.plots, deeper ploughing has obliterated
much of these differences betwe€n the fertiliser-treated plots. There has been an apparent
loss of total P in the ploughed layer of the P-treated plots but not on those without P
presumably because the subsoil was as rich in total P as the topsoil of these untreated
plots. The only large diferences remaining are that both FYM and bone meal have left
much more total P in the soil than has superphosphate. The diminution in total P caused
by deeper ploughing is smallest on FYM-treated plots, presumably because organic
phosphorus from FYM had already been leached into the subsoil @ under FYM-
treated plots moves similarly at Wobum and Rothamsted (Warren & Johnston, 1961)).

Comparing the 1969 samples from the large plots given 'new' treatments with those
from small sub-plots continuing the old treatments shows there was little effect on total
P contents from four years of phosphate manuring (Pz) to previously untreated plots.
However, the new dressings considerably increased bicarbonate-soluble P and, already,
there are only relatively small differences between Pr and P2 treatments. The new manur-
ing has sioilarly increased P concentrations in equilibrium with 0.01M calcium chloride
solutions.

Exchangeable potassium still reflects the accumulations of K added by FYM, or K-
fertilisers, and diferences caused by the larger crops produced with N and P treatments
and smaller ones without these nutrients. On plots where exchangeable K had accumu-
lated during the classical period, deeper ploughing has diminished the amounts. On plots
not given K-fertiliser (freatments 3, 4, 6 and 9), the exchangeable K changed little
between 1957 and 1969, presumably because the newly-incorporated subsoil was as rich
in K as the surface soil. Potassium soluble in 0.01M calcium chloride solution also shows

8l
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clearly how K has accumulated on FYM-treated plots and the differences betwe€n plots
with and without K fertiliser.

Exchangeable magnesium has been considerably diminished by deeper ploughing.
Magnesium fertiliser is not applied, so supplies in the top-soil a,re maintained by rainfall,
by crops residues and by weathering of clay. Amounts in FYM-treated plots are still
much larger than in fertilised plots. Exchangeable magnesium has clearly been influenced
by yields of crops grown during the classical period; amounts are least where N and P
fertilisers gave satisfactory yields.

Soil analyses related to nuhient balances. Figures I and 2 relate bicarbonate soluble-P
and exchangeable-K with the nutrient balance shown in Table 5. (fhese calculations
replace the earlier balance sheet for P and K by Cooke et a/. (1958), which was based on
assumed crop compositions. The satisfactory agreement between exchangeable K, and K
balance of Fig. 2 in our paper, and that io Fig. 1 of the earlier one, justifies attempts to
calculate such balance sheets even when local analyses do not exist.) Values for soluble-P
in the plots are in two groups, plus the isolated point provided by the FYM-treated plot.
The relationship appears to be lioear; if losses of P in crops are exactly balanced by
fertiliser additions, the soils will contain l0 ppm of sodium bicarbonate-soluble P.

There is a good linear relationship in Fig. 2 between tlre calculated balance for K
(additions zrras losses) and exchangeable K in the soils. If feniliser additions exactly
balance losses in crops, the soils will contain 160 ppm of exchangeable K. Johnston
(1969) found that, when losses and gains were balanced in the Broadbalk experiment
at Rothamsted, the soils had a similar amount (about 150 ppm) of exchangeable K.

Batey (1964) analysed samples of soil taken before fertilisers were applied in March
1963. (The results were expressed in ppm of P and K in the soil extract.) Amounts offree

Gains (+) and Los.6 (-)
of P (lb/acrc/ycar)

P soluble in G5 NaHCOt (P P m )
Fi& l. Relationship bctween losses and gaiDs ofphosphoru and soil P solublc io sodium bicarboratc

solutiotr; 189-1969.
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Gains (+) and L.sscs (-)
of K ob/acrelyear)

Exchrng.ablc K (ppm)
Fig.2. Relationship betwee! loss€s and gains of potassium and exchatrgeable K io the soils; 1899-

1969.

calcium carbonate, pH values and perclntages of organic matter were similar to values
in Table 10. Soluble P and K were measured by the metiods used in 1964 in advisory
work in England and Wales. Exchangeable K in Table 10, and soluble K by the N.A.A.S.
method, were closely related, but soluble P in the soil extracts of the N.A.A.S. method
was less well related to bicarbonate soluble P. Because these methods have been widely
used, Batey's values are plotted against the balanc€s for P (Fig. 3) and K (Fig. 4). The
N.A.A.S. method for P diflerentiated less clearly than the sodium bicarbonate methods
between groups of diflerently treated plots. Results for the bone meal plots flt satisfac-
torily in Fig. 3 but are excluded from Fig. l. Sodium bicarbonate solution does not
dissolve bone meal residues whereas the slightly acid N.A.A.S. reagent does. However,
in this experiment the bone meal supplied so little N that it is not possible to estimate
how valuable the residues are. Relationships b€tween gains and losses of K and Batey's
values for soluble K (Fig. 4) were as satisfactory as with exchangeable K (Fig. 2). When
Iosses in crops were balanced by fertiliser additions, Figs. 3 and 4 suggest that the soil
extracts would contain 28 ppm of K and 1.5 ppm of P, both values appear to be in
Batey's 'medium' category for advisory purposes.

Potassium in FYM. Figures 2 and 4 share a discrepancy; soluble K in the FYM-treated
plots is not related to analyses of soils from the rest ofthe plots and to potassium balance.
Either FYM has greatly increased the solubility of soil potassium or the FYM applied
during most of the classical period was much richer in K than the samples used from
1964 to 1968 on which this balance sheet is based. We have no information on the
composition of FYM used and no evidence except Oldershaw's (1941) statement that
84
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Gritu (+) .nd Loss6 (-)
of P flb/act /yra|

+

+30

P in Soil Ertract (p p m )

Fis- 3. Relationship between loss€s and gains of phosphorus aDd soluble P in soil €f,tracts m€asured
by Batey's (1964) method; 1899-1962.

it was made by fattening bullocks in a covered shed. He said the bullocks did not have

a rich cake diet but the FYM made was not removed from the shed until it was applied to
the plots. The rec€nt samples used were from dairy stock and were stored in heaps out of
doois and their composiiions are similar to those of much FYM used in Rothamsted

experiments. The eariier Saxmundham manures wete comPletely protected from loss of
K by the leaching that occurs during outdoor storage and they may have been much

richer in K. Many authors record that some samples of FYM have 4-51 K in dry-

matter-twice the value assumed here. Extrapolation of the linear relationship in Fig' 2

shows that soluble K would be as found if FYM supplied each year 80-90 lb K/acre
more than crops removed (Fig. 4 suggests a similar amount). To supply so much would
require FYM th more tha;6% Kin dry matter (an improbable, but not impossible,

value).

Soil difierences between blocks. Trist and Boyd (1966) found consistent differences in
yield of barley and roots from block to block. Average yields from Block D (Plots l-10,
-fig. 

t of tn"ii pap"r) were about 101above the mean of the four blocks whereas Block B

@lots 3l-40) iended to give smaller yields. Block D also gave the most wheat. These
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Gains (+) and Loss.s (-)
of K (lb/scre/yar)

+30

+15

K in Soil Extrict (p p m )

o- 132
0.78

493
t4-7

154
t05

0.82

BC
o-ln 0.t23o-77 0-72528 4A14.7 13.5169 t5319 1021.87 0.85

D Meao
0.130 0.t28
0-8r 0.7146 49315.2 14.5lJl 157

95 105
o-49 1.01

_ Fi& 4._ 
- 
Re-lationship b€tw€eo losses and gaitrs of potassiuo add soluble K io soil extracts oeasur€d by

Batey's (1964) method: 1899-1962.

TIT[,8 11

Averuge values of soil properties h blocks of Rotation I expetimen, (t%9)

Nitrogen, %
Organic calbon, :"
Total P, ppm
NaH@r.soluble P, ppm
Erchzngeable K, ppm
Exchatrgeable Mg, ppDi
Calcium carbonate, I

fertility trends from east to west affect the comparisons of treatments in the systematic
layout; they were ascribed to permanent soil factors, probably depth of the ploughed
layer. Table 1l gives average values for blocks of most of the measurementJ fisted in
Table 10. There are no large differences that clearly account for better yields from Block D
and poorer yields from B. Soils of Block D contain more nitrogen and organic matter
and more soluble P than average, but the differences are small. The only striking diference
is the much larger content of CaCOs in Block B-which gave poorer crops. We think
this reflects differences in parent material; borings show the subsoils of Block B to be
more compact and nore gleyed than subsoils of other blocks. The common subsoil in
Block B is unaltered typical Boulder Clay, blue-grey, compact and rich in CaCOa.

Block
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On other blocks, subsoils are more open and have weathered more deeply: although a4

blocks are irregular, better subsoils are more common in blocks A and D than in B
and C.

Some analyses were made of subsoil 9-18 inches deep. Subsoil of Plot 4 in Block A
contained oniy 1l CaCOs (the topsoil had 0'8/); subsoils offive plots in Block B had

from 3} to li% CaCo5 witL a mean value of 1lI (the topsor! had l'91). Subsoils of
Block C, abovi Block B, had little CaCOs (from 0'04 to 5'l% aad a mean value of
r'3%').

Nutients suPPlied bY raidall

Nrhients in nin Rain samples were collected continuously by a polythene gauge 6 ft
above the soil at Saxmundham between 1966 and 1970; 4l separate batches were

analysed without filtering. The nutrients supplied annually were:

NHI-N 'o'ilf,
NOs-N 6'lP 0'2cl 43SOr-S 16K 2'6Na 24Ca 12Mg 3'7

The nitrogen in rain made an appreciable contribution to the needs of crops not given

N fertilisei, but P and K supplied was unimportant. The sulphur sufrces for a crop rota-
tion of this kind; the large amount of chloride is quickly leached out (balanced by
calcium).

Catcim, magnesium and soilium. The other nutrient cations in rain, Na, Ca and Mg
have not been discussed previously. Table 4 gives the amounts in crops grown with
the classical manuring and Table 8 with the new fertiliser treatments.

Calcium. Mtch more calcium was removed by beans and sugar beet than by cereals.

Annual removals from fully fertilised plots averaged only about 20lb/acre from 190G65

and a little more during the recent period. These losses in crops are much less than is
leached annually from this calcareous soil-270 lb/acre (Williams, 1971).

Magrcsiun. Half or more of the magnesium removed in the four-year rotation was

taken-by the sugar beet crop (fables 4 and 8), and the total amounts removed were

influenced nainly by the effect of fertilisers in increasing yields of beet. During the

classical period, 
-about 

7lb Mg/acre/year was regoled, only- twice as much as rain
supplied ind half as much as was lost by leaching' FYM-treated crops usually contained
moie Mg than fertiliser-grown crops. The manure recenlty ysed h3s av€raged 0'7% Mg-

in dry datter; a 6 ton/acre dressing will have supplied 20lb Mg/acre/year. The soil of
FYM-treated 

-plots 
contains nearly twice as much exchangeablg Mg as plots treated

with NPK feriiliser; but the fertilised plots with 80 ppm of exchangeable Mg contain
much more than the 30 ppm usually thought to indicate a deficient soil.

Srd[rrn Cereals contained very little sodium, and beans usually from about 5 to
20lb Na/acre. Sugar beet contained nuch more; tte average for crops Sagwn witl
'new' treatments ias 50 lb Na/acre/year. Table 9 shows how sodium removed depends
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on yield but much more otr maouring with potassium. Where K was supplied as FyM,
91 as fertiliser, much less sodium was taken up by beet than where it wai not supplied:
FYM itself supplied little Na (about 10 rb/acre in a 6 ton dressing). Most Na was reiioved
by crops.u/ilh the N2Pl treatment, when the sugar beet alone contained about 100 lb Na/
acre. This is much more than the annual supply of 20lb Na/acre in the rain. Sodium
may not be readily leached and may accumulate in exchangeable forms that can be
used.by beet; probably the soil also contains a reserve that is slowly released by weather-
ing, because drainage water removes about 30 lb Na/acre/year (Williams, 197-l).

Weather and soil conditions at Saxmrmdham

All previous accounts of the Saxmundham Experiments have stressed the dimcdties
of working the soil and that good yields depend on good weather. Unseasonable rainfall
has had very bad effects on feld. Oldershaw (1941) stated.In spite of the fact that the
district is one of the driest in England, this heavy land is frequently in so wet a state
that neither horses nor men can walk on it'. Rainfall has been recordid at Saxmundham
for many years but no other weather data uDtil 1965 when we installed instruments to
measure temperature, wind, radiation and evaporation v/ith the hope of assessing more
precisely the effects of weather on yields.

Oldershaw (1941) and Trist and Boyd (1966) described the drainage of the field and
the method of working the plots in 'stetches', with furrows between to remove surface
water. A major difficulty with shallow ploughing was that heavy rain was not absorbed
quickly enough; the frequent surface run-off washed soil down the field; soil analyses
showed that richer soil from some plots must often have washed diagonally acrosj the
Acqrmulated
day degrees

+3000

l7
l96E

t969

lt
4

fMA'MJJASON
Fig. 5. Accumulated day d€grr6 at SarmurdhaE for iodividuat ycars, l%fu9.
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field to contaminate the upper parts of other plots. (After these enriched areas had
been recognised they were always discarded at harvest.) To get better drainage, the whole
field was moledrained during autumtr 1964, and was then ploughed lG-12 inches deep.
Ploughing since has been about l0 inches deep. These measures improved drainage and
penetration of rain, and water now rarely stands on the surface except in wheel tracks;
surface run-off and erosion have stopped. But the deeper ploughing has introduced
other problems. It has often been difficult to get a good seedbed for wheat because the
deep furrow slices could not be broken up, especially in dry autumns such as 1969.
Because the soil does not readily weather (except on the surface) to give good and deep
structure (a rnajor difference from Rothamsted soil), spring seedbeds have often been
unsatisfactory, with fine material overlying the massive clods formed by ploughing the
previous autumn. Sometimes clods seem to remain unchanged for two or more years;
ploughing simply turns them over. These cloddy conditions below the surfacr no doubt
aid drainage during wet summers but they must interfere seriously with the supply of
water and nutrients during dry weather.

Tempenture. Temperatures in individual seasons axe conveniently summarised by
showing accumulated daily temperatures above or below 42"F (below which there is
very little crop growth). 'Growing Degree Days' (:GDD) (sometimes called 'Heat
Units') can be read from tables (Meteorological Office, 1965) or calculated from
GDD : >(? - 

"a) 
(f is average daily means of maximum and minimum temp€ratures;

fD is the base temperature selected). In the early part of the year GDD are negative and
the time when they b€come positive is a measure of the earliness of the season; the size
of negative values indicates the severity of late winter. Figure 5 gives values for 1966 to
1969. The dates when GDD have exceeded zero have ranged at Saxmundham from
late March (1967) to the beginning of May (1969). The two earliest and warmest years
were 1966 and 1967; 1968 was a late season and much cooler than the other years. In
spite ofthis, all crops lelded more in 1968 than in the other years Cfable 7); beans were
8 cwt/acre, wheat 12 c*t/acre, barley 7 cwt/acre and beet 2 tons/acre more than the
average. This remarkably consistent result cannot have been caused by favourable
temperatures. 1968 was most unusual in that the average wheat yield in Rotation I
experiment (42 cwt) almost equalled the best yield (43 cwt) in the Rothamsted I-ey
Arable Experiments (Rothamsted Report for 1968, Pafi l, 250-252); in other years
Rothamsted yields have been nearly twice those at Saxmundham.

Roinfall. Tables 12 and 13 summarise annual rainfall at Saxmundham over the last
tl{) years. 1965, 1966, 1968 and 1969 were all wetter than average. 1964 was very dry
(6 inches less rain than average); yields of wheat and barley were close to average, only
sugar beet being checked by drought (Iable 2). This seems to illustrate dry weather
favouring Saxmundham cereals when the soil was shallowly cultivated. 1967 was also
drier than average; in the classical tests wheat yielded more and barley less than average,
beet about average (Table 2). In the 'new' experiment (Table 7) beans, wheat, and be€t
yielded near to average for the four years, and barley less. (Barley yields in Rotation II
experiment seem to depend much less on weather than those in Rotation I experiment.
Mattingly, Johnston and Chater (Rothonsted Report for 1969, Part 2, gl-ll?)
report that the Desr yields in Rotation II experiment b€twe€n 1965 and 1970 varied
only between 34.3 ar.d 37.4 crrtllcre.)

lnl969,43lof the total yed's rain fell in May to August (the average is abofi33n.
Yields of wheat, barley, and beans were all much less thatr average, but b€et yields were
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TABLE TI

Amual rainfall at Saxmndhan 193049 (inches)

Year
1930
1931
1932
1933
1934
t935
1936
1937
1938
1939

Mean

1940
t94l
1942
t94,3
1944
19,15
1946
tgct
19.l8
t949
Maa!

1950
19sr
1952
1951
1954
1955
1956
t957
1958
1959

M€atr

r9@
l96t
l2
1963
tg6/.
t965
1966
1961
1!X8
r969
Mean

193H9 ratrge

193M9 meatr

,an -Apr
t8.8
35.0
28.0
2i.8
D.8
26.2
30.7
43.1
21.5
32.0
24.9

35.7
40.2
n.o
30-4
23-7
27.1
2t.o
39.7
27.4
23-9
29.7

28-7
49.0
23.6
m.8
21.3
23.5
30.1
?6.4
24- 4
2s.5
n.3
22.4
27.8
n.3
32.7
36.7
25.7
u.4
26.2
26.O
30.5
28.0

18.8-49.0

28.5

May-Aug
q.9
38.8
44.9
28.3
29-9
27.8
29.9
u.9
28-6
21.3
3l.t
19.7
37.4
u.1
n-r
23.3
38.6
4r's
D.9
42- |
27.9
3t.4
31.7
20.9
29.3
45.2
45.4
38.6
29-9
37.!
4.7
25.5
35.0

28.5
-5

12.9
36.5
39.1
35.1
36.7
31.1
14.2
43.3
34.4

19.7-46.7

33.0

S€pt -Dec
&.4
N.2
3l.l
47.9q.4
4.0
39.4
31.4
49.9
46.7
39'9

44-6
D..4
4.7
42- 4
53.0
33.1
35.5
30.4
30'5
4[-2
38.9

39.6
30.1
47. I
,()'0
33.3
37.9
,o.o
36.3
2A.9
49.0
37.6

49. I
45.7
39.8
30.8
a-2
39.2
38.9
42.7
39.8
26.2
17.6

2,.+53'O
3E.5

Total aorual Meatr moothly
rainfall rahfall
30-32 2.53
4.65 z.Os
23-33 t.94
21.21 r.71
21.29 1.77
21- 46
27.61
t9.02
19.60
34.61

2.29
2.30

I .63
2.88

25-91 2.16

x-a 1.92
23.25 1.94
25- 2.10
19.45 t-62
,2.87 1.91
N.25 1 .59
29.65 2.4'
lg-?9 l.6r
D.@ 1.83
l8.ll r'51
22.32 t.86

D:21 I .85
n.@ 2.31
n.A 2.26
17'56 l',15
n.7t 2.56
25.54 2.13
26.73 2.23
25-4 2.12
31.17 2.@
18.06 1.50
25-22 2.10

33.82 2.82
24.9 2.05
m-B I.6,,
21.52 l'96
18.94 1.58
2t.92 2.33
D-/2 2.43
B-U t.9
n.@ 2.26n-sB 2.30
E-67 2.14

17.56-34.61 1.,t6-2.88

24'78 2.M

a little larger. Presumably weather affects yields of c€reals and root crops differently.
(There has been no difficulty in growing nearly 20 tons/acre of sugar beet and potatoes
(much more than national averages) in the modified Rotation [I experiment.)

Table 14 shows monthly rainfall. The good year, 1968, was drier than average in
March, April and May, but then rainfall was close to average until August. The disas-
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trously wet Ssptember came too late to affect yields but may have caused the land to be
consolidated when ploughed during autuml, so laying the foundation for poor crops of
cereals and beans in 1969. In 1969 there was also nearly double the average rain in both
May and July; August was also wet. These conditions seem to have injured cereals and
benefited beet.

A wet August in 1965 was followed by double the average rain in September; this wet
period may have damaged soil structure so that the yields of following beans, wheat and
beet in 1966 were much less than average, as happened for cereals and beans in 1968-69.
By contrast, 1967 (with near averags yields (except for badey)) did not have extreme
rainfall in any month; March, June and July were dry and the autumn had near to
average rainfall, which seemed a good preparation for satisfactory yields in 1968.

These general comments do not show how temperature and rainfall aflect crops felds.
Interactions of rainfall and soil structure are undoubtedly important but have not been
defined. A moderately dry autumn that permits satisfactory ploughing seems important,
as is a spring that permits satisfactory seedHs to be prepared. We have already com-
mented on the diftculties of using N-fertiliser efficiently at Saxmundham. 1968 was

singular, for there was no heavy rainfall during spring to leach early dressings, and later
rain was enough for May topdressings to be used efficiently. Probably intensity and
distribution ofrain in spring are as important as total amount, and tleir effect on leaching
has been discussed (Williams, 1971).

Seasonal vsriatiotrs in nitrogen in cercals Nitrogeo contents of cereals are important in
assessing quality; they have differed considerably during the four years with the new
treatments. Average values for crops on all treatments were:

'/dN in dry matter

Wheat Barley

Straw Grah Straw
o.42 1.50 0.48
0.23 1.80 0.49
0.45 1.58 0.6r
0.46 1'.lO 0 46

The two crops were affected diflerently by season. Wlen per cent Protein was largest in
barley in 1967 it was least in wheat; the converse was true in 1969.

Future work

The experiments at Saxmundham have given excellent opportunities for extending work
on P and K to soils with very different characteristics from those at Rothamsted; we have
made good progress with valuing phosphate residues in Rotation II experiment and with
measuring potassium release in Rotation I. Long-term experiments on the two farms
also measure the productivity of the two soils. Some comparisons are in Table 15. By
increasing nitrogen fertiliser and testing amounts of N, P and K fertiliser, the crops
grown in Rotation I during the last thrce years were not limited by nutritional deficiencies
easily remedied by fertilisers. Except in 1968, cereals and beans grown with our best
manuring have yielded much less than crops at Rothamsted; wheat in 1966 and barley
in 1967, yielded no more than national averages (Table l5). Cereal yields at Woburn also
exceeded those at Sarmundham except in 1968. No crop of wheat or barley at Sax-
mundham yielded nearly as much as the largest amounts usually harvested at Rotham-
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Grain
t1)6 1.65
lW t-62
1968 1.79
1959 1.80
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TABLE 
'I'

Comparisons of yields obtained at Saxmundham, Rothamsted, Wobum and

Whcat (cat of grsin)

Bsrl€y (c{d of grain)

S\8sr bcet (toos of roob)

Potato6 (toos of tubc6)

B€aDs (spdns) (c1ft of grsiD)

Lucama (svt of dry Eattcr)

Rothaost€d Wobum
58 43
66 53,10 34
6644

1966
l7
1968
1969

1966
1961
1968
1969

1966
1967
1968
1969

1966
1967
1%8
1969

1966
1967
1968
1969

nationally

Natiotral
avelagp
yields
32-4
30.6

24.2
D.9
29-8
30.r
n.4

Saxnuadham
32.2
45-3
46-4
35. t
34.2
26.4
42-6
30.5

19.2
u-3
,1.7
30.5
17.8

RI RII14.9 13.5
14.6 19.2 t9-6
14.9 19.715.2 18.5 21.2
10'6
to-2
10.5
l0.l

20.8 21.3
2t. | 18. I22-t 19.9
19.3 16.7

51
46
33
4t

55
56
39
49

3t
30
2t
25

21.4
22.5
16.4
l7.o

13.5
,0.6
13.1
,:

1968 45 (hay)
1969

Temporary grass (cwt of dry 1968 37 (hay)
matler) 1969 37 (hay)

sted during the last ten years; hsides being small, cereal yields at Saxmundham also
varied widely-as they do at Woburn.

Sugar beet growth in 1966 was checked by a bad seedbed prepared from wet soil,
and by waterlogging during summer; yield was less than the national average. In the
other three years, beet yielded well, nearly as much as at Rothamsted, and in two years
better than at Woburn. Potatoes yielded as well at Saxmundham in 1966 and 1969 as at
Rothamsted, and much better than at Woburn. Table 15 shows best yields from the
second and third years (1968 and 1969) of luceme and temporary grass leys and compares
them with best yields of corresponding crops on the other farms. Saxmundham yields
were much larger, especially in 1969.

These diferences between the performance of crops show how difficult it is to develop
'soil productivity ratings' or land use classifications. Cereals are usually rated as easy
crops to grow well and roots as difficult; the reverse seems true at Saxmundham. Herbage
crops also yielded we in old experiments. Oldershaw (1941) concluded his account of
the arable crop experiments by pointing out that Saxmundham land is very similar to
an enonnous area of boulder clay in various parts of England which was dimcdt to
cultivate; much had gone derelict and become covered with thorn bushes between 1920
and l9zl0. He said the land was especially suitable for herbage crops. 'Red clover has
given as heary crops as on really good land, . . . tares and lucerne have proved very
productive . . . temporary leys have given heavier crops than are often obtained from
rich old meadow land'. He recommended temporary leys for hay, silage or seed, followed
by a few years of arable cropping 
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I13.4 (hd vear) 85.4
109 (3rd year) 34.1
136 (2od year) 100.1 lMll9 (3rd year) 64.2 72

Best yields
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After 1969 harvest, when both wheat and barley that were well-fertilised and free from
root disease yielded badly for reasons we could not identify, we decided to put the eryrri-
ment under herbage crops. The plots were split across the middle, the upper half was
sown with luceme, the lower half with a mixture of grasses that will receive much N
fertiliser. The classical manuring will continue on the sub-plots which were also sown
with grass. There are two purposes. We hope that several years of herbage crops will
improve soil condition so that, after ploughing, good cereals may be grown. The large
yields of herbage crops we hope to obtain will remove much more P and K from the
soil than would mediocre c€reals; this change will therefore speed work on release of
potassium and on the solubility relationships of soil phosphate at Saxmundham.

Summary

l. An experiment using a four-course rotation of legume, wheat, roots and barley was
made on calcareous boulder clay in East Suffolk. The crops received factorial combina-
tions ofN, P and K annually from 1900 to 1965. 35 lb of N, l6lb ofP and 47 lb of K/acre
were testd, and extra plots had 4 cvtlacre of bone meal and 6 tons/acre of FYM.
These treatments were maintained on small areas from 1965 until 1969. Beans, wheat,
sugar beet and barley were grown on one block each year. Yields in 1964-69 were
comparable to averages of those before 1960; the 196,+-69 crops were analysed to con-
struct an annual nurient balance relevant to the whole period of the experiment.

2. From 1966 to 1969 new treatments were superimposed on six-sevenths of the area
of the old plots; only the test of boDe meal was unchanged. Two amounts of N were
giyen, some as late topdressings in 1967-69. Where P had not been applied before 1965,

39 lb P/acre was given; the old P dressing continued on other plots. Potassium was
increased on treated plots to 93lb K/acre. The FYM dressing was increased to 12 tons,
and these plots were also given 56 lb/acre of N.

3. Responses by wheat and barley to N have steadily increased from 1900 to 1969.

Phosphate fertilising has always been essential for all crops but recent responses are
smaller than earlier ones. Wheat, barley and beans, but not sugar beet, have always
glven small responses to K-fertiliser; in 196tr9 responses were less than previously.
The capacity of the soil to release potassium s@ms not to be diminishing, despite the
larger crops now grown.

4. During a four-year cycle the crops have obtained the following amounts of N, P and
K from plots not given these as fertilisers : about 200 lb of N @alf was fixed by the beans),
about 20 lb of P and 160 lb of K/acre (sugar beet removed most K). Phosphorus and
potassium removed during 70 years is equivalent to 175 ppm P and 0'141 K in the top
soil.

5. Wheat has yielded similarly during each period with the FYM and with the full
fertiliser dressing; beans, barley and sugar beet have yielded more with FYM (-|N in the
last period) than with NPK fertitiser.

6. In the modified experiment, 39lb P/acre given where P was not given before 1965
gave nearly as large yields as did plots that had always received about half as nuch.
93 lb K/acre increased yields of wheat and beans but not of barley or sugar beet.

7. At least 100 lb N/acre applied in late March or early April was needed by wheat,
barley and beet. These crops benefited from 56lb N/acre aPplied as topdressings in the
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summers of 1967 and 1969, whm rain during April/May leached out much nitrate.
There was no gain from topdressing in 1968 with smaller spring rainfall.

8. During the recent period, 12 tons/acre of FYM has supplied more N, p and K than
croas removed. About 7 lb P/acre is accumulating annually from the small dressing of
P fertiliser and nearly 30 lb P/acre from the large one. K-treated plots receive 20-.{O lb
K/acre more than crops remove.

9. Soil P soluble in sodium bicarbonate and exchangeable K were linearly-related to the
balance of losses (in crops) and gains (from fertiliser). If losses exactly 6alanced gains,
the soils would contain l0 ppm ofP soluble in 0.5M NaHCOs and 150 ppm of exchange-
able K.

l0.,With the new treatments, 50-60Ib Ca/acre/year were removed by sugar beet,20lb
by beans, and 6 lb by cereals. Sugar beet remove d X lb Mgl acrelyear, beans and cereals
about 4lb. Uptake of sodium was incrcased by gving nitrogen and phosphorus and
dininisled by giving potassium. Sugar beet removed up to lA tt NaTacreTyeaa team
about l0 lb aDd cereals I lb or less.

11. Seasonal- differences in yields seem not to be related to differences in air tempera-
lures. Poor yields seem to be associated with: (l) rain during autumn enough to inte-rfere
with- ploughing and lead to poor soil conditions; (2) rain during sprin! that leaches
mrrch nitrate. Good yields were in years when autumn ploughing anO seedbeO prepara-
tion were done well and when spring and early summer rain wailess than usuai. 

-

AcJoowlcdgements

Y" t!4 V. C. Woolnough, who has been in charge of the Saxmundham Experiments
since 1948, and many members of the Chemistry Department for help with the field work.
th: l"tp o! J, H. A. Dunwoody who did the statistical analyses, and v. Cosimini,
B._Messer, R. J. Avery and H. A. Smith, who did the chemical analyses is also acknow-
ledged.

APPENDIX

Methods of analysis used for croln and mits
Ctops

Nlrrqgez by Kjeldabl digestion using CuSOr and KzSOa as catalysts and determination
by 'Technicon AutoAnalyzer' using Varley's (1966) method modified by adding citrate-
tartrate buffer.

Mrrara in fresh plant material by the method of Williams (1969).

Phosphorus by dry ashing with magnesium acetate, solution in dilute HCl, and deter-
mination by 'Technicon AutoAnal)zer' using the method of Fogg and Wilkinson (195g).

by dry ashing and solution in dilute HCI and determination by .E.E.L.'
flame photometer.

Calcium, nagncsium atd ndiam by dry ashing and solution in dilute HCI and deter-
mination of Ca and Na by emission spectrophotometry (Salt, 1967), Mg by atomic
absorption, with strontium as relasing agent (Elwell & Gidley, l96l),'using a:Uoi*-'
SP.900 fl ame spectrophotometer.
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Soils

Total nitogen by Kjeldahl digestion with Cu and Se catalysts (Bremner, 1960).

Orgaaic co$oa by the method of rrValkley (1935).

Tottl phosphoras by fusion \yith sodium carbonate (Mattingly, 1970) and determina-
tion by 'Technicon AutoAnalyzer' using the method of Murphy and Riley (1962) with
a neutralisation step.

Sotliuln bicarbonate-soWb P by extraction using the method of Olsen et a/. (1954)
and determination by 'Technicon AutoAnalyzer' using the method of Murphy and
Riley (1962) with a neutralisation step.

0.01M CaClrP. Extraction by the method of Schofield (1955) and determination
with a'Technicon AutoAnalyzer' using the method of Murphy and Riley (1962).

0.01M CaClrK, Extraction by the method of Schofield (1955) and determination
by 'E.E.L.' flame photometer.

Euhangealb magnesiun arrd polossium extracted by the semi-micro method of Metson
(1956); K by emission spectrophotometry; Mg by atomic absorption using a'Unicam'
SP.900 fl ame spectrophotometer.

Calcinm cafionare by the manometric method of Wiliams (1948).

pH on a | : 2.5 soil : water ratio, using a glass electrode.
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PIan of Samudham

A plan of Saxmundham showing the position of the Rotation I experiment is at the
end of the volume.
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Iong-tero f iming Experiments rt Rolhamsted arxl Woburn

,. BOLTON

Inhoduction

Few experiments on the Rothamsted and Woburn farms have been specifically designed

to study the effects of liming on crop yields, although both soils are naturally acid and
liming has been an integal part of crop husbandry for centuries. Only the permanent
grass plos (Park Grass) ofthe 'classical' experiments include liming treatments. However,
timing tras been nec€ssary on the permanent wheat (Broadbalk) and barley (Hoosfield)
experiments at Rothamsted, and on the Classical cereal plots at Woburn, partly because

some fertilisers, especially ammonium sulphate, acidified the soil.

Description of the expedmetrts. In 1962 two limiDg exp€riments were started on very
acid soils at both Rothamsted (Sawyers) and Woburn (Stackyard), with plots given

0,2.4 
^nd 

6 tons/acre of ground chalk (<{ in. mesh;471N.Y.). Interactions of liming
with cumulative annual phosphate and potassium dressings were studied by including
superphosphate (0'5 cwt PzOs/acre) and potassium chloride (l'0 cwt KzO/acre) treat-
mints in + x 22 factoial designs. There were two rePlicates giving a total of 32 plots at
each site. In autumn 1962 a further 2 tons/acre limestone was given to the plots initially
given 6 tons/acre at Rothamsted, and 0'75 and 1'5 tons/acre were given to the plots at
Woburn already given 4 and 6 tons/acre.

Both fields had for many years been'reserved sites' where lime and fertilisers were

withheld, to provide soils and experimental sites acid and deficient in phosphate and
potassium.

Crops

Sytury tick bca;ar (1962-{/.). 'Gartons 30B' was sown in 1962 and 1963 and 'Gartons
fedigree' in 1964 

^t 
zt0lb/acre in rows 2l in. (1962 and 1963) and l0l in. (1964)

apart. Simazine (l'0lb a.i./acre) was used each year at both sites to kill weeds. Winter
beans planted in autumr 1963 at Woburn were so severely damaged by birds that spring
beans were resown in efily 1964, with a repeated dose of simazine.

Spiag batby (196fr7). The variety Maris Badger was used each year in both
experiments, sown at 156 lb/acre. Basal nitrogen fertilisers were as follows:

Rothamsted Woburn
l%5 o.5o N/c o.5o N/c1966 0 50N/C 0 50 S/A;0'50N/C*1967 0'75 N/C 0 52 S/A;0'38 S/A'

N/C : 'Mtto-Chalk' 2l % N; S/A : Arnoooium sulphate 2l % N; ' : topdressed.

Potdoca (1968). The variety Majestic was grown with basal dressings of 1'5 cwt N/
acre at Rothamsted and 2'0 cwt N/acre at Woburn, giveD as 'Nitro-Chalk' before planting
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Anrtyticrl neltods

_.Soily. Surface soil (0-9 in.) was taken from all plots each autumn except in 1965.
The samples were air-dried and sieved (<2 mm), The pH was determined in l-: 2.5 soil :
water suspensions, stirred, left for one hour, then measured using a glass electode and
Pye 'Dynacap' meter. Figure 1 gives mean values of the pHs during the experiments.
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The. !99'! samples were analysed for exchangeable cations by leaching 2 g of air-dried
soil with 75 ml ofr\r' ammonium ac€tate at pH 7, using the tube method o}Mltson (1956).
December 1968 samples from the Rothamsted experiment were used to measure iavaii-
able' phosphate soluble in 0.5111sodium bicarbonate (Olsen et al-, 1954).

Crops. _ The beans grown during l9A-& were ll,ot anatysed. Samples of barley grain
were analysed each year for the major cations, and, for two years,-mang".e.-d""o-
dried grain was ground <0.5 mm and sub-samples were ashed at 450"C for 3 hours.
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The ash was extracted with lr' HCl, and K, Na and Ca measured in the extract by emis-
sion and Mg and Mn by atomic-adsorption flame spectrometry. Similar analyses (except
Mn) were made on oven-dried potato slices, ground <0'5 mm from each plot.

TABLE 1

Yields of spring beans
(cwt gxain/acre at 85 % D.M.)

Rothamsted-Sawyers

R€sults
L G,op yiekls

Spfiry beans. Yields of beans from these experiments were discussed by Moffatt
(196D. A summary of the results (Table l) shows ttrat the optimum pH in both experi-

ments was about 6'8. Responses to potassium were larger than to phosphate and in-
creased in successive crops.

Mear yiclds l9A
r963
1954

Responsa to P 1962
1953
IW

R6ponsa to K 1962
1963
r964

WobumJtackfard

Meao yields

RespoDse to P

Respoose to K

-0.7 -2.5 -l-1+0.8 -3.1 +1.0
' 0.7 -2.4 +0.2

o 2 4.75
14.8 19.0 l9.l
12.4 17.5 16.5
19.1 16.5 l3.O

+3.5 -0.4 -0.5+2.5 +3.4 -1.0+1.9 +0.4 +1-2

+2-2 +3.01+2.8 +2.43
+ 1.8 +2-53

o2
12.3 16 0
lo.7 20-1
14.7 19.0

48
m-3 18.5z1.o D..519.8 l7.l

-0.1+1.7
-r s.o

7.5
22.O
16.5
t3-2

+0.6
+2-3
+1.1

- 3.6
+2-7
+5.0

s.E.
+1.51
+1.21
il.26

+1.73
+ 1.69
+1.16

+1.73
+r.69
+1.16

-2.9 +1.6 +2.5 -0.2 +3.01
+0.5 +3.2 +2.2 +X.4 t2.43
-t.o +4.8 +4.5 +4.8 +2.53

1962
1953
1964

1962
r%3
1964

1962
1963
t9a

s.E.
+0.86
+0.84
+0.57

._0.1 -2.2+6.4 +3.6+7.5 +4.1

An anomalous result in the final year at Wobum was that liming significantly lessened

yields and most gain was obtained from the unlimed plots (pH 5'0). This may hlve
resulted from simazine damaging plants differentially on soils at different pHs. Simazine
hydrolyses faster and is adsorbed more strongly in acid than neutral soils and liming
has been observed to increase the toxicity of simazine to other crops (Burnside & Behrens,

196l). In 1964, a double dressing (2lb a.i./acrQ was applied, one to the winter crop that
failed, another to the spring crop. We now know ttlat 2lblacre a.i. of simazine can

severely damage bean ciops at Wobum (Jobnston & Briggs, 1970). Soil samples taken
after ploughing from each plot (in November, when the lelds were known) were sown
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with mustard, which is sensitive to simazine. The mustard grew equally well in soil from
all plots, so the simazine-damage hypothesis was not proven.

There was some evidence that in the same year, simazine damaged the beans at
Rothamsted. The crop was shorter at intervals across the plots corresponding exactly
to the boom width of thc sprayer, indicating damage where the spray from successive
swathes across the plots overlapped.

Spriig barby. Except from the unlimed plots grain yields were reasonable, exceeding
30 cwt/acre. However they diminished during the three years especially on the most acid
plots and without phosphate fertiliser (Table 2). At both Rothamsted and Woburn, the

Rothamsted-Sawyers

TABLE 2
Yields of spring barley

(cwt grain/ade at 85 % D.M.)

Limestone tons/acre

Mean yields

RespoDs€ to P

Respodse to K

Woburn-.stackyard

o2
25.9 41.8
21.7 35.1
1t.5 34.5

4
41.7
38.0
33.5

+1.2 +1.3+2.4 +2.7+7-5 +t2.4

1965
1966
1967

1!X5
l%6
1967

1965
1966
1967

+3.4
+6'5
+7.6

8
41.3
38.2
30.8

+1.1
+2.4

+ 13.8

-1.2+4.4
+8.4

s.E.
+3.O7
t2-31
+2.s3

+4.34
*3.21
+3.58

+4.34
+3.27
+3.58

Mcar yield$ 1965
1966l7

Response to P 1965
1966
1967

Respons€ to K 1965
1966
lw

-7.4 -1.8 -2.0-7-l +2.9 +t.2
- 1.6 +0.5 +6.2

o2
38.0 39.136.9 39.5
29.O 33.5

+4.9 +r.7+4.0 +0.8+It.8 +8.2

-1.0 +0.9+0.5 +1.4+2.3 +2.6

4-75 1.fi S.E.
42.2 42.4 +0.3441.0 4.9 +0'4534.7 35'0 +1.07

+2'l +2'3 +0.,t8+1.7 +2.1 +0.63+2.8 +4.7 +t-52

-0.4 -0.5 +0.,r8
-0.2 +0.7 +0.63+4.4 +t.3 +1.52

largest yields (39-43 cwt/acre grain) were from plots with soil pH 6.5-7.5. Without
phosphate, leld was largest at pH 7 at Woburn but in two of the years at Rothamsted
the best yield was at pH 5.7. The phosphate response increased over the three years
because yields without phosphate decreased more than with phosphate. If yieids from
successive barley crops declined because root-attacking fungi became more prevalent,
it seems tlat applying phosphate lessens their effects.

The experimental errors (Table 2) were much larger at Rothamsted than at Woburn,
and an attempt to explain some of the large diferences (1 ton/acrQ betwe€n replicate
plots at Rothamsted is described in part III of this paper. Details of liming and fertiliser
effects on soil and crop compositions are described in part II.

l0l
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Polstoes. la. contrast to barley and beans, the yields of potatoes were not affected by
soil pH at either site. However, responses to phosphate and potassium fertilisers differed
with different dressings of lime (Table 3). At Woburn, the phosphate response was larger

TABLE 3

Yield of potatoes in 1968

(tons fresh tub€rs/acae)
Rothansted-Sawyers

Mcan yield

Response to P
Respoos€ to K
Interadion PK

Yield from PK plots

Woburn-Stackyard

Meao yield

RespoDs€ to P
R€sponse to K
Intet'action PK

024
9-2 10.4 10.7

8

9.9

+3.5t
+5.32
-1',lO
13.6

s.E.
+0.70

+1',li)
+l ''lo
+1',10

+t.40

+3.22 +1.76 +ln
+0.60 +3.89 +4.82
+2.17 +3.,1O +0'90

l2-2 14.9 14.2

o 2 4.75
10.7 10.3 9.6

+4.91 + 1.83 +2.90
+4.03 +5.54 +6.46+l.,lo 0.m + 1.89

Yeld from PK plots l5'8 l4'5 l5'2

1-fi S.E
9.8 +0.36

1.97 +0.72
+6-37 !0-72
+1.3s +0.72

14-6 +O-72

in unlimed than limed plots and in both experiments the response to potassium was

least in the most acid plots, because liming decreased yields when potassium was not
given. A similar 'lime-induced potassium deficiency' has been observed with other crops
(Adams & Pearson, 1967), and can be explained by liming increasing the proportion of
potassium adsorbed on the exchange complex and decreasing the conc€ntration of
potassium in soil solution. Potassium ions can displace adsorbed calcium from cation
exchange sites on the soil more easily than aluminium, which is the predominant ex-

changeable ion in acid soils (Black, 1968).
Total yields of tub€rs from plots given both phosphorus and potassium were similar at

Rotlamsted and Woburn, and were unaffected by liming (Table 3).
The percentage of wfie potatoes (l'5 in. riddle) at Rothamsted was slightly increased

by potassium fertiliser, from 94.3 to 97.6%. Plant numb€rs were unaffected by the treat-
ments. At Wobum also, the only statistically significant effect on the proportion of ware
tubers was an increase from 92.8 to 97.4% by potassium,

Effects of fertilisers on the composition of the tubers are discussed later' Exp€rimental
errors were larger at Rothamsted than at Woburn, as they were in the previous barley
crops, probably for similar reasons-

A noticeable feature of both experiments at harvest was that stoloniferous grasses

(mainly Agrostis gigantea P(oih\ were extensive in the very acid plots. The infestation
closely followed the plot boundaries. However, some of the most infested plots yielded
8-11 tons/acre of tubers. The sites of both experiments were fallowed in 1969 to control
the grass weeds by cultivation,
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Discussion. The pHs giving largest yields of barley and beans broadly confum previous
work. Gardner and Gamer (1953) stated that below pH 5.6 both crops grew badly.
Adams and Pearson (1967) tabulated maximum pH values at which responses to lime
had been observed in southem U.S.A. and Puerto Rico. For barley this was pH 6.0,
for potatoes 5.0, consistent with my results. However, there is no'optimum' pH for each
crop under all conditions. Growing plants in nutrient solutions showed long ago that the
hydrogen-ion concentration of the growing medium (or soil solution) is 'per se' unim-
portant. It is interactions between acids and the soil itself that affect the composition of
the soil solution and, consequently, crop nutrition. The most important primary causes
of poor growth in acid soils are toxicities of aluminium and manganese and deficiencies
of calcium, phosphorus and molybdenum, and it is the relative importance of these in
each combination of crop and soil that must be determined (Adams & Pearson, 1967).
The most useful results from tlle experiments described here were on the interactions of
limiDg with phosphorus and potassium nutrition of the crops, especially the phos-
phorus nutrition of barley and its possible effect on root disease damage, and on
potassium nutrition of the potatoes.

There is now ample evidence that different varieties ofcrop plants, especially ofcereals,
differ in their response to liming and soil pH. Neenan (1960) showed tlat some varieties
of wheat and barley tolerate much aluminium in the soil and others much manganese.
lkeda et al. (1965) suggested a connection between 'acid-soil resistanc€' and the capacity
ofbarley varieties to withstand phosphorus deficiency, and evidence for this is disiussed
in part III of this paper.

IL Composition of the cmps and soil
Spring barley. Fertilisers usually affect the composition of cereal grain less than

straw and in both experiments most observed differences were small. Liming increased
phosphorus and magnesium but, unexp€ctedly, not the calcium conc€ntrations in the
grain. The largest effect of liming was on the manganese content, especially in the most
acid plots (Fig. 2). Rothamsted barley contained about 6 ppm more manganese than
Wobum. with each amount of liming.

Potassium fertilisers slightly increased potassium and decreased sodium in the grain;
these are effects observed in most crops, especially in leaves. Potassium fertilisers also
increased manganese in the grain (Fig. 2).

Appendix Table A summarises the eflects of liming, phosphate and potassium additions
on grain composition.

Polatoes. The composition of potato tubers is more sensitive than that of cereal
gains to the nutritional status of the soil and the treatments applied gave larger eflects
(Appendix Table B).

Liming, which increased phosphorus and calcium conc€ntrations in the tubers in
both experiments, decreased potassium, especially at Woburn. Sodium and magnesium
concentrations were unaffected.

Potassium fertilisers greatly increased per cent potassium in the tubers and, in contrast
to leaves of plants, also increased the magnesium content, from 0.06 to 0.08 f. They
also decreased phosphorus in the tubers.

The only effect of superphosphate was to increase the phosphorus content slightly.

Analyses of the soils. Appendix Table C gives analyses of the soi.ls. Exchangeable
sodium and magnesium were unaffected by liming or the other fertilisers. Exchangeable
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Frc. 2. Eflects of limhg, superphosph.te (P) aod potassium chloride (K) oo the composition of barley
SraiD, 19697. X = Rothansted; O = i obum.

potassium was also unafected by liming but considerably increased by the potassium
fertilisers. A balance between changes in soil content and additions and removals of
potassium in fertilisers and crops cannot be drawq because the bean and barley straws
were not weighed or analysed.
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Increases in exchangeable calcium in the top 9 in. of the soil were less than the
amounts of calcium given as limestone. Apparent lime losses relative to the unlimed
plots for each amount of limestone (Table 4) increascd as the initial dressing increased

TABLE 4
Estimated annual losses of limestone lrom the topsoils

Rotha.msted-&wyers

l. Using incrcases in .xch. Ca over
tril itr 1967

2. Usitrg pH chaq€s ald pH+xch.
Ca sraphs

WoburE-St8r&)ard

l. UsiDg hca€ascs in €ach. Ca ovcr
nil in 19d,

2. UsiEg pH c.h8oges ard pH.qcb-
Ca gaphs

(cwt Cacoslacre)

Lim.stoac added, tons/acre

o248
0.70 l.l0

1.95 3.90 1.45

7. l5

-3.68

Mean

2.98

1.82

o 2 4.75 7.5

1.42 5.55 10.70 5.89

4.28 6.82 0.00 -o.s2 2.64

from 0.7 to 7.2 cwt/acre/amum in the heavier Rothamsted soil and from 1.4 to 10.7 cwt/
acrefyear in the more sandy Woburn soil. However, these are over-estimates of lime
losses because they are based on calcium soluble in.ly'ammonium acetate, which dissolves
only a proportion of limestone in soils. Unchanged limestone particles were seen in
sieved soil from all the limed plots.

A diferent method of estimating calcium losses from the soil used pH measurements
and the relationship between soil pH and exchangeable calcium from the 1967 soil
analyses. Graphs of pH changes during the experiments (Fig. 1) show that, with the
largest dressing of limestone, the pH at Rothamsted increased with time and that lime-
!ton9 lvas still reacting with the soil after six years. At Wobum the pH changed little,
but had there not been an excess of undissolved limestone, the exchangeable caiiium and
pH should have become less. This shows that there was still some limestone able to
,neutralise acidity in the plots in 1968, six years after the dressings were given. Without
limestone, acidity increased faster each year at Woburn than at Roth;msted, partly
because from 1966 ammonium sulphate was used instead of.Nitro-Chalk'. This changi
was made to create a wider range of pHs at Woburn.

Relating changes in pH with the different limings to linear regressions of pH on
exchangeable calcium, gives the estimated calcium losses shown in Table 4.

The 'available' phosphate in the Rothamsted soils is discussed in part III.

Discussion. These and other estimates of annual lime losses from diferent soils and
cropping systems (Gardner & Gamer, 1953) provide only a rough guide to the need for
further liming. Losses of cations by leaching depend not on ttre amount of drainage
per se but on losses of the anions, nitrate, sulphate, chloride and bicarbonate. It is there-
fore the balance between additions and losses of these anions, derived from natural
sources or fertilisers, that determine losses of lime and other cations from soils. The typ€
of crop grown, method of husbandry---+.g. whether cereal straw is removed or burnt,
amount and type of fertiliser used, and the pattern and amount of rain, are all factors
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affecting lime losses from soils. Because of these variables, regular measurements of soil
pH b€st indicate when further limestone is needed.

III. Causes ofhetercgeneity in the Rofhrmded e{Eriment. A major problem on research
farms is to maintain uniformity in fields so that trials can be suitably sited. However,
by their nature, experiments create non-uniformity because, to minimise errors, different
treatments are given to small areas of land (plots) in close proximity to each other
(blocks). The difficulties caused by superimposing fertiliser experiments were shown in
the results from the Rothamsted liming experiment.

Barlcy
gratn
c\r1 / acrc
(1967)

Barlcy tops. g D.M. / pgt

Frc. 3. Relationships betweetr barley yields iD the field Grain) and in pots (tops) for each plot of the
Rothamsted exp€riEeDt. (. = 0'77*").

The mean yields and composition of the barley crops already summarised and dis-
cussed disguise large diflerences between duplicate plots, especially those not given lime.
In several pairs ofplots differences in yield were more than 1 ton/acre ofgrain in the final
crop ofbarley. To study the reasons for these differences, soil from each plot was cropped
with barley in the glasshouse.

Fresh, undried soil (sieved <6 mm) from each plot was sown with barley (var. Deba
Abed) in pots in the glasshouse. Duplicate pots of 2 kg soil were used for each field plot.
Basal dressings of 100 mg N/pot were given as ammonium nitrate ten days after sowing.
After three montls the plants were cut at soil level, dried, weighed and analysed.

Yields of dry matter harvested from the pots were related to grain yields in the field
in 1967 (Fig. 3), showing that differences in the field reflected inherent soil properties
rather than positional effects, differences in drainage or stoniness-all of which had been
considered possible. Therefore, the next step was to identify the factors responsible for
differences between the plots, especially of duplicates of a single treatment that difered
in the field.
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Barley
gmln
cwt/acre
(r96'

P lptake. mg / pot.

Frc. 4. Relationships between badey yields atrd P uptake io pots for duplicates of each tr€alment
(numbeN: toDs/aqe timeslone; P = supqphosphate; K = pota5sium cNoride).

Analyses of barley plants from the pots showed that conc€ntrations of phosphorus
in the dry matter most consistently followed the yield ditrerences. Plotting total phosphate
uptake in pots against yield of grain in I 967 (Fig. 4) showed that, for each pair of plots,
the most P was taken up from the plots that gave most grain in the field, providing this
was less than 35 cwt/acre. This was especially so with the seven pairs of plots that difer
in yield by more than 7'5 cwt grain/acre (these were the major cause of large coemcients
ofvariation and standard errors in the field experiment). The close correlation between P
uptake by the barley in pots and the grain yield in the field (r:0.804), confirmed that
the differences in yield were associated with the phosphorus nutrition of the barley.

Alalyses of soil samples taken in December 1968 (a separate set from those used for
the pot experiment) for 'available' phosphate, using the sodium bicarbonate method of
Olsen et al. (1964), showed large differencrs between duplicate plots, mostly associated
with differences in barley yield. However, there were two anomalies which are discussed
later.

to7
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The next step was to relate the distribution of plots with dissimilar soil phosphate to
the known positions oftwo previous expriments. Figure 5 shows the position of these,
one made in 1959 and 196l and one in 1960, relative to the superimposed new experi-
ment.

Ar--- - -- -l
I
I
I

$:l;i,*i***

B
Fro. 5. Field plaus of the old €xperimeots ( - - -) atrd the limiry cxperirnent (-).

Experiment A testing different forms of K fertiliser on potatoes received a basal
dressing of 0'75 cwt PzOs/acre in 1960. Some plots received l'25 and 2'5 cwt KzO/acre,
others none. The same experiment made on site B in 1959 and 196l was given a total
basal drcssing of 1'75 cfi PzOs/acre, and 0, 2'5 or 5'0 cwt Kzo/acre.

Figure 5 shows that I I ofthe 12 plots sited on experiment B contained more 'available'
P than their partners. Five of these were among the seven pairs the individuals of which
differed in yield by more than 7.5 cwt/acrc. This seems to indicate that residual P from
the old experiment B could be one cause of large errors in the liming experiment 7 years
later.

Discussion. Although the experiments and soil analyses show differcnces in phosphorus
nutrition, it seems improbable these should have such large effects on yield without
some other factor operating. The grain yields described in Part I show that the response
to superphosphate increased each year especially on the most acid plots, because yields
declined without phosphate. The major cause of yield decline in successive cereal crolx
is the 'take-all' fun guis (Ophiobolus gramrrir). Restrictiotr of root $ofih by this pathogen
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would limit uptake of phosphate more than other nutrients because diffusion over short
distances around the rooi is more important for phosphate uptake than for other
nutrients, much of which can be supplied by 'massflow' in the transpiration stream

@arber, 1962). Therefore the effect of phosphorus deficiency in the thfud barley crop
could have been accentuated by fungal root pathogens.

TABLE 5

Yield, soil arul barley shoot compositions for each pair of unlimed plots

Tr€atmeot

None

Superphosphate

KCI

KCI plus
sup€rphosphate

95
118

I
20

2
29

t
{
{
{

Erchatr8g,
NaH@r.P able

soil pH in soi! Ca in soil
Plot Nos. 0966) Gpm) ms/l00 S

to 4.7 l3-0 95
26 4.8 25.0 123

4.6 19.0
4-6 30.0
4.5 t2.O
4.6 22.6

5 4.5 28.2 80
23 4-7 23.4 105

D.M.
Barley Ba ey P

yield 1967 shoots uptake
cwt/acrc gtpot m8/pot

4.1 l.4l 1't3
m-t 4.10 5.99
5.8 1-23 t.19

l9.l 3.15 3.8t
95 5.8 3'33 3.50
68 0.9 l-42 0.97

4.7 1.72 l.l2
3l-4 5.23 7.4

Another factor to be considered is the effect of acid soils on phosphorus movement
within the plant. The largest diference (26'7 curtlzcre of Erttn) in yield in 1967 was between
plot 5 and plot 23 both given P and K fertiliser but not lime. Table 5 shows that there was

more P soluble in NaHCOT in the soil of plot 5, which yielded poorly, than in plot 23,

but P uptake by the barley plants in pots and the fP were considerably less. The main
diferences between these plots were in exchangeable calcium and pH' Plots 2 and 29
gave similar anomalous results. The more acid soil probably contains more exchangeable

iluminium, which can immobilise phosphate in or around roots (Wright, 1943) and
induce phosphorus deficiencies itr the shoots. lkeda et al. (1965) postulated a relation-
ship between the ability of barley varieties to glow in acid soils and their ability to lvith-
stand phosphorus deficiency. My results confirm that barley is very sensitive to factors
affecting the movement of phosphorus into the shoots.

Phosphate nutrition was the main factor associated with the large diferences in barley
yield between duplicate plots in the field experiment. Residues from phosphate dressings
given to previous experiments, and differences in acidity between unlimed plots, were

major causes of these differences, which in the third barley crop were probably accen-

tuated by 'take-all'.

Summary

The optimum pH for growing spring beans and barley on Rothamsted and Woburn soils
*as Gtween 6'5 and 7'0, providing phosphate and potassium fertilisers were given'

Yields of potatoes were similar at all pH values above 5'0 when phosphate and potassium

were sufficient, but when potassium was not given the more acid soils grew larger crops.
Yields of beans were increased more by cumulative dressings of potassium tlan of
phosphate (P and K interacted positively). Barley yields were increased more by phos-

lnati than potassium. Potatoes responded most to phosphate on the unlimed soils,

whereas response to potassium was largest at pH 7.

Liming dicreased manganese, increased phosphorus and magnesium but did not
affect calcium concentrations in the barley grain. It increased phosphorus and calcium
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Ti_d:l*d potassium in the potato tubers. potassium fertitsers increased the potas-
slum and magnesum concentrations in the potatoes.

Annual lime losses from the so s courd not be accurately measured but estimates by
two diflerent methods showed they were about 2.5 cwt/ac."honu.. The largest amouni
of limestone continued to increaie the pH of Rothilstea-;;ii ri* years after it was
applied.

Large diferences in barley yield between replicate plots in the Rothamsted experiment

-caused 
unacceptable experimental errors. Similar diherencrs in lelds of dry matter of

larle1 erown in pots of soil from each field plot were related io phospholrus uptake.
Fertiliser residues from old exlrriments were one cause of the inconsistency in feld.Accrrate recording of the position and treatments given to all plots is essential when
fields are re-used for experiments.
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APPENDD( TA$[,E A

Compositbn of barleY grain

(Meatr of thl€e Yeals)

Limestone tons/acrc

K
P
Ca
Na
Mg

0.s32 0.494
0.346 0.347
0.050 0.045
0.019 0.0t3
0.1t3 0.115

37.0 24.O

48
% in D.M.

0.510 0.501
0.371 0.363
0.04.6 0.049
0.013 0.015
0.120 0.1l8

ppm in D.M.
m.9 21.2 25.9

ppm in D.M,
15.4 m.O

t Two years ody.

APPENDE TABLE B

Composition of potdto tubers (1968)

K effect P effect

+0.015 -0.m2-0.008 +0.017+0.001 0.000
-0.006 -0.m1
-0.004 +0.m5

+2.5 +l'0

Ketrect P efllct

+0.028 -0.001+0.003 +0.m60.000 0.000
-0.004 -o.mt+0.002 +0.m3

+2,5 +l.l

Mean

0.509
0.357
0.048
0.015
0.116

Mn'

wobum -Stacktard- 
Lim€stoDe tons/acre

Mn' 29'8 18'0 16'5

2 4.75 1.5
% itr. D.M.

K 0.471 0.,t55 0.411 0'474 0'470
P 0.341 0.349 0.361 0'358 0 353
Ca 0'044 O'0{4 0 046 0'M5 0'045
Na o 0lO 0 009 0'009 0'009 0'009
Ms O'lO3 0 105 0'109 0'll1 0'107

Rothamsted--Sawyers

Wobum-Jtackyard

0248
%in

1.72 1.57 1.57 1.57
0.033 0.046 0.042 0'052
0.067 0.065 0.067 0.065
0.16 0.19 0.21 O.2l

Keff€ct P effect

+0.71 +0.02
-o.N2 +0.m2+o.oD. -0.m3
-0.03 +0.02

K
Ca
Mg
P

K
Ca
Ms
P

Mean
D.M.

l.6l
0.043
0-fi6
0.19

65

ppd in D.M.
6t 63

ppm i'r D.M.
52 53

K cfr€ct P ctrect

+0.67 -0.020.(m 0.m
+0.022. -0.004
-0.03 +0.01

o 2 4.75
%inD.M.

l'64 1.53 t.44 1.42 l 5l
0.028 0.030 0.031 0 035 0'031
0.072 0.067 0.0t1 0'067 0'058
0.19 0.19 0.21 0'21 0'20

Mean

Limestone tons/acr€

Limestone tons/acre

52 52 2

lll

Mean

54
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Rothamsted-Sawyers

pH
Exchaqeable

K effect P effect

-0.03 +0.o4
+9.0 -0.5+0.2 -o.2-6 +10
-0.2 -0.1
-0.1 +12.3

pH 4.91 5.66 6.68
Exchangcable K (ndlm g) 10.9 lO.7 1O.7

,, Na ,, 1.2 2.5 2.6
,, Ca - 97 151 m7
,, Mg ,, 3.1 3'0 3.4

NaH@6-P'(ppm) 21.6 20.0 22.8

WobumJtackyard

K
Na
Ca
Mg

Meatr
6.21

10.8
,.7

182
3.1

28.5

(ms/100 s)

APPENDD( TABLE C
Soil analyses (September 1967)

Limestone tons/acre

8
7.59

10.7
2.6

3.0
23.4

Limestone toos/acre

O 2 4.75 7,5 Mear K efect P efrcct
5.03 6.26 7.21 7.53 5.5t _0.10 _0.09
8.8 8.2 7.8 7.6 8.1 +7.2 _0.4
0.9 0.9 1.2 1.2 1.0 _0.1 _0.1

86 132 174 212 t5t _10 0r.3 1,.2 l.l r.1 1.2 0.0 0.0
* Soil sampl€d in Deoembcr 1968.
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Ihe Accrmulation of Organic Matter in Soil Left Uncultivated

D. S. JENKINSON

Intoduction

In the eady 1880s, Sir Johl Lawes allowed two areas of arable land at Rothamsted to
revert to wildemess. The site on Geescroft field has been undisturbed ever since and is
now an oak-dominated wood. Part of the other site, on Broadbalk field, has also been
undisturbed and is now mixed woodland; another part of this site has been stubbed
regularly, so that trees did not establish themselves, and is now dominated by a mixed
herbac€ous vegetation. The botanical changes in these wildemesses have been described
at intervals (tawes, 1895; Ha[, 1905; Brenchley & Adam, 1915; Thurston, 1958;
witts, 1965).

Lawes (1895) forecast that the wilderness soils would gain nitrogen, a forecast con-
firmed by Hall (1905), who sampled both wildernesses in 1904. Soil samples taken from
Broadbalk and Geescroft fields during the ea y 1880s, when the future wildemess sites
were still under cultivation, have been preserved, together \vith those taken in 1904 by
Hall. Further samples were taken in 1964 and 1965 and the complete set provides a
unique chronosequence of soils for measuring the oet rate at which organic matter
accumulates in uncultivated land.

Experin€ntd sites, srmpling prucatrre end enelytical mettods

History of lte willernesses

Broadbolk. The wildemess is on land that had long been in cultivation, possibly since
Roman times: the foundations of a Roman temple lie less than 150 m away. A map of
1623 shows that the field now called Broadbalk was then arable. Sometime during the
18th or early lfth century the whole field was chalked, from pits (dell holes) dug down
to the underlying chalk, although there are no dell holes in that part of the field now
occupied by the wilderness. The site of the wilderness is west of the Permanent Wheat
Erp€riment aDd carried wheat from 1843 til 1882, Iike the rest ofthe field, but was always
unmanured (Garner, 1965). The whole field, present wilderness included, was tile drained
in 1849. The wilderness site was last sultivated during the autumn of l88l and the wheat
crop sown that autumn was never harvested. Since about 1900, trees and shrubs have
been removed by regular stubbing from one part of the wilderness and the stubbings
carted of. The present wooded part has been untouched since 188t, save for the felling
of some tre€s along the eastem edge in 1959. In both parts of Broadbalk wilderness,
reversion is assumed to have begun in 1883, when the first self-sown crop came up.

Geeroolt. Like Broadbalk, this site had long been in cultivation, and is also shown
on the 1623 map as arable land. The whole field was tile drained in 1849. The present
wilderness was part of an experimental field growing beans from 1847 till 1878, with
frequent breaks towards the end because of crop failures. After bare fallowing for four
years, cloverwas gro\yn from 1883 to 1885, and the 'wilderness-to-be' fenc€d offand left to
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itself in January 1886. It was last cultiyated during the spring of 1883. Reversion to
wilderness is assumed to start with the clover crop, in 1883.

Soils. Geescroft and Broadbalk wildernesses are l.3km apart, on the same gently
undulating plateau at an elevation of about 130 m. Both are on very slight slopes and
both are on the same soils series (Batcombe). The Batcombe series is classified as a
leached brown soll (sol lessivQ with a loamy surface layer overlying Clay-with-flints
(Avery, 1964). Drainage is somewhat impeded by the clay substratum, as evidenced by
varicoloured mottling, black manganiferous deposits, and grey coated cleavage faces
at depths below 45-60 cm. Both sites are now classified as moderately well drained.
Soil profiles from Geescroft wildemess and from both parts ofthe Broadbalk wildemess
are described in the Appendix. Table I shows the mechanical composition of the soils.
Mechanical analyses were done on composite soil samples made, for each soil layer, by
combining equal weights of fine soil (0'635 cm sieve) from each of the four holes dug
per site. The mechanical composition of the stubb€d site on Broadbalk is alnost identical
with that of Geescroft all the way down the profile. Although the 0-22'9 cm layer in both
the wooded and stubbed sites in Broadbalk is similar, there is appreciably less clay and
more silt in both the 22.945, and 45'7-68'6 cm layers of the wooded site. This is
coDsistent with the greater thickness of the stony loan layer Gee Appendix) in some of
the sampling holes of the wooded section. The mechanical analyses of all three profiles
are consistent with the suggestion (Avery 1964) that the surfac€ horizon ofthe Batcombe
series contain loessial material. The origin and development of the soil on Broadbalk
was discussed in Pafi 2 of tbe Rothamsted Report for 1968.

Earthworms are very active in both parts of Broadbalk wilderness: both are mull sites

and there is no carry-over of leaf litter from year to year. In Geescroft earthworm
activig is less and some irregular areas are now covered with a thin moder layer, up to
I cm thick. In December 1965 eight equispaced quadrats were sited along the 1965

(No P) soil sampling line (see 'Location of Sampling Sites' below): in four the 1965 leaf
fall lay directly on the mineral soil, in the others the 1965 fall lay on pardy decomposed
leaf litter from previous yean. Geescroft is in transition from mull to moder: as the pH
continues to fall (see Table 3), earthworms will probably disappear from those parts
of the site they still occupy aod the whole area then go over to moder.

Soil sanpling. So that samples taken at diferent times should be directly comparable,
the sampling procedure used in l88l and 1883 (described in detait by I-awes and Gilbert,
1882) was followed in 1964 and 1965. Briefly, after removal of plants and surface litter,
a strong steel box 6 inches (15'2 cm) square and 9 inches (22'9 cm) deep was driven into
the ground until the top was level with the soil. The soil and stones in the box were then
removed, giving the 0-9 inch sample, the surroundings dug away till level with the bottom
of the box, the box again driven down 9 inches and the 9-18 inch sample taken out.
Further depths were sampled simila y.

The samples were air dried (2!35'C), and the weights of air-dried fine soil, i.e. soil
passing a 0'25 inch (0'635 cm) sieve, stones retained by the sieve, and roots retained by the
sieve recorded. From these weights, corrected to an oven-dry basis (24 hours at 100"C),

the weights of fine oven-dry soil, stones and roots per hectarc were calculated, knowing
the area of the sampling box. Samples were stored, air-dry, in sealed bottles. The root
weights are subject to large experimental error and will not be considered further: to
ass€ss these ac.urately it would have been necessary to sample much largor volumes of
soil, especially in the wooded sitcs.
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The 1904 samples were taken and stored in the surme way except that a 0.3 cm sieve
was used and a known weight of chalk was picked out of the 0-9 inch Broadbalk samples
before sieving. Table 3 gives, for each site and depth, the factors used to convert analyses
done on the 0'3 cm soil to a 0'635 cm basis. These factors were obtained by measuring
the amount of stones passing a 0'635 cm sieve but retained by a 0'3 cm sieve in the 1964

and 1965 samples and assuming that this weight of stones had been excluded from the
corresponding 19(X samples.

Sampling was usually done along a straight line laid across the site to be sampled, and
the holes dug at equal intervals along this line. The number of samples taken, i.e. holes
dug per site at each sampling, is given in Table 3. For analysis, soil was ground to pass

a 30 mesh sieve.

Iacetion of sampling sites

Broadbalk. No soil samples taken before 1895 from what is now the wilderness have
survived, so that those taken in l88l from the unmanured plot (plot 3) of the adjacent
Permanent Wheat Exp€riment had to be used to represent the initial condition of the

wilderness. Plot 3 runs up to the edge of the stubH part of the present wildemess. For
comparison, samples from the plot given sulphate of ammonia alone (plot l0) were also

analysed. The initial weights of soil and stones per hectare were taken as those found for
the Permanent Wheat Experiment in 1881, and are lhe means for all plots except those
given organic manures (see Table 3). Samples of topsoil were taken from the wilderness
in 1895. As the corresponding records of the weights of soil, stones, etc., could not be

found, this sampling will not be considered further, other than to record the analyses

done on a combined sample of the soil (Table 3). Two sampling holes were dug in 1904,

one in the present stubbed section of the wilderness, and one on the edge of the present

wooded part. In 1964 the stubbed and wooded parts were sampled separately: see

Fig. I for sampling positions.

Geesooft. Because Geescroft wilderness is on the old experimental plots, it was

possible to sample areas which had received fertiliser phosphorus in the past and olher
ireas tlat had not. The 1883 (No P) samples were taken from plots 3 and 4 of the

Continuous Beans Experiment: both plots received sodium nitrate alone. The 1883 (P)

samples were from plots 6 and 7 (both receiving nitrogen and phosphorus) of thJ old
beans experiment. Unfortunately the 9 -18 inch Q2945'7 cm) sample from plots 6 and 7

has not survived and so a sample from this depth of plot 8, receiving nitrogen, phos-
phorus and potassium, was substituted. The only surviving figures for the weight of fine
ioil per hectare in 1883 came from plots on either side of the contemporary sampling
lines: see Table 3. The precise position ofthe 1904 sampling holes is not known, but from
the total phosphorus content of the sample, it must have come from the site of plots that
had once received phosphorus (total phosphorus in the top 22'9 cm of plots 3 and 4 was

0-054 %, in plots 6 ad 7,0.080% and in the 1904 samples O'073\; Table 3). The 1964

and 1965 (No P) samples were taken on a line close to the division between plots 3 and 4;
the 1964 (P) samples on a parallel line 12 m away, close to the old division between
plots 6 and 7 (see Fig. 1).

Stafll mer$rrements. All tree stems with diameters exceeding 2'5 cm * a height of
1.3 m were counted and their girths measured on the central parts of both wildemesses

in June 1969. In Broadbalk the area thus sampled (533 m2) was the whole site less the
outer 5 m. In Geescroft the area sampled ('lo4o ms) was on Plots 3-10 of the old beans
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experiment: all parts of the measured area were at least 8 m from the wilderness edge
(Fig. 1), Stem basal area was obtained by summing the basal arcas of the tre€s, calculated
for each tree from its girth. Tree dry-weight (trunk and branches) was calculated for each
tree from the girth by Bunce's (1968) regression equation for all sites and all tree varieties.
Tree dry-weight on an area basis was obtained by summing the individual tree weights
in the area sampled. The dry-weight figures thus obtained are rough approximations:
Bunce's combined regression equation was obtained with ash, birch, oak, sycamore and
lime and did not include hawthorn, abundant in both wildemesses. Furthermore, the
trees he used to establish his equation were smaller than some ofthose in the wildernesses.

ADtytic.l mettods. Loss on ignition was estimated by igtriting soil at 550'C for t hour.
Soil pH was measured on a suspension of soil (10 g) in water (20 ml). Total and carbonate-
carbon were determined by a modification of the Shaw procedure (Jenkinson, 1965b);
organic carbon was taken as the difference. Total nitrogen was determined by a version
of the Kjeldahl method; 2 g soil werc moistened with 5 ml water, 2 g catalyst (100 parts
potassium sulphate, l0 parts copper sulphate pentahydrate and 0'5 parts selenium)
added, then 6d 98% sulphuric acid and the whole digested 2 hours after clearing.
Ammonia was determined in aliquots of the digest by distillafion into boric acid and
titration with 0.005 N sulphuric acid. Inorganic nitrogen was determined by extacting
l0 g soil with 50 ml N potassium sulphate, and determining ammonium and nitrate in
aliquots of the filtered extract by d'Arifat and Warren's method (1964). Organic nitrogen
was taken as the difference between total and inorganic nitrogen so that it includes
nitrogen present in the soil as 'fixed' ammonium, i.e. ammonium nitrogen not extacted
by N potassium subhate: for fixed ammonium measurements on soils from Broadbalk
see Bremner, 1959. Total sulphur was determined by a method developed for this work
(Jenkinson, 1968b): the results were in close agreement with those by Bloomfield's
method for total soil sulphur (1962) when both methods were compared on soils from the
wildemesses. Inorganic sulphur was estimated by a procedure developed by Williams and
Steinbergs (1962) for soluble and adsorbed sulphate: l0 g soil was shaken with ,() mI
water and I g of calcium carbonate for 16 hours and the sulphate in the filtered extract
reduced to hydrogen sulphide. The hydrogen sulphide was determined by titration with
mercuric acetate (Archer, 1956) rather than by the colorimetric procedure used by
Williams and Steinbergs. Organic sulphur was taken as total soil sulphur less soluble
and adsorbed sulphate- Total phosphorus was determined by sodium carbonate fusion
(Mattingly, 1970). Organic phosphorus was determined by Williams, Williams and
Scott's method (1960), in which 2 g soil is ignited lor t hour at 550'C, then extracted for
16 hours with 2N sulphuric acid and the difference between the phosphorus in this extract
and that in a similar extract of unignited soil taken as organic phosphorus. Organic
phosphorus was determined in some samples by another ignition method (tegg &
Black, 1955) and by an extraction procedure (Mehta, Legg, Goring & Black, 1954).
Mechanical analysis was by the intemational pip€tte method.

Nitrogen and carbon mineralisation rat€s were measured by incubating soil. Air-
dried soil (50 g) passing a 0.635 cm sieve was wetted to 601 ofits water holding capacity
and incubated in a stoppered botde for l0 days at 25'C in the dark. The bottle also con-
tained a beaker holding 20 ml of N potassium hydroxide. Even though the incubation
bottles contained enough oxygen (230 mg) for soil respiration over the whole incubation
period, the bottles were aerated after sir days. The amount of carbon dioxide absorbed
in the alkali was calculated from the volume of standard hydrochloric acid required to
bring the pH from 8.30 to 3.70, less that required by the blank. Nitrogen mineralisation
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was measured by determining nitrate and ammonium nitrogen in N potassium sulphate

extracts of soil before and after incubation.
All analyses were done in duplicate and the analysis was repeated when discrepancies

between duplicate results exceeded those usual with the messurement.

Sanpling errors. Most analyses were done on bulked samples, made, for each soil
layer-, by combining equal weights of 30 mesh soil from each of the holes dug in 3 givsn-

siie. Ti check the-validity ofthis procedure, and also to estimate the significance of
differences between sites, soil samples from each depth of the four holes dug per site in
1964 and 1965 were analysed separately, in duplicate, for total nitrogen' Total nitrogen
was chosen as giving, in i single determination, a good measure of the organic matter in
a soil.

Enors from sanple bulking. Table 2 shows the nitrogen in oven-dry fine soil as

found on the bulked sample (column C) and as the mean of four separate determinations

on the individual samples (column B). Agxeement was close: lxrcentage nitrogen as

found by the t\yo procedures never differed by more than 0'm5' Table 2 also shows

TABLE 2

Nitrogen in wildemess soils

SamPling SampliDg
Sire date deplh, cm

Broadball wilderness, Novembq O-2,'9
stubM part 1964 22'945'1

45.7-68.6
Broadbalkwildemess, Nove$ber O-D,'9

wood€d p6rt 1964 D'94,7
45.7-68-6

G€escroft wilderness, April 1965 O-D.'9
wooded 22'Y5'7

45.7-6[.6
L.S.D. (P : 0 05) b€tween sites

(9 D.F.)
L.S.D. (P : 0.0, between dcpths

(18 D.F.)

N in ovendry
Ovendry % N in oven{ry fine soil,
6ne soil 6ne soil kg ha-r

Mkg ha-l . -1-\ABCDE
2.32 0.26 0.261 6170 6060
2.71 0.100 0.098 nN 2@
3.09 0-u14 0.075 Dlo 2320

2.29 0'252 0'255 s75o 58,tO
2.71 0.09 0.099 2680 2670
3.01 0.080 0.079 2m 2110

2.t9 0.166 0.168 3610 3610
2.94 0.092 0.093 2720 n30
3.12 0.067 0.o2 20,O 2230

o.22 0'015 490

0.17 0.012

B.

c.
D.

E.

Means of four measuremetrts Del site.
ffiiiCi."m e."tt noiJ anaiisea separatety io duplicate: fi8ur€s iD this columtr are means of four
slrch m€asrrcments Dcr site.
M""ti. Liatroricate inatyses o[ composite sample from all four hol€s.
li"irttiJiri-.it-"ir-o"i'trectare calcutatea hdividualv for €ach hole from measuremetrts made oo
*t"i-nLit it"* j ig*bs in this coluotr are meaos of four such measurments per site.
i'reiu- wiiehGr de soil per hectde x per cent nitrogen in cooposite sample - l0o'

(column E) the weight of nitrogen in a given layer calculated from the weight of fine

ioil per heitare (mean of results from four holes) and the nitrogrn content of the bulked

rurnpl". The weights of nitrogen per hectare given in column D are the means of four
independent meaiurements, one from each hole, calculated from measurements made and

analyses done on soit from that hole alone- The differences between columns D and E

are imall relative to the total amount of nitrogen in the soils, so that the errors intro-
duced by sample bulking are relatively unimportant.
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Sigaifuance ol difercnccs bebneen siter. Table 2 shows that the weighls of fine soil
p€r hectare in_th€ top layer (V22.9 cm) of Geescroft wilderness, the ;tubbed part of
Broadbalk and the wooded part of Broadbalk do not difler significantly 1f : O.OS;.
In 

11. 
thr.ee sites there was significantly less fine soil in the top th;n in the second layei,

and slgnificantlv less in the se.ond than in the third. The top iayer of Geescroft contiins
significantly less nitrogen per hectare than the equivalent layir in either part ofBroadbalk
wilderness. There is less nitrogen in the top layer of the wooded part o1Broadbalk than
in the stubbed part, but the difference does not quite reach significance (Table 2, column
D). The amouns of nitrogen in the second and third layeri do not difer significantly
between sites.

- The accr.rracy ofthe sampling in 1881, 1883 and 1904 cannot now be assessed. probably
the sampling error was less in l88l and 1883 than in 1964 and 1965 because more samplei

TABLE 3

Sampling atd analysis of toils

S.EpliDr S.bolimliiL drr. lrDd ur. d4ili,'6
Brordb.n f.ld odob.r r88r anbr. 

"T?r.?45.7-{a.6
octob.r l8tl A'rblc 

o.trA..?
a5.r-6E.5

Ocot r 1895 s.rub O-2,-9
M.'.5 letx sciub o.ffi.!,

13.7-6a,6
.. ,. Notlobcr 1954 s.obh.d 

u.ffi..?
,15.7-68.6

.. Novcob.r le64 wood.d o.f?j|
{5.7-5E.6

G@of. f*t ADril 1883  .rttL (No P) ,.ffi..?
,r5.7-68.6

,, aDrjl lE83 Anbb (P) 
o-ffi..2,
45.7-58.6

aD.il lqx scrub 
"*..?45.?-68.5

ADrir re55 vood.d (No p) 
o-!"4..1
$.7-4.6

Nov.sb..l96a woodd(No P) O-2.-9
NoI6b(. 196l Woodd (!) O-2..9

2:n--

2.32tr
2.7ttt
3.09u
2.4\t
2.7tn
3.01n

Mt8 h!-r
2.47.
3 04'
3.10'
2,87.
3.lx'
3.10.

Mt8 hr-r
o 6lr
0.38.
o.zt
o.5t'
o.3Er
o.n

0 50r
o.5o!
o.l2u
0.42u
0.32rr
0.17u

2.731.
3.01r'r
3.lo!..q
2,13t.
3.Olr.,r
3.lor.,q
2.711,.., o.6au.n3.03'r.!i 0.35L.d3.l3rr,r o-o3f,rt
2.t9tt 0.70!2.91\ 0.43u3.12r 0.16r
2.L511 0.73u
2.?ltt 0.76u

Eq'rii?hot .oil
.lcDrlrr r!Ov.Diry dff.(latr@t |.oDlias

i,tt8 br-, drtc... cm

- ,2.9
- ll5.7

- 58.6

- /2.9
- L-7_ 6E.6

21.O

?l.o
24.8
53.5
76.5
29.O
53.5
76.6
22.9
15.7
68.6
22.9
15.7
6E6
23.r
45.7
68.I
27.8
50.8,:

=o.q5n

o.tz\\t
o.0l4r
o.ooJu

=:
:

o.@7n
o.0(Bn
o.002rr
0.o(Drr
0-008I

I lSspuls d.Dttr G9 ia.h.+ 9-r8 inchc. atrd I8-? inch6 ir.lt ca....I Orc Mts h.-r - 892 Zn lb D.r !ct!..?pf#,:HjpL-J[[SffiEH",;"?*toqffi;5:i8hr of isnircd nac son p.r helarc 4 ir tb.o-22.e,{L.5.7.!dG..
. All froE B@dbrlt olor 3 (@ltinuou vh..r : u@urEd).r sL hoE Broadb.[ Dloi IOA: .ir fron toa (boi! undlr coori.uou! *hqr rd Eccivinr N f6riti..r rlotu]-
: IL9 r9p 9=-* rl9l r: !!9lroo Dlor ! (borr ud;;;G;u, F;:;A'Gffi n ?ffi il;J.
; ir"fr[gcYffffi ff lisx&"l3s ilg*.,H3*'"fi.?:fl ,ff f":rfrfl,*#ii" N.nd p f.!ri]irr.).
r-Mca, or -IoE E .rurEEaE (.ir on .ach Dtor of rhc.rDBiDAil Dtol! 2 aoft9 dclud;t)_.r M.{! ol rz rlEluneDclr3 (two o! cj.h ot pto6 t,19 ud toi fou! o! Dtor 8).rr Ma of four E uutllna
rr Ma! of tso E!u!!E Dl!r. Oe erormt-
i:ff ffi 'S"-fHf .l,"f,..f.*.ljTd&-$.l1jil!f..'T,6..Ht, j#iffi ffi ,*p;c)co!,.io.264snon . ra!i!.d by r 0.3 ca !icE, plur 0.53 |
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were taken per site and the sites were then probably more uniform. Sampling errors were
probably $eater in 1904 than in preceding or subsequent samplings.

Results

Soil expension during reversion to wild€m€ss. Table 3 gives the weights of fine soil,
stones,and roots per hectare for the different sites and sampling daGs. The soil has
expanded: for example in 1881, the top layer (0-22.9 cm) of Broadbalk contained
2.75 million kg of ignited fine soil per hectare, whereas in 19'64 the corresponding value
for the stubbed section ofthe wildemess was only 2.15 million kg. For thii examfle, the
equivalent depth is defined as the depth to whicl the soil should have been sampled in
1964 to contain the same weight of ignited fine soil per hectare as when samiled to

f BrA,r<@n M)

At Dc.mt t6 otlto.dry fr. loil F..iry 0.635 @ dsy.

6
5.

12.
t2.
12.

c
o.52
o.01
0
0.ar
o.0l
0.ot
0.55
0.,15!.
0.01
0.ot
o.B
0.(},
o.0l
0.39
o.I5
0.0r
o
o
o
0
0
o
o
o
o
0
o
o

N
o.@24
0.@!o
0.0004
o,w22
0.0013
0.0(x)8
0.0026
o.mo6
o.@12
0.mlo
0.0010
o.(ml
0.m(x
o.m(D
0.0@/t
0.0@a
o.oo:l
0.00([
0.0011
0.0024
0.0015
o.oqy,
o.qn3
o.@lo
0.(ma
o.@22
0.0@8
0.000?

s
0.00r5
o.ml7
0.@13
0.0020
0.(ml
0.m17
0.m14
0.0015
0.@17
0.o13
o.w22
o.0ol5
0.001?
0.0(nl
o.oo21)
0 0@o
o.ml2
o.mll
o.mll
0.@14
0 mt4
0.0013
0.00I5
o.@12
0.(x)ll
0.0059
o-00(t
0.m65
0.o50
0.@44

0.001?
o.@18

0

o

Orr'licc
o.y2
o.59
0.{5
l.(x
o.59
0.49
1.43

igritior
1.19
4.9E
5.36
1.12
4.q)
6.16
5.6E
5.3r!.
5,33
5.E3
7.18
6.t5
6.11
1.19
1.67
5.78
4.05
5.t7
5,82{n
5.31
6.t2
45E
1,ao
5,y
5.9t
6.32
6.52
531
5.2r

Soil
pH
E.1
7.7
7.4
?.9
7.7
7.6
7.9
E.0
7.6
7.1
7.8
7.9
7.7
7.9
8.0
?.8
7.1
7.1
7.1
7.O
7.1
7.1
6.1
69
1.1
1.5
5.5
6.2
1.6
1.7

1

21.

4
1
1
1
1

1.3{
0.66
0.52
2,:1,)
0.81
o.15
2.70
0E5
0-51
l.(x
0.58
0.49
l.Io
0.56
o.11
t.37
o.5E
o.42
i.98
o.76
0.49
1.85
1.82

N
0.1(n
o.vt1
0.066
0.1l3
0.079
0.065
0.143
o.112
0.097
0.060
o.26
0.09E
0.075
o.x1
0.098
0.07E

0.1!5
0.08!
0.fio
o.ll7
0.079
0.055
0.13r
0.082
0.059
0.I65
o.02
0.(I,l
0.159
0.156

O.rrnk
s

0.0t66
0.0107
0.0063
0.oI8t
0.ot07
0 00E5

0.0216
0 0r,
0.0132
0.m73
0.0397
o.ol42
0.009r
0.0396
0.0r62
o.oI32
o.oI47
0.009E
0.00?5
0.ol5l
0'0090
o.o(rrE
0.0190
0.0103
0.{[78
o.o2tt
o.ot72
0.01r7
o.ou6
o.v)36

PP
0.oi252 0.0108
o.oz11 0.0255
0.o205 0.@16
0.0261 0.0378o.v252 0.0??0o.t22i o.tlzs?
o.tzt6 0.038,
0.0291 o.o35t
o.oEo 0 0305
0.0251 o.sx4
o.oa20 0 0154o.otlt o.wt
0.02E7 0.q2{t
0.0410 0.04t60.03{D 0.03080.0300 0.0303
0.0250 0,v42
0 02tE o.vt2
o-t2t2 0.0258
0.0251 0 05,1?
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22.9 cmin 1881. Equivalent depths were obtained graphically by plotting the weights of
ignited fine soil per hectare in the O-22'9, G45'7 and 0-68'6 cm layers against depth
for each sampling date and then reading off the required figures, by extrapolation
where necessary. Table 3 gives, for the different sampling dates, the equiYalent
depths for lhe 22'9, 45'7 and 68'6 cm sampling depths in l88l (Broadbalk) or in 1883

(Geescroft).
For the top layer ofBroadbalk, the equivalent depths were 22'9 cm (1881) and 28'8 cm

(1964: stubbed); for all three layers, 68'6 cm (1881) and 76'5 cm (1964:. stubbed). Thus
most of the expansion occurred in the top layer. Soil expansion was less in Geescroft
than in either part of Broadbalk wildemess.

These calculitions of soil expansion assume that nothing leaving a residue on ignition
has been added or lost from the various soil layers during the deYelopment of the

wilderness. This assumption is probably not far wrong. The removal of calcium car-

bonate by leaching is almost certainly the biggest single loss: if all the chalk in the top
68.6cm of Broadbalk in 1881 had been leached. out by 1964, the equivalent sampling

depth given in Table 3 (?6'5 cm, stubbed section) would have been too large by only
0'6 cm.

A better basis for these calculations would probably have been the weighs of ignited
fine soil p/rs stones per hectare. However, because the weight of stones per hectare for
Geescroit in 1883 is not known, it was decided to make all calculations on the basis of
ignited fine soil alone. The errors ttrus introduc€d are small. Broadbalk contained

9.77 million kg ignited fine soil plus stones per hectare in the top 68'6 cm in l88l: to
obtain this weight of ignited fine soil plus stones in 1964 it would have b€en necessary to
sample the stubbed section to a depth of ?6'8 cm, compared to a depth of 76'5 cm calcu-
lated on the basis of ignited flne soil alone.

Calculation of the net accumulation of soil constituents allowing for soil expansion.

Because the soil has expanded, the layers sampled and analysed in 1964 do not correspond
exactly to those sampled in 1881. A.llowance must therefore be made for soil expansion
in calculating the net accumulation of a constituent on an area basis for a given layer.
This was done, graphically, for each soil constituent, by plotting the amounts in the
VZZ.9, 0..{,5.7 and G-68'6 cm layers against depth for each sampling date' Using the
'equivalent depths' given in Table 3, the amount of the soil constituent per hectare in a
given soil layet at L given sampling was then read off. Table 4 gives the amounts of
iarbon (organic), nitrogen (organic), sulphur (total and organic) and phosphorus (total
and organic) in equivalent layers of the two wildernesses at different sampling dates.

These corrections for soil expansion are substantial: for example the toP layer (0-22'9 cm)
of Broadbalk wilderness Gtubb€d) as sampled in 1964 contained 3l00kg per hectare
more organic nitrogen in 1964 than in 1881, whereas vhen allowance is made for soil
expansion, the top 22'9 cm of soil in 1881 gained 3900 kg per hectare by 1964.

Table 5 shows the gains in organic carbon, organic nitrogen, organic sulphur and
organic phosphorus in the top layer (0-22'9 cm) during reversion to wilderness. A similar
table can be constructed for the whole profile from the results in Table 4. However, the
errors in gains thus calculated for the whole profile are much greater than in the gains
for the top layer: extrapolation to a depth greater than that sampled is necessary to
correct for soil expansion in the whole profiIe, the lower layers are more heterogeneous
than the top layer, and the whole-profile gains (especially of sulphur and phosphorus)
are much smaller relative to the amounts originally present than are the gains in the
top layer.
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TrlH,E 5

Organic carbon, nitrogen, nlphur and phosphorus gained by the top 22.9 cm
(9 inches) of soil during reversion to wildemess

Broadbalk Broadbelk Geescroft
stubH wooded wooded

Gaircd by soil siDcc 1883,.,b kg ha-t

Meau annual gain, tg hr-t y.ar-r

Initisl 3oil ntiosb

Ratios ia gin

foreadc C
J orgadc N
''I Oryanic S
I Organic P

fOrganic C
I orqanic N

1 oraoic s
LoaBnic P
rC,,t.I
I siN
L P/N
rCA.I
{ s/N
LP/N

45500
3930

560
,180

5@
49
6.9
5-9
9.0
0.16
0.25

I r.6
0.14
o.l2

43100
3610
550
450

530
45
6.9
s.6
9.0
0.16
0.25
ll.7
0.t 5
o-t2

20,00
1090
300
190

250
l3
3-7
2.3
9.0
0.13
0.2.

19.2
0.28
o.l7

" All gains calculared on an equivalent depth basis.
D For Broadbalk the initial status is taken to be that of Broadbslk plot 3, as sampled in l88l: for

G€cscroft that of G€escroft plots 3 + 4, as sampl€d itr 1883.

Chrlg€s in tte vit(t€n€ss€s oyer tt€ experim€ntrl pcriod

pE. T}ae calcium carbonate reserves of the Broadbalk wilderness site ensured that
changes in pH betwe€n l88l and 1964 were trivial. In contrast, Geescroft had no carbo-
nate reserves, and the pH of the top layer (0-22'9 cm) fell from 7.1 in 1883 to 5'1 in l9(X
and to 4.5 in 1965 (Iable 3). Acidity increased less in the lower soil horizons.

Orgoaic cafioa The wooded and stubbed parts of Broadbalk have accumulated
almost exactly the same amounts of organic carbon during 8l years: more tha'J 801
of the gain occurred in the top layer. The anaual acaumulation rate in Geescroft was
only about half the rate in Broadbalk: again the accumulation was mainly in the top
layer. Both wildernesses gained organic carbon slightly faster before than after 1904.

Orgadc nitogen. As with carbon, the wooded and stubbed parts of Broadbalk
have accumulated almost the same amount of organic nitrogen in 8l years, most of the
accumulation also being in the top layer. The 19O4 samples from the 45.7-68.6 cm layer
contained more nitrogen than either of the corresponding 1964 samples (Table 3). Hall
found the total nitrogen content of the 1904 sampl€ to be 0.0839% (Hall, 1905); my
result for the same sample was O.O823\ so that nitrogen gain during storage can be
discounted. Organic carbon behaved diflerently: being less in the 1904 sample than in
the 1964 samples, as would be expected. Because ofthis peculiarity in the nitrogen content
ofthe 45.7-68.6 cm layer, and to a lesser extenl the 22.945.7 cm layer, the 1904 results
for these layers have not been used in calculating annual accumulation rates etc.

The annual accumulation rate in the top layer of the stubbed site during the first
2l years was 56 kg organic nitrogen per hectare per year, slightly greater than during
the succeeding 60 years (46 kg per hectare per year). Over the whole period the stubbed
part ofBroadbalk gained 49 kg per hectare per year in the top layer and 55 kg per hectare
per year in the whole profile. The corrcsponding fgures for the wooded part are 45 and
53 kg per hectare p€r year. Geescroft accumulated much less nitrogen: little more than
t24
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quarter of that gained by Broadbalk. Here the annual accumulation of organic nitrogen
in the top layer was 13 kg per hectare per year; in the whole profile, 15 kg per hectare
per year.

Relative to their organic nitrogen contents, the inorganic nitrogen contents of all the
soils are small (see Table 3), so that gains in organic nitrogen can be taken as gains in
total nitrogen without introducing errors of more than I-2 f.

Salplw. The top layers ofthe wooded and stubbed section of Broadbalk wilderness
gained about the same amount of organic sulphur in 8l years. However, the two lower
layers of the wooded part contained 8,10 kg organic sulphur per hectare in 1964, com-
pared with 6z10 kg in the corresponding layers of the stubbed part. No completely satis-
factory explanation ofthis difference between sites can be given. It is unlikely to be due to
analytical error: the total sulphur contents of ttre 1964 Broadbalk samples were deter-
mined by X-ray fluorescence spectrometry and the values obtained were all within l0 ppm
of those given in Table 3 @rown & Kanaris-Sotiriou, personal communication). If
subsoil heterogeneity is the explanation, then the additional organic sulphur might be
expected to be accompanied by additional organic carbon, T\e 22-945.7 aDid 45.7-
68.6 cm layers of the wooded part do contain more carbon than the coresponding
laye$ in the stubbed part, but the diflerences are less than those for organic sulphur
(Table 3).

Calcareous soils can contain water-insoluble sulphate associated with the calcium
carbonate (Williams, Williams & Scott, 1 960). Such sulphur would be reported as 'organic'
in Tables 3, 4 and 5. However, it is improbable that the Broadbalk soils contain much
such 'organic' sulphur because the chalk in them contains little sulphur. Chalk hand-
picked from the top layer (0-22.9 cm) of the stubbed section of Broadbalk wilderness
contained only 190 ppm total sulphur.

The mean annual gain for the top layer of Geescroft was 3.7 kg organic sulphur per
hectare p€r year, roughly half the corresponding gain for Broadbalk (6.9 kg organic
sulphur per hectare per year). Inorganic sulphur behaved ditrerently: the mean annual
gain for the top layer of Geescroft was 1.6 kg inorganic sulphur per hectare per year, but
in Broadbalk the gain was negligible (0.2 kg inorganic sulphur per hectare per year).

Phosphorus. The total phosphorus content of the whole profile of Broadbalk was
47l0kg per hectare in 1881, 5360 kg per hectare in 19O4, 5650 kg per hectare in the
stubhd part of the wildemess in 1964 and 6000 kg per hectare in the \vooded part in
I 964, all on an equivalent depth basis. This gain may not be real, b€cause the I 88 I samples
from plot 3, taken to represent the status of the soil before the wildemess was allowed to
develop, may have contained less phosphorus than the actual wilderness site, especially
that part of it now wooded. It is also possible that phosphorus could have been brought
up from below 68.6 cm by deep rooting plants, although this is unlikely as the gain in
phosphorus between 1881 and 1964 is much less in the top layer (0-22.9 cm) than in the
22.948.6 cmlzyer (Table 4). Phosphorus brought up from the deep subsoil would almost
certainly accumulate mainly in the top layer, the layer that rec€ives most of the incoming
plant debris. Chance contamination by phosphorus-containing materials cannot be
completely excluded as the site is so near the present farm buildings, but is unlikely in a
carefully preserved experimental area.

In Geescroft, the initial samples came from the area that is now wooded, and the total
phosphorus content of the 1965 samples corresponds closely with that of the 1883 (No P)
samples (Table 4). In I 964, parts of the wildemess that had once received superphosphate
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and parts that had not were sampled separately. Table 3 shows that the additional
phosphorus made no difference to the amounts or organic carbon, nitrogen or sulphur
accumulating in the top 22.9 cm of soil.

The division of soil phosphorus into organic and inorganic parts in Tables 3 and 4 is
suspect. The organic phosphorus values in these Tables were measured by Williams,
Williams and Scott's (1960) method, hereafter called method A. Organic phosphorus
measurements by method A were compared with those by four other methods on six
of the soils appearing in Table 3. Table 6 shows that there is poor agreement between the
different methods, especially when applied to subsoils. Method A, in which organic
phosphorus is taken as the difference betwe€n the phosphorus soluble in cold 2N sul-
phuric acid before and after ignition, always gave the largest value. Method B is a slight
modification of method A, using N sulphuric acid as extractant: it gives substantially
the same results as method A. In method C, organic phosphorus is taken as the difference
between the phosphorus soluble in hot concentrated hydrochloric acid before and after
ignition. Slightly more phosphorus is dissolved after ignition than in method A, but
as much more inorganic phosphorus is dissolved from the unignited soil, method C
gives considerably smaller values for organic phosphorus than method A. The differences
between the amounts of phosphorus extracted by hot concentrated hydrochloric acid and
cold 2N sulphuric acid from the unignited soils are l3l and 228 ppm for the 1964
Broadbalk topsoil and subsoil respectively; as the subsoil contains much less organic
matter, these differences are unlikely to represent organic phosphorus hydrolysed by hot
hydrochloric acid but not by cold dilute 2N sulphuric acid. A more plausible explanation
of the discrepancy between methods A and B is that a fraction of originalty insoluble
inorgaric phosphorus is rendered soluble in cold 2N sulphuric acid by ignition, whereas
this fraction is soluble in hot conc€ntrated hydrocbloric acid whether or not the soil has
been ignited: with method A this fraction would be reported as organic phosphorus.
Method D is the same as method C exc€pt that the soil is ignited at 550"C instead of at
240'C: the two methods give almost the same results. In method E the soil is extracted
with hot concentrated hydrochloric acid, followed by cold and hot 0.5N sodium
hydroxide: the difference b€twe€n total and inorganic phosphorus in the combined
extracts is called organic phosphorus. Yalues obtained by this method were smaller and
more variable than by the other four methods. The total amount of phosphorus ex-
tracted did not differ greatly from that extracted from ignited soil by hot conc€ntrated
hydrocbloric acid (method C), suggesting that extraction was complete, and that this
method gives low values for organic phosphorus because organic phosphorus is hydro-
lysed during extraction.

Methods A, C and E all show that organic phosphorus in the top 22'9 cm of the
Broadbalk soil increased as the stubbed site reverted to wilderness. In 8l years the amounts
of organic carbon, nitrogen and sulphur in the top layer of soil from this site all more than
doubled, whereas the increase in organic phosphorus by method A was 671, by method
C, 501 and by method E, 361. Thus, despite the discrepancies, all three methods indicate
that the gain of organic phosphorus, relative to the initial content, is much less than that
of organic nitrogen, organic carbon or organic sulphur (Table 3). Little else can be said
about the organic phosphorus results in Tables 3, 4, 5 and 6 until more is known about
the measurement of organic phosphorus in soil.

Minerslisation of nihogen and carbon by soils from the willernesses. Table 7 shows that
the C/N ratio of the organic matter mineralising in Geescroft lies between the corespond-
ing ratios for the wooded and stubbed parts ofBroadbalk. Ammonium is nitrified almost
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TADI,E 7

Mineralisation of carbon and nitrogen by soils from the

f Broadbalk
So .,l stubH.

L samplerilw
I
8

7l
4

6
550

9.9

wildernesses

Ge€scroft Geescroft
wooded, wooded,
sampled sarnpled

t 4 1965
12 t3

Broadbalk
wooded,
sampled

t96/.
ppm NO!-N itritially iD soil
ppm NH.-N initially in soil
ppm NO3-N in soil after incubation
ppm NHa-N in soil after incubation
ppm N mioeralized during incubation
ppm CO'C mineralis€d during incubation
C mineralised during iocubation
N-Dinerati"dTnringinc[ta-tion
orgaoic C initialy io soil
o-ffiE@Esoii

.0-22.9 cm sample (s€e T.ble 3) io all cas€s.

TABI.E t

l5
32

21
2to

l3
28

22
t90

3
8

83
4

76
490

6.5

,0.6r0.7

8.6

ll.6

?.8

11.9

Stond measwemmts in Geescroft and Broadbak wildernesses

No. stens "?F Dry weight
Species Pcr ha' mt ha-r kg ha"

GEsc]Rom
14500

105100
8400

4610o
l100
1500
1600

50
r400

180000

88600
503m
6100

l04lm
21500

I0
3600

274[[o

a With stem diameter > 2 5 cm at a heiSht of l '3 m.
b At a height of I '3 m.

completely in the Broadbalk soils during incubation; in the Geescroft soils little, if any,
nitrification ocours during incubation, although the soil initially contained some nitrate.
This is almost certainty b€cause the pH of the Geescroft soils is near the lower limit for
nitrification (Weber & Gainey, 1962).

Strtr(l mssuements on the hees itr Broodbrlt rfll G€escloft villernesses. Table 8

gives the number of tree stems, stem basal area and calculated dry-weight of trunks and
canopy for the wildemesses, all per hectare. AJI three values are greater on Broadbalk

128

Hawthorn (Cruetogus ttot@gyna) 3m
Oak (Querius tobut) 161
Elm (Olrals spp.) 155
Ash (Fraxinus excebiot, ,*
E)dd (s,anbucLt nicra\ ll8
lo,aDle (Acer canpeste\ 29
Syamore (Acer pseudopbtanus) 2
Haznl (Corylas ovellotu) 2
Silver bich (Betula pcndula) 2
Atl species 915

BRoaDEALI(

Hawtho.]I. (Craetaqus rraiogya) 1801
Syamore (Acer pieudoplatanus) 394
Hzzrl (Corylu nellano) 281
Ash (Fratinas excclsiorl 246
MaDh (Acer canpcstre) 38
Eldet (Santbtcus nigro) 19
O^k (Ouercus robur') 19
All spr#es 2758

1.6
15.5
2.O
8.5
0.4
0.4
0.3
0.02
o.2

31.9

D..O
9.1
1.9

17.4
3.6
0.04
0.8
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than on Geescroft, suggesting that annual production is great€r in Broadbalk, although
diferences in the botanical colonisation sequence (Hall, 1905; Brenchley & Adam, 1915;
Thurston, 1958) could also contribute to the present difference in tree dry-weight between
the two sites.

Discussion

Acflmulstion of organic carbon by the wiklerness mils. Organic matter accumulates in
soil at a rate depending on the annual input of plant material and on the rate at which
this plant material de.omposes. Thus the smaller rate of accumulation in Geescroft could
be caused by a smaller annual input or a greater annual loss than in Broadbalk, or by a
combination of both. Stem basal area and calculated dry weight of trunks and canopy
(Table 8) are both greater on the wooded part of Broadbalk than on Geescroft and there
can be little doubt that more organic matter enters the soil each year in Broadbalk than
in Geescroft. There is much more under-story vegetation on Broadbatk than on Geescroft,
further increasing the productivity difrerence between the sites.

First consider factors that could cause the production of plant material (and hence
the amount of organic matter entering the soil) to be less on Geescroft than on Broadbalk.
External climatic factors such as sunlight, rainfall, and temperature cannot be involved
as these are substantially the same for two adjacent sites of similar topo$aphy and
altitude. Although stand measurements were done on the c€ntral parts of the wilder-
nesses to minimise edge efrects, the wooded part of Broadbalk is so much smaller
(0.13 ha) than the wooded part of Geescroft (1.3 ha) that some ofthe productivity difer-
ence between the sites (Table 8) may result from the greater importance ofedge effects on
Broadbalk. For example, more light probably reaches the centre of the wildemess from
the edge in Broadbalk than in Geescroft.

Brenchley and Adam (1915) considered that the botanical differences between the two
sites indicated Geescroft to be the wetter, atrd forecast that Geescroft was too wet to
revert to woodland. The appearance of the profiles shows that drainage is, or has been,
more impeded on Geescroft than on Broadbalk (Appendix). However, this drainage
difference cannot be great because the mechanical composition of the two sites is almost
identical, both are tile-drained, and both have slight slopes. Drainage has not been
sufficiently impaired on Geescroft to prevent reversion to woodland. Differences in
drainage and structure between Geescroft and Broadbalk did not restrict plant produc-
tion on Geescroft in the pre-wildemess period; plot 7 on Broadbalk (receiving nitrogen,
phosphorus, potassium and magnesium) produced 2100 kg of wheat trrr hectare per
annum over the period 1869-73, whereas plot 14 on Geescroft, given the same manurial
treatmetrt, Eaye 24A0 kg oats per hectare, both good yields by the standards of that
time. It is most improbable that the drainage of the two sites differs enough to account
for the difference in productivity.

Differences in pH are unlikely to have influenced plant production directly, at least
over the first few decades. By l9O4 the pH of the Geescroft topsoil had only fallen to
6.1, yet the accumulation of organic carbon was markedly less than on Broadbalk.

Diferenc€s in productivity caused by potassium and phosphorus can be excluded.
Both sites contain about the same amount of exchangeable potassium: the top layer
of the l9O4 Geescroft soil contained 116 ppm exchangeable potassium and the corre-
sponding Broadbalk sample 117 ppm. Were plant production limited by phosphorus
deficiency in Geescroft, then the part that used to receive phosphate should have pro-
duced more plant material than the part that had never received any. This diference
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should then have been reflected in the amount of organic matter entering the soil and
hence on the amount of organic carbon accumulated by the soi[. No such difference
was found, so that Geescroft is not a site of the type discussed by Walker and Adams
(1958), where organic production is limited by soil phosphorus.

The most probable reason for Geescroft producing less organic matter than Broadbalk
is that less nitrogen is available for plant gowth. Soil from Broadbalk now mineralises
more than twice as much nitrogen as soil from Geescroft (Table 7). This difference has
developed because the capacity of the two sites to ac.umulate nitrogen differs: see next
section.

The other factor influencing the accumulation of organic matter in a soil is the rate at
which the incoming organic matter decomposes. As the pH difference between Geescroft
and Broadbalk widened, the rates of decomposition on the two sites may also have
diverged. Experiments on the decomposition ofcarbon-l4labelled ryegrass in Rothamsted
soils, of similar clay content but different pH, showed that, although de.omposition was

slower in acid soils at fust (Jenkinson, 1965a), by the end of five years the diflerence
between acid and calcareous soils had almost disappearcd (Jenkinson, 1968a). Kononova
(1966; p. 252) suggested that humic materials are more stable under calcareous than
under non-calcareous conditions. Ifthis is so, the decomposition curves for the carbon-I4
exp€riments will cross over and less labelled carbon will remain in acid soils, after (say)

100 years, than in the conesponding calcareous ones. Broadbalk would then accumulate
soil organic matter faster than Geescroft because it receives more plant material each
year and because organic matter is more stable under calcareous conditions. The relative
imporcance of these two mechanisms cannot be assessed from the data in this paper.

Accumulation of nihogen by the wilderDesses

Site accumulation. The total site gain by the wooded parts of Broadbalk and Geescroft
exceeds the soil gain by the amount of nitrogen in the standing Yegetation. This was not
measured but its order of magnitude can be established from Ovington's (1962) figures
for the dry-weights and nitrogen contents of broadleaved deciduous English forests.
The mean nitrogen content of the above-ground part of the trees from nine diflerent
sites was 0'386%. Applying this figure to the tree weights for Broadbalk and Geescroft
wildernesses (Table 8), the trunks and canopy on Broadbalk contained llm kg nitrogen
per hectare, those on Geescroft 700 kg nitrogen per hectare. The nitrogen in the over-
wintering vegetation on the stubbed part of Broadbalk is negligible, compared with the
amount in the soil. Neglecting the understory nitrogen and the nitrogen in large roots,
and taking the gain in soil organic nitrogen as the gain in total soil nitrogen, the total
site gain for the wooded part of Broadbalk wilderness is then 65 kg per hectare per year
(12 kg in the standing vegetation, plus 53 kg in the soil to a depth of68'6 cm), comparable
with recent results for woodlands from diflerent parts of the world (Ovington, 1962;
fuchards, 1964; Moore, 1960. The stubbed part ofBroadbalk gained a little less nitrogen
(55 kg per hectare per annum) and Geescroft much less, 23 kg (8 kg in the standing
vegetation plus 15 kg in the soil). Although these estimates of vegetation nitrogen are
rough, most of the site gain is in the soil, so that errors of even 501 in the vegetation
nitrogen estimate wiu not greatly iniuence the total site gain.

SoEc€s of the nihogeD accumuhtiry in tle wiltlernesses

Ra fall. Over the period 1889-1903 the mean annual amount of mineral nitrogen
carried down in the rain at Rothamsted was 4'4 kg per hectare, of which l'3 kg per hectare
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was nitrate nitrogen, and 3.1 kg per hectare was ammonium nitrogen (Hall, l9l7;
Chapter II, Table 7). Over the period January 1960-December 1964 the corresponding
total was 5'4 kg per hectare, of which 2.4 kg was nitrate oitrogen and 3.0 kg was am-
monium nitrogen. These values, together with all the other values in this paper for the
chemical composition of rain and air over the period January 1960-DecemGr 1964, are
means of montlly samples analysed by the Govemment Chemist under the direction of
the Meteorological Office: for the proc€dure used see Stevenson (1968).

'Dry' nrption of atnmoni* The mean annual ammonia content of the air at
!9Qq.t"a over the period January 1960-December 1964 was 4-B pg per m3. Eriksson
(1968), reviving earlier theories, suggested that the soil: plant system ibsorbs part of this
atmospheric ammonia, and he constructed a map from the ammonia concentrations over
Westem Europe during 1958 in which the dry deposition of ammonia at Rothamsted
was calculated to be 13 kg nitrogen per hectare per year.

The construction of the new farm buildings with their attendant manure heaps, cattle
stalls etc., within 200 m ofthe Broadbalk wilderness will have provided a new iourcr of
ammonia (see Hutchinson & Yiets, 1969). Some ammonia may reach the wilderness
directly from the farm buildings but the amount is unlikely to be large because if it
yerel lh9 crop on the adjacent unmanured plot 3 of the permanent Whiat Experiment
should also gain nitrogen by the same process. Johnston (1969a) showed that the wheat
on plot 3 took up about the same amount of nitrogen annually in 196G67 as in lg52-{1,
long before the new buildings were erected.

Orgaaic nitrogen ia dwl, rain, birtl tboppings etc. Allen, Carlisle, White and Evans
(1968) found, for four sites in England, that between 2.8 and 5.4 kg organic nitrogen per
hectare per year was collected h their rain gauges, the largest amounts coming from
the sites nearest heavy industry. Organic nitrogen in their rain gauges was fro m 2t io fll
of the. inorganic nitrogen. These results make it improbable that more than 2 or 3 k!
organic nitrogen per hectare per year are added to the soil at Rothamsted from thii
source. From analyses done almost 100 years ago, Miller (1905) put the Rothamsted
figure at 1.5 kg per hectare per year. Birds will concentrate nitrogen in the wilderness by
collecting food from the surrounding cultivated areas and defecating in the wooded
parts of '!e wildemess. Although this may be important near roosting and nesting areas
(Weir, 1969), it is unlikely to be important over \yhole sites: in any case the soil under the
wooded part of Broadbalk, home to vast numbers of sparrows, contains no more nitro-
gen than the soil of the stubbed part.

Symbioth fixaion. I-egumes once occurred on both parts of Broadbalk wilderness
(Brenchley & Adam, 1915), but are now confned to the stubbed pafi, where lathytus
prdten"sis is the only legume present (Thurston, personal communication). By l9l3
legumes had disappeared from all but the margin of the wooded part (Brenchley &
Adam, l9l5). Geescroft grew a good crop of red clover in 1883, 1884 and 1885: Gilbert
(1890) estimated, from soil and crop analyses, that roughly 170 kg nitrogen per hectare
was fixed per year over this period, of which the soil gained about 60 kg per year. How-
ever, the clover soon died out in Geescroft and thereafter legumes comprised a very small
part of the vegetation (Hall, 1905), although found in the botanical surveys of 1895,
1898, 1903 and 1913. None were present when the site was examined in 1957 (Thurston,
personal communication). The reason for the early disappearance oflegumes in Geescroft
is unknown; even as late as l9l3 the site contained open areas where they might have
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been expected. It follows that legumes have played a negligible role in fixing nitrogen in
the wooded parts of both wildernesses, except possibly during the early years of Broadbalk.

No known nodulating nonJegume able to fix nitrogen, for example alder (,4/nzs

incana), has ever been recorded in either Broadbalk or Geescroft wilderness. Moore
(1966) reviewed work suggesting that the roots of some non-nodulating plants can form
associations with microorganisms that fix nitrogen. More evidence is needed before
ascribing a significant role to such associafions in the Rothamsted wildernesses.

Norsymbiotic fixatioz. Ashby (1907) found that soil from Broadbalk wilderness

fixed more than twice as much nitrogen as soil from Geescroft wilderness when incu-
bated with mannitol: Azotobacrer chroococcann were 'abundant' in the Broadbalk
samples but the Geescroft soil contained none. Ziemiecka (1932) found more Azotobacter

in the stubbed than in the wooded sections of Broadbalk wildemess, but eYen the former
contained far fewer than plot 3. In 1960 Burlingham (see Meiklejohn, 1969) failed to
find Azotobacter in the stubb€d part of Broadbalk wilderness. This evidence strongly
suggests that Azotobacler now play a negligible role in the accumulation of nitrogen in
the soils of these wildernesses.

Broadbalk soil contains Closlridiwn pasteurianfin cells in larger numbers than

Azotobacter (Meiklejohn, 1956). Soil from plot 3 incubated with straw under semi-

anaerobic conditioni fixed nitrogen vigorously (Barrow & Jenkinson, 1962) and it may

be that anaerobes are the active fixing agents in Broadbalk wilderness. Some of the

nitrogen accumulated by Geescroft may also have been fixed anaerobically, especially

during the early years when the soil was less acid and organic matter accumulated faster.

Algae are somltimes plentiful enough in Broadbalk wheat field to form a crust on the

surfaie soil (Bristol Roach, 1927). DNtt and Roughley (personal communication)
found that crusts from Broadbalk actively reduce acetylene to ethylene and so presumably

fix nitrogen. Whether or not enough light reaches the soil surface in the wildernesses for
significant fixation by blue-green algae is not known.

Nitrogen batanct. The accumulation of nitrogen by a site depends on the annual

input and on the extent to which the soil: plant system can retain nitrogen. Inorganic
nitrogen alone cannot cause accumulation of organic matter: in 1966 the mean nitrogen
content of the top 23 cm of plot l0 of the Permanent Wheat Experiment was 0'106%,
little more than that of plot 3, although by then plot l0 had rec€iYed 12 000 kg nitrogen
per hectare as sulphate of ammonia during the 123 years of the experiment (Johnston'

ilOlUl. Wtren an old arabte site reverts to wildemess, the amount of organic matter
entering the soil each year increases, so that there is more substrate for heterotrophic
nitrogen-fxation and also more plant carbon to stabilise nitrogen. In the Broadbalk
wilde.rness the C/N ratio of the soil organic matter has changed little, suggesting that the
ability of decomposing plant carbon to retain nitrogen has altered Iittle during the

development of these wildernesses. By contrast, in Geescroft the C/N ratio has steadily
increased since the start (Table 5). This has not been caused by the lack of mineral
nitrogen for microbial attack on accumulating plant residues of wide C/N ratio; the

CiN iatio of the organic mattet mineralized in Geescroft is not very different from thc
ratio of that mineralized by either the wooded or stubbed part of Broadbalk (Table 7).

Thus, although biological fixation of nitrogen is almost certainly less in Geescroft
than in Broadbalk, this is not the only difference between the sites: the process by which
decomposing plant carbon stabilises nitrogen in a residue with a C/N ratio of about 10

in calcareous Broadbalk is less effective in acid Geescroft.

132

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 134

ACCUMULATION OF ORGANIC MATTER

The large nitrogen gains in both parts of Broadbalk wildemess cannot be satisfactorily
explained at present. Similar gains in wooded and stubbed parts point to mechanisms
that are independent of vegetation t,'pe. The relatively small gain in Geescroft suggests
that little of the nitrogen gained by the Broadbalk wildernesses can have come from rain,
dust or atmospheric amrnonia, which would have supplied equal amounts of nitrogen
to all the sites. Most of t}Ie nitrogen fixed by the Broadbalk wildernesses must have been
fixed biologically, but not, in the wooded part at least, by free-living azotobacter, by
algae, or in symbiosis with legumes.

Accumulation of sulphur by the willernesse. Sulphate sulphur accumulates in Geescroft
but not in Broadbalk, presumably because positive sites, able to retain anions, developed
in Geescroft as the pH fell.

There was more than enough sulphur in precipitation alone to account for all the
sulphur gained by the wilderness soils. Miller (1905) found that Rothamsted rain
deposited 7.8 kg ofsulphur per hectare per year over the period 1881-87. Recent measure-
ments are even larger: between January 1960 and December 1964 (inclusive) the rain
deposited an average of 12.5 kg sulphur per hectare per year. Soils and plants can gain
sulphur by direct absorption ofatmospheric sulphur dioxide (Johansson, 1959; Spedding,
1969) and the amounts of sulphur entering the soil by this process probably greatly
exceed the amounts carried down in the rain. Eriksson (1968) calculated that the 'dry'
deposition of sulphur at Rothamsted was six times that camied down in precipitation in
1958. Thus sulphur accumulation in the wildemess soils has been limited not by supply
but by the sulphur-retaining power of the soil.

Summrry

The accumulation ofsoil organic carbon, nitrogen, sulphur and phosphorus was measured
in three sites that had not been cultivated since 1883. The sites had previously been
arable for centuries, and are located on the same soil series within 1.3 km of each other.
Two had once been chalked and are still calcareous; in the third the pH,7.l in 1883,
had fallen to 4.5 in 1965. The non-calcareous site, and one of the calcareous sites, have
been undisturbed and are now deciduous woodland. Tree seedlings are regularly removed
from the other calcareous site by stubbing.

Despite completely diflerent vegetation, the soils of the calcareous stubbed and wooded
sites have gained similar amounts of organic carbon, nitrogen, sulphur and phosphorus.
In contrast, organic carbon, nitrogen, sulphur and phosphorus have all accumulated
more slorvly in the soil ofthe non-calcareous rvooded site than in the soil ofthe calcareous
wooded site. The wooded non-calcareous site gained 23 kg nitrogen per hectare per year
over a period of 82 years (15 kg in the soil to a depth of 68.6 cm, plus an estimated 8 kg
in the trees). The stubbed site gained 55 kg nitrogen per hectare per year over a period
of 8l years (all in the soil), and the wooded calcareous site 65 kg over a p€riod of 8 t years
(53 in the soil plus an estimated 12 kg in the trees). These differences between the sites
are attributed to the increasing acidity of the non-calcareous soil. Little oF the nitrogen
gained by the two wooded sites can have been fixed in symbiosis with legumes, as legumes
have long been absent from both.
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APPENDIx

Profilc Descriptims of WiHctless Soils

B. W. AveRv and D. W. KrNG

The descriptions of oolour, texture, structure and consistence are in accordancB with the
U.S.D.A. Soil Survey Manual, 1951. Horizon designations are after Avery (1964).

Geescroft wilderness (wooded)

24 cm Litter layer (mainly current leaf fall).
0-4 cm Very dark greyish brown (10 YR 3/2) slightly stony loam or silt

loam; brown when crushed; stones mainly small angular flints
and flint p€bbles; moderate fine sub.angular blocky and granular
structure; friable, soft; irregular penetration of organic matter
with corresponding variations in colour and structure; worm
casts present; abundant fine woody roots; sharp irregular
boundary.

Eb 4-28 cm Brown (10 YR 4/zt-5/4) stony loam with common darker
coloured channel fillings and @ coatings, espocially in the
upper part; few, fine, faint, paler coloured and ochreous mottles
locally; stones as above; weak medium to coarse blocky struc-
ture; friable to firm; slightly hard; common fine manganiferous
concretions; common fine woody roots; narrow boundary.

Blt 2846 cm Brown (7.5 YR 4/,t-5/O slightly stony clay with common faint
to distinct paler brown and red mottles; stones as above, but
generally larger; moderate medium to coarse blocky structure;
very firm; very hard; few inflled wonn channels; common
woody roots; merging boundary.

B2tG) 46-5O* cm Strong brown (7.5 YR 5/O slightly stony clay with common,
increasingly distinct, pale brown and red mottles; moderate
coarse blocky structure, with smooth shiny cleavage faces;
very fum; very hard; fewer roots and channels.

Broarlbalk wilderness (wooded)

A 0-l0cm Very dark greyish brown (10 YR 3/2) stony loam with moderately
developed fine sub-angular blocky and granular structure, the
latter best expressed in the first 2cm; stones comprise small
sub-angular flints and a few rounded flint pebbles; sliShtly
plastic; non-sticky; friable; abundant fine fibrous and common
small woody roots; earthworms throughout profile; slighfly
calcareous ; merging boundary.
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Eb 10-30 cm

Eb/Bt 3G-40 cm

Bt(g) .lO-60* cm

Broadbalk wilderness (stubbed)

ACCUMTILATION OF ORGANIC MAITER

Brown (10 YR 4/3) stony loam with moderately developed fine
to medium subangular blocky structure and with inclusions
of very dark greyish brown (10 YR 3/2) more granular material
from the surface horizon; stones as above, together with a fe$,
very small chalk frapents; non-sticky; slighfly plastic; friable;
common fine fibrous roots and occasional larger woody roots;
very slightly calcareous; narrow irregular boundary.
Brown (7.5 YR 4/4) stony loam to clay loam; stones as above,
up to medium in size; moderatety developed medium to fiae
blocky structure; slightly sticky; slightly plastic; friable; few
fine fibrous roots; very slightly calcareous; merging boundary.
Reddish brown (5 YR 4/5) stony clay with common, faint,
fine, paler brown and reddish mottling; stones as above;
moderately developed coarse to medium blocky stmcture;
sticky, plastic; firm; a few fine fibrous roots. (Note that the
depth to this horizon varied from 30-75 cm in ditrerent holes.)

A 0-15 cm

Eb 15-25 cm

Dark greyish brown (10 YR 3/2-4i2) stony loam wirh a modera-
tely developed fine sub-angular blocky to granular structure;
stones mainly small sub.angular flints with a few rounded
pebbles and small chalk fragments; non-sticky; slightly plastic;
friable; abundant fine fibrous roots; earthworms throughout
profile; slighfly calcareous; narrow irregular boundary.
Brown (l0YR4/4) stony loam with a moderately developed
flne sub-angular blocky structure; stones as above though
more abundant; slightly sticky; slightly plastic; friable; fine
fibrous roots common; calcareous; merging boundary.
Brown (7.5 YR 4/5) stony clay with common, fine, faint, strong
brown and light brown mottling; stones as aboye; moderate
medium blocky structure; sticky, plastic; firm; few infillings
from horizons above; few manganiferous specklings; merging
boundary.
Strong brown (7.5 YR 5/O stony clay with distinct, common,
fine red (2.5 YR 4/Q and brown (7.5 YR 5/4) mottling, the
latter particularly associated with ped fac€s; stones as above;
moderate coarse blocky structure breaking to fine sub.angular
blocky; sticky; plastic; firm; few fine fibrous roots; some
manganiferous speckling.

Bl(C) 25-50 cm

B2(g) 50-75t cm
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SoiI Fumigation and Root-rots of Wheat

G. A. SALT

Ihat fumigating soil could increase the yield of cereals was first shown at Rothamsted
early this century lvhen Russell and Hutchinson (1909) reported increases ranging
between 20 and 501in yield from plants grown in pots containing soil treated with
toluene; responses they attributed to enhanc€d bacterial activity that increased the
mineral-isation of plant nutrients. However, in the field, carbon disulphide, toluene and
formalin gave disappoiotingly small and inconsistent yield increases, which Russell
(1914) atributed to the difficulties of fumigating soils efficiently in the field. The impor-
tance of soil-borne pathogens was only realised later, when Russell turned his attention
to studying soil sickness of glasshouse soils, and got such improved gro&th after partial
sterilisation that this was soon adopted as a standard practice.

The reason for resuming work on soil fumigation for cereals, after a lapse of 50 years,
was given by Widdowson and Penny (1970), who used formalin drenches to try aod gain
information on the reason for cereal crops on some light soils promising well at first but
failing during dry weather in June. In 1964 formalin trebled yields of spring wheat at
Woburn, and greatly decreased the incidence of take-all Ophiobolus graminrs Sacc. and
cereal cyst nematode Heterodera avenae (Stope, 1966; Williams, 1969). In 1965 this work
was extended to the heavier soil at Rothamsted, where take-all is sometimes severe, but
where cereal cyst nematode and summer drought are much less harmful than at Woburn.
Widdowson and Penny (1970) discussed both the etrects of formalin and nitrogen fertiliser
on the yields and N contents of spring and winter wheats, of barley and of grass. This
paper describes the effects of these treatments on take-all and other fungal diseases in
the wheat crops.

M€thods and matedrls

The experiments were on adjacent fields, Little Knott, where 19 crops of cereals had
been grown during the past 2l years, and Pastures, which had been in grass for ten years
before it was ploughed and sown with spring wheat in 1964. The treatments, described
in detail by Widdowson and Penny (1970) and Salt (1969), were formalin (266 gal of
381formaldehyde in,l000gat water/acre) applied by watering can, and four different
amounts of calcium nitrate (Table l). Spring wheats were sown in 1965 (Opal) and 1966
(Kloka), and in 1966 plots were such that effects of formalin applied in 1965 or 1966
could be compared with effects of applying it in both years or neither. In 1966 formalin
was also applied during the autumn, before sowing winter wheat (Cappelle), again to
plots that allowed residual effects to be compared with effects of newly applied formalin.
In 1967 treatments were again applied during autumn before sowing Cappelle, but on
Little Ifuott it was no longer possible to have plots that were given formalin each year
or that had never had formalin. Samples, each containing about 50 plants from four
separate Ginch lengths of drill, were taken from each plot thre€ times between April
and July. After washing, each plant was scored for presence or absence of take-all,
eyespot (Cetcospotella herpotrichoides), sharp eyespot (Ri izoctonia solani),btown foot rot
138
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(Fusarium), brown root tot (Pythium) and abnormal proliferating roots (Heterodera
avenae). Severe take-all, afecting more than half of the root system sampled, was also
recorded.

Resuts

Takeall on Little Xnott, 1%5-68, Formalin greatly decreased the incidence of take-all
in June 1965 and its effect pqsisted and increased until harvest (Fig. l). Nitrogen had
no consistent effect on the proportion of infected or severely infected plants (Table l),
but greatly increased yields (Widdowson & Penny, 1970).

Formalin applied in 1966 decreased take-all even more than it had done in 1965, but
less where it was also given in 1965 than where not. Where it was used in 1965 and not
again in 1966, take-all was more prevalent and severe than where it had not been used
at a[ (Fig. l). Nitrogen geatly decreased both total and severe take-all, and decreased
it most where formalin had not been appted in either year. Take-all was negligible with
formalin plus 1.0 cwt N/acre in 1966, and grain yield averaged 42.5 c*t/acre, whereas
with formalin in 1965 and no extra nitrogen n 1966,90% straws were severely infected
(Table l) and yield averaged only 13.0 c*t/acre.

Formalin apptied after ploughing in September 1966 decreased take-all in the winter
wheat crop, but did not where applied to the stubble before ploughing (Fig. 2) and the
mean effect, in contrast to previous years, was not significant. Where formalin was
applied for the previous crop take-all was severe, and without extra N the crop almost
failed, yielding only 4.4 cwt grain per acre. Nitrogen greatly increased grain and straw
yields (Widdowson & Penny, 1970) but had no consistent effect on the incidence or
severity of take-all (Table 1). Plots given formalin in 1966 ax.d, 1967 had more take-all
and smaller yields than those witlout formalin in either year.

Formalin applied in September 1967 before sowing winter wheat decreased take-all
next May, but later the disease developed more in fumigated plots, so that by harvest
fumigation had increased disease incidenc€ and severity (Fig. 1). A large increase in take-
all after formalin in the previous season was evident on 2 May arrd remained until
harvest. The most severe disease and smallest yield (17.5 cwt/acre) was again in un-
manured plots treated with formalin in the preyious season (Table l). Nitrogen decreased
the incidence and severity of disease, except where formalin was newly applied.

Formalin controlled take-all much better when applied in February before spring
wheat than when applied in September before winter wheat. By contrast, the deleterious
eflect of formalin applied before the previous crop \yas as great, or greater, in winter as
in spring wheat. This deleterious effect persisted for only one season, and where formalin
was applied 2 or 3 years earlier there was less take-all and slightly larger yields than
where it had not been used, but these differences were not significant at the 5 % level.

Take.all on Pastues, 1965-68. Pastures soil was rich in nitrogen, and formalin and
Ditrogen affected yield much less than in Little Knott (Widdowson & Penny, 1970).
Not only did plots without extra N yield much more than on Little Knott, but tlle
potential benefit from formalin and nitrogen was lost because of lodging. In 1965 the
spring wheat on Pastures had scarcely any take-all and the only benefit from formalin
was a small increase in straw. Take-all occurred in the 1966 spring wheat crop, and its
incidence was much decreased by formalin. In contrast to Little Knott, take-all was not
increased by formalin applied in 1965 (Fig. l). Nitrogen decreased the incidence and
severity of infection (Table l) especially in unfumigated soil, but yields were limited by
lodging and were not increased by more than 0.5 cwt N/acre.

l,lO
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In 1967 formalin aflected take-all on pastures as on Little Knott. Formalin applied
before_the previous crop increased take-all and depressed yields, anJ nitrogen dde'aseO
take-all only where formalin had not been given (iable l). As on Little Kiott, formalin
was more effective in decreasing take-all where applied ifter ploughing and cultivatin!
than where applied to stubble before plouChi"C (F,C. 2).

PASTURES 1967

t
E
:
'

E

13 June il July 13 April 24 May 3 July
1967

,'to',;:tt5."#f,[?1'".'iiSffiftiryY"T?#ffiar!crproughiag' E = Fonnaritr appried to

. 
Formalin applied in autumn 1967 had little effect on take-all but decreased gra.in

yield, presumably because in the. wet _summer it increased lodging. Formalin aplted
for the previous crop increased take-all at harvest, but also incrJasiA yieta, presuir_:aUty
because the poorer crop lodged less and so yielded more. Ntrogin lad no consisteni
effect on take-all incidence (Table l) and 0.5 iwt N/acre gave the iargest yield.

Other pests and dise*ses

C$eaI cyst nernatode was prevalent on Little Knott in 1965 and in JtIIle 441 of the
spring. wheat plants in untreated soil had proliferating roots, ind, n\ in'iormaln
tr€ated soil. Nitrogen had no effect on the proportion ofplaots atiacied. In 1966 attacked
p-lants were fewer, l9l in untreated soil and t f wheri formalin was applied in 1966.
where formalin was applied in l965.but.not again i; 1966 therewere2:T lprints attacked,
a-nd 5\ where formalin was applied in 1965 and 1966. These effects or formarin onE avmae populations repeat those in the spring wheat at Woburn (Williams, 1969).
H. avenae wx less prevalent in the winter whiat 6n Little Knott in 19a7 and 196g, and
was not found in wheat on pastures.
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Cercoqmrellalrcryntrhtpides.FewerplantswereinfectedinP.asturesthanonLittle
x"ott, u;d the peircentages of straws infected by July were logreasea by formelin
(Tabl; 2). In lg6fthe drenihes on stubble and after ploughing both decreased the amount

ii iof""tior. In contrast to tak+all and eelworm, eyesPot was not increased by formalin
applied for the previous crop; nitrogen had no consistent effect on eyespot'

TAET,E 2

Percentage srraws with eYesPot

Little Knott
No formalh 3l 14

Formalio to stubble
Fomalitr after ploughing 12 3

Itstul€sNJiormalin 2 7
Formalin 10 stubble
Forrnalitr after ploughing 1 1

July
t968

!4
;

18

l3

April July
17 l7
2911
l9 37
t5 3l

837
715
724

July July
1965 1966

Rhiztctonit solati aflected fewer than 5l of the straws exc.pt in 1967 on Pastures,

ni"ilZy were infected in plots not treated with formalin, 8l whete it was applied

before ploughing, and I I where it was applied after. Nitrogen had no effect'

Bruwn foot ?ot Fusafium roseum $tas also uncommon except in July 1967, on Little
Knott, wlere 0'0, O'5, 1'0 and 1'5 cwt N/acre gave 10, 14,24 and 34finfected sraws'
Formalin had no effect.

Brown rool rat was of two types' In one the roots were pale brown, watersoaked and

many were filledwith Pythium oospores. Most of the rotted portion was usually missing,

teaving a tapering brown tip to theiffected root. Plthium root rot_was usually unaflected

bv nidoqen fertiiser or foimalin. It was most prevalent in Little Knott during April
tgOZ, wU'en an average of 23\ plmts had a few roots infected, but usually fewer than

5 f of plants were infected. The other form of root rot was more extensive and darker

biiwn. Brown roots remained attached and did not contain oospores. Fararirz aYenaceutn

dad Fusariun (sp), probably ,F. tricinctmt were usually isolated. Usually felY plants w€re

afectea, Uut tne pioportionlncreased with each increase in amount of nitrogen fertiliser

and whire formilin was applied. For example, on Little Knott in May 1968, 6' 21' 18

ind 3z(plants were affeiiea in untreated, and 6, 30, 43 and 531in formaldehyde-

treatea lio'ts givetr 0'0, 0'5, 1'0 and 1'5 cwt N/acre respectilely. This unusual preval-

ence onioots-tluring May was not followed by brown rot of straw bases in July, which

was wet and not eipected to favour the development of brown foot rot symptoDs'

Except for cereal cyit nematode on Little Knott in 1965, these other diseases were of
minor importance iompared with take-all, and Probably did not affect yields greatly'

Discussion

Effects of formalin on take-all are closely correlated with those on yield (Widdowson &
Penny, 1970), with less take-all and increased yield in the first crop after application,

but liis yield and much more take-all when a second wheat crop is taken next year'

Applyini formalin for successive crops did not decrease take-all as much as the first
application. 

A3
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- Widdowson and Penny showed that formalin increased the amount of nitrogen assimi-
lated by the crop, whether or not root pathogens were abundant. The amou-nt of extra
nitrogen assimilated was unexpectedly large; lor example, on Little Knott in 1965 and
1966 the effect of formalin was approimately equivalent to giying wheat 1.0 cwt more
N/acre._ Thi-s benefit was probably derived partly from the 

-healfiier 
wheat using the

reservoir of- soil nitrogen more efficiently, and partly from the additional nitrogen
mineralised by partial sterilisation of the soil (Gisser'& peachey, 1964. Jenkinsori &
Powlson, 1970; Williams & Salt, 1970).

Thrc decreasing r€sponses in yield to repeated formalin treatments were explained,
partly at least, by Jenkinson and powlson (19?0), who found that soil from iastures
mineralized less nitrogen after a second than after the first fumigation, presumably
because fumigation exhausts the reserves of nitrogen contained in liiing soiLorganismJ.
Thus, when nitrogen limits crop growth, a second fumigation will be lJss efeciive than
the fust in increasing yield, apart from any effect on plant pathogens. This ffierence
between fumigated and unfumigated soils lxrsists, for it was n6t only observed in
Pastures soil three years after fumigation, but also in Butt Close soil, Woburn, five and a
half years after treatment with formalin, and in Broadbalk 22 months aftei treatmeni
with methyl bromide (Jenkinson & powrson, r97o). In contrast to this persistent effect
of fumigation on soil nitrogen reserves, there is evidence ttrat the flusl of additional
mineral nitrogen released by fumigating field soils with various chemicals lasts onlv a
matter of rf,eeks, and is barely detectable after six months (Ebbels, 196g; Jenkinsori &
Powlson, 1970).

. The extent t9 which slil nitrogen is exhausted by the crop taken after fumigation is
shown dramatically on Little Knott by the near failures on-unmanured plots,-and the
greatly improved yield on plots given increasing amounts of nitrogen-fertiiiser. On
Pasturcs,_ with much larger nitrogen reserves, the residual eflect of prJvious fumigation
was much less harmful.

In addition to the depletion of nutrients, severe take-all also contributed to small
yields by the second crop after fumigation. Lack of nutrients does itself increase the
severity of take-au, but it seems that there must be other reasons for the take-all fungus
developing so rapidly in the second crop after fumigation. It is easy to suggest that fu;li_
gation destroys antagonists that usually hold the pathogen in check, buiihis is difficult
to pro-ve. 

-\ inter (1942) showed that the gowth of runner hyphae along wheat roots
was stimulated ty heating the soil or treating it with chloroform, iulpnur di-oxide, alcohol
or tolulol, and he concluded that this stimulation resulted froi the elimination of
antagonistic organisms, which were restored to treated soils by inoculation \vith small
amounts of u.nsterilised soil. Henry (1932) also concluded that antagonists to O, gaminis
were respoosible for the disease rating of wheat seedlings decreasing in unsteritsed but
increasing in autoclaved soil as the temperature was raisid from 13'6, where the disease
rating was similar for both soils.

Fumigation behaves much as do€s introducing into a succession of cereal crops a crop
that is not susc€ptible to take-all. There are much greater yields (with less fertiliser) ani
much less take-all in the next cereal than without any break from cereals, but smaller
yields and more take-all in the succeeding crop than where cereals were grown con-
tinuously.

Suppressing organisms that inhibit the grosth of tie take-all fungus could explain
some of the results of our experiments. However, for others it seems that the etre&s of
formalin are rather oo the extent to which the fungus survives in soil, and that the fungus
has a greater chance of surviving between crops in fumigated than in unfumigated sois.
lu
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Fumigation might aid the survival of the fungus in several ways. One could be by slowing
the decomposition of crop residues, either because the crop is larger and removes more
nitrogen from the soil, or because the soil saprophytes are fewer. Inoculum ofthe take-all
fungus may be less effective from many diseased plants that die prematurely with rotted
roots than from fewer plants that survive with larger slightly infected root systems.

It is worth comparing formalin with other fumigants used on field soils. Formalin
and dazomet were better than chloropicrin, methyl bromide or 'D-D' in controlling take-
all in spring wheat at Wobum (Wiltiams & Salt, 1970), but formalin was the least effective
in controlling nematodes. Exc€pt for 'D-D', all fumigants increased take-all in the second
wheat crop grown the year after they were applied, but none by as much as formalin did.
However, the adverse effect was counteracted by giving l'8 cwt N/acre. It seems that it
may be a common feature of fumigants that control take-all when fust applied, to
increase it in succeeding cereal crops, and for this deleterious effect to be decreased by
applying more nitrogen fertiliser. The development of take-all in crops sown after soil
fumigation must depend partly on the efficiency of the fumigant in killing the pathogen
in crop debris in the soil. Ebbels (1970) showed that, in columns of soil in plastic tubes,
only some of the mycelium in buried wheat straw was killed by fumigation. Formalin
applied to the soil surface killed more O. gruminis in the top 30 cm (12 in.) than in the
30 to 60 cm (12 to 24 in-) zone, where the fungus survived in more than half the piec€s

of straw. Chloropicrin injected at 15 cm (6 in.) killed more O- graminis than formalin
in the top half of the columns but killed no more at geater depth. 'D-D' mixture had
comparatively little effect and killed O. graminis inoculum for only a short distance
below the point ofinjection at 15 cm (6 in.). Soil compaction and temperature in the soil
columns probably differed from those in the field so extrapolation from these results
must be done cautiously. However, fumigation in tubes of sieved soil is probably more
efficient than in the fietd, and the results indicate that much of the take-all fungus in
field soil may survive fumigation. The earlier wheat is sown the greater are its chances

of becoming infected from viable fungus at greater soil dePths. This would help to explain
the poor control of take-all in winter wheat by formalin applied after ploughing, and the
failure to achieve any control where applied before ploughing.

In two other experiments made at Rothamsted, fumigation failed to give the same

control of take-all in winter wheat as described here with spring wheat. On Broadbalk
methyl bromide applied under polythene sheets during October improved Srowth and
decreased take-all in April, but by July there were more take-all infected plants in
fumigated than in unfumigated soil (Salt & Corbett, 1969). On Claycroft field, formalin
and dazomet both decreased take-all in April but the proportion of severely infected
plants at harvest was decreased significantly only by dazomet (Ebbels, 1971).

Soil fumigation has largely failed to control other soil-bome diseases of cereals.

Formalin was the only fumigart to decrease eyespot infection, probably because the
way it was applied ensured its contact with superficial crop debris, which is the main
source of infection (Cox & Cock, 1962). Ebbels (1970) confirmed this explanation by
raking straw from treated and untreated plots at Rothamsted, and showing that the
p€rcentage of infective pieces was decreased by formalin but not by dazomet or 'D-D'.
None of the fumigants tested decreased brown foot rot caused by Fusariwn rosenn,
or brown root rot caused by Prlhiut spp. The survival of Pythium in crop debris or as

resting spores in soil has not been recorded, but formalin or dazomet killed F. roseum

in only one-third of ttre superficial pieces of straw (Ebbels, 1970). This suggests that the
solorc€ of Fusarium infection, as of C. herpotrichoides, is me;inly from surface litter. In
forest nurseries, where the whole crop including most of the roots is removed each year,

t45
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and where the light saa6y soil is easily fumigted, formalin and d^zomet both prevent
Fusarirmt alx.d. Pythiurn ifieotiot of coniferous seedlings (Warcup, 1952; Salt;1965).
Failure to kill.pathogens in agricultural soils is probibly a mechanicai probl". ot
inefficient distribution of fumigant, rather than ineffectiviness of the chemicals, and
sealing the- soil surface with a plastic sheet after applying the fumigant would prolably
help to kill more fungi in the surface litter, where litharioncentraiions of fumigant are
difficult to maintain.

- These- results gave little hope ofsoil sterilants being used economically to control soil-
bome diseases in intensive cereal growing, unless laiger benefits can be obtained from
cheaper materials. However, where cereals are grown in rotation with other crops, espec_
ially thosc_ producing larger returns p€r acre and susc€ptible to nematodes oi fungi,
there could be cotrsiderable benefit, for crops can benefitirom a fumigation giren sorii
years earlier.
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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.
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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,
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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.
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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
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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

162

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 164

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
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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.

t@
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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.
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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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Virus Diseases of the HoneYbee

L. BAILEY

Diseases resembling those now known to be caused by viruses were among the first to be

ilil-til;;;i;es, and thev have been described by beekeepers since more than

ifr;;;;.; 
"g.- 

d"tcriptions then made of'paralysis' of adult bees and of some kinds of
.fouibrood,-of their lirvae correspond with those of paralysis, as it.is still called today,

"il';i;"btil. 
in spite of thi early diagloses. however, the viruses causing these

Oir"a.". r"er" tt e totest,^and may well be the iast, of the common pathogens of honeybees

t" i" iJ.riin"a. Most bf this w-ork has been done during the past decade'

Paralysis

Eerlv historv' The signs of paralysis in a bee colony were described originally as the

il'.lg"r*-.'iIn*lfligitless moriuund adult bees, usualty termed .crawlers" which often

iuJ Em"naea abiomins and sometimes were also hairless, black and shiny. Some of

tna-r" tig"a, .. t".v similar ones, soon became associated with one or other of several

;-;G;ri*", discovered later, when the 1unt for microscopic parasites of. bees

I."u." p'op"fut, uUout 60 years ago. For example, ?fosem a apis , Malpighamoeba mellificae

"ii eii*ii ii"atwere f.equentiy found in coionies show'ng some ofthe signs previously

;;;-;b;a 6 paralysis and became-accepted as the cause. of the symptoms' However' the

i"rnr, .ll.r.i," al'.ease', 
.Amoeba diseaie' and .Acarine disease', which are still commonly

"*J- 
ao noito""ift diseases or hint at symptoms; they were clearly inYented to suit the

"irlr-*1"i, 
iJliltii* ,"*fy ar.o"ered iarasites.. tn fact recent work has established

irrui irri p".tit"t are often very numerous'in seemingly healrhy be€s and colonies and'

;;.;;frt.-rpr, ;; d i,- wootti-h*e been shown to shorten bees'lives somewhat' none

f,".6d. tfroJ, t" cause oYert signs (Bailey, 1968a)' Nevertheless codes of the alleged

."-ri"-t Lr tbese Darasitic inreifions o[ Lees soon became accepted' Thereupon' the

iffifi;;f ;il;tr'b;;; obr"u." and the name became a general term for various

.nour"'ott" 'unaorrt-oo diseases, mostly non-infectious, tbat seemed to have similar

i#i .-i riiiirlr. isa3l. rri"iil(rs3Q noted thar only bees with alt the svmptoms ol
;#ffi;ff;;;;pilirii, "vt"pl"t"ii. 

uodies in the cells of their hind-sut epithelium'

i,iT.lii. #l oiJJiJ *i,( iil" 
""1-mown 

parasires had not. However, the specificitv

;ifi;;;"G;pula soon urte. it was deiribed because Lotmar (1940) found similar

;;;J";; ;;.iarind bees in Switzerland that were neither hairless not dark' As the

ffi;ffi;;;;iliri*i"a "iin ""i 
known parasite, thev were suspected to have been

poisoned and the granules were associated with this'

Etiologt. Bumside (1945) made the first successful experiments in the United States

iiiil.X" r.t , "t 
least' of paralysis. The sick bees in natue. were flightless and.soon

ffi, ffi;;ch'f"" *"." t ulil.r.,ituck or shiny' 
^Burnside-serially 

passaged the disease

;t;;' ,i*"; ;?.;."ying caged healthv bees witl filtrates, free from bacteria and larger

;;;;;i; ;i.;rr"its In *iter of sic(individuals. The incubarion period was 8 to l4 days

ilt#;?;;';;ott'zl;c' "J 
it" infected bees soon became trembly and flightless'

l7t
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Some were bloated but none became black or hairless. Bailey, Gibbs and Woods (1963)
and Bailey (1965a) itrvestigated the same or a very simitar disease at Rothamsted wheri
it had appeared spontaneously and very severely in a single colony. The sick bees weri
flightless and trembly and the trembriness was Lspeciarylppareni when the bees were
kept warm and compared with healthy individuals. Moreiol'o'nies were obtained snowing
lle sa3e s9v9r9 symptoms from various parts of England. Dark, hairless bees were rarl
but a few sick individuals with bloated abdomens frolm the distension of their ho""y-r*
with liquid, invariably occurred within the colonies. In every way the disease simed
identical wit-h that described by Burnside. severe attacks t""." d"u"rt tiog. m"y *er"
us .ally seen in summer when thousands of bees crawled and died, feaiig tn"'queeo
with a handful of attendant bees. on tle neglected combs of coloniei tnat nia appiarea
large and prosperous on.ly a week or two pieviously.

Chmnfu bee-pantysis virus Baitey et al. (1963) extracted a virus from paralysed beesby triturating them in water + carbon tetrachloride. They called this virus chronic
bee-paralysis virus to diflerentiate it from another virus, acute bee-paralysis virus (see
below), which they discovered at_the same time. Iater bailey 

"t at. geiq for.d d;i
extraction with water f ether folowed by carbon tetrachlo;de was the most efficient
method. clarification of the extract at 8000 g for l0 minutes, followed by sedimentati,on

:,,1f m C for 2! bours 
^or 

precipitation with half-saturated ammoniu; sulphate, .

tarly pure preparation of anisometric particles that resemble prolate spheroidi ano ringe
in size from 15 to 40 nm wide and 

.-20 
to 100 nm long. The avirage wiith of the parti"le-s,

which contain nucleic acid ofthe ribose type, is abo-ut 2r nm ani there are thr"" 
"o-poinents averaging 42, 52 and 6l nm in length, with sedimentation rates (Szo,.) of q7, itO

and 125 respectively. The smallest particles are the least infective. farifydJ bees irom
different sources in nature, and bees injected with fractions of extracts containing mostly
large particles, all contain ttre three,virus components in the same relative proiortionJ.
Betweel 10m and lOu particles can be extracted from one paralysed bee and thi median
tghal dose (Lp 50)ty injection intothe haemotymph for adir.rtt bei is about t0, parri;h$
The LD 50-ofthe virus when applied as asprayin 

-water 
is be,,r""o 19, 

""6 
i0roiu.ti;G

and when fed in syrup is more than.l0ro particles. The sprayed virus prob"Ui iJects
via the ftacheae and the true LD 50 is probably many fewer particles than all that are
sprayed at a bec.

Bees infected by any method and incubated between 30. and 35"C become flightless
and trembly about five to seven days after infection and die a day or so later. ThJlower
Sj !11ne1at3re,. 

tte longer.they take to.die after first showinj symptoms. Basophilic
cltoplasmrc bodies are strikingly evident jn the cells of their hiod-Lrt and some of the
bees develop bloated abdomens gux{ Uy distemiotr of their ho'ney_sacs with liquid.
Thes€ symptoms correspond exactly with tilose seen in nature.

9*u1r91g of paratysis Much chronic bee-paralysis virus has been detected in bees
lgunj- yrlh ryratfsis symptoms and sent to R6thamsted f.om a"stratia, China, Meico,
Sj Y.S:A., Scandinavia, Furope, the Mediterranean area and many parts oi Britain:lresh specimens contained as much paralysis yirus as there is in bees killed by it in
!"bTtory tesls. Similar particles have been extracted by oth". *o.k".. fron p#Aysea
Eo 4 mg Ukraine, where Aleksenko and Kolomiets (D67) claim to have culiured the
virus 

-in 
l0-11-day-old chicken embryos, France (Giaufuei ei i,1966a) and Canada

(I-ee & Furgala, 1965a). Thereis no evidence that thire are host spocies othlr than honey-
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b*s: Bontbus, Psithlrus and Galleria species were unaffected when injected with doses

of virus that were lethal for honeybees @ailey, 1965a).

Viruses obtained from almost all the countries mentioned above have been compared

at Rothamsted and seem serologically indistinguishable from local ones, but Reinganu',n

(1968) observed ring-shaped particles in purified preparations from bees with paralysis

in eust atia, and h-e found more long particles in bee samples during June (winter)

than during September. Some variation in virus strains may be indicated by this, and

their virulence may well differ.
Recent surveys in Britain show that at least 701 of samples of crawling morilrund

bees or of live bees from colonies producing very many crawlers in natue were of bees

suffering from paralysis @ailey, 1967a). Moreover, some of these samples contai-ned

many b-ees infeited with Acaripis woodi, a parasitic mite long alleged to cause crawling

in bees. However, only the sick bees in oni of these samples, which was of many live

bees, contained much paralysis virus, whereas l. woodi was distributed equally among the

sick and apparently nedtni individuals. Thus paralysis virus, rlot A. woodi, was causing

the crawling.
Notwithsianding the world-wide distribution of paralysis virus, the percentage of

colonies that are Jeverely attacked is small, probably not more than I or 2\' However'

in Britain at least, inapparent infection is very common. Electron microscopy of extracts

of bees and seroiogica-l evidence has suggested that a few particles of palals1s yir.us

occur commonly inieemingly healthy bees (Bailey e, ar., 1963: Bailey, 1965a)' Infectivity
tests with extr;ts of dead 6eis collected from beneath normal colonies showed that each

of about 30% of the individuals contained more than about l0? particles of- chronic
paralysis virui, whereas similar extracts of live bees from the colonies were not infective

tsailJv, 1967ai. More than l0% of the dead b€es contained as much virus as bees killed

Lv 
"tro"i" 

paralysis in the liboratory. Very recently @ailey, unpublished), infectivity
and serological tests with extracts of live bees from apparently healthy colonies with no

history of iaralysis show that during autumn and early winter at least, most b€es contain

,o-" 
"t 

roni" p"autysis virus. This virus is localised, occurring mainly in the post-cerebral

uoA tfroi*i" glanO-s-i.e. the salivary or labial glands-with an average of about.l0s
particles per bie. Hypopharyngeat glands of the same bees co-ntained about 104 particles

ier bee, 6ut the tteu,i. 6f to.Jnoiuiduals contained up to lS particles' It may well be,

in"r"foi", tt ut a large proportion of the very many bees cofiin''zlly lost from 'normal'

"oio"i". 
Oi" of parJysis, as do many of the comparatively.few individuals found dead

nea.ty. 'Cooa' tlonies'of today must be only stunted Yersions of what they would be,

were they free from chronic paralysis virus.

Multiptication anrt spreart of chronic paralysis nfus. 4bolt.lall the number of particles

;a;ht;" paralysiivirus in a paratytic bee are in its hcad (Bailev er a/', 1968) which is

about l/10'of the total body ;eight. Extracts of the brains-of parall'tic bees are very

iofJiu" 
"rO 

serological tests intlicate that each brain is likely to contain 1010 or more

pu.ti"io. ffo""u"t, ine only particles yet seen in sections of brain tissue that resemble

[no." of putatysl. ui-. *"ti ieen aho ln sections of brains from healthy bees, and may

iun" U""i micro-tubules or other components of normal nerve tissue @ailey & Mitne'

iSO )-Ire ana furgala (1965a) saw similar particles in section-s of the nerve ganglia of ttre

aho;; and abdoilens'of paialysed bees but not in the ganglia of healthy bees' Whether

tn""" pu.ti"te. seeo in nervoui tissue were of chronic paralysis virus remains to be

p-r"i, tr, the infectivity of brain extracts and the symptoms of infection make it
irotuUt" tt at the virus multiplies in nerve tissue. Giauffret et al' (1967) found many
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basophilic granules in the cytoplasm of the cells of the thoracic ganglia 6f paralytic bees,
whereas the ganglia of utrinfected- bees contained none. These franirles closely iesemble
those in the cytoplasm of the hind-gut ofparalysed bees (Morilon, 1936) and contained
much nucleic acid of the ribose type.

Tlrg sprga! of paralysis between bees in nature has not been explained. About 101r
particles ofcbronic paralysis virus have been found in the 30 mg or so ofliquid distending
the honey-sac of the bloated paraly c^bees foutrd in nature $ailey, f97f|. f.ou-aUt!
the virus is secreted into the honey-sac_from the salivary ana possiUiyine frypopnarynlJ
glands, where it occurs even in irealthy u.". on io,o! LXi*. i's"il"y, unpublished),
and one of the bloated paralytic bees wourd seem able to pass sLveral rethal doses of
vrrus rn tood to a lbw healrhy individuals. according to the LD 50 found by laboratory
tests. Howev€r, in other tests, bees injected with ch-ronic paralysis virus faiied to cause
paralysis in healthy bees they fed eniirely with food into which they had secreted the
virus. Also, it was shown that virus passing into the faec€s of paralyseO bees soon losi
infectivity, that virus accumurating in varioris tissues of bees fed'sullethal doses quickry
decreased- after a few days and that colonies sprayed with virus surpensions srrfferei
trivial and very transient losses of bees (Bailey, 1965a). Bumside (1933i observed that a
fy ff]f, bees became paratysed when pliced in iolonies with severe paralysis, but
Iarled to traDsmit the disease by putting food from these colonies into neitttry ooes.

There is much circumstantial evidente indicating that susceptibility to p;ralysis is
closely limited by inherited, possibly matroclinous, fictors (Bailey, l96ia). Nivertleless,
observations at Rothamsted for several years on colonies i*aJi Uy queens bred from
colonies with severe paralysis show thai the onset of disease in injmls unpredictable.
SignificanUy more of these colonies have been severely weakened by paratysii than have
colonies headed by normal queens but,_ at aoy oo" ti-", most ;main;d apparently
healthy even- when kept in the same small area with the few thar were severely diseased'.
Moreover, their bees have proved no more susceptible to artificiai infection than beesfrom other colonies; arso, although severely pararyic colonies have recovered when their
queens have been replaced with queens from eliewhere, others have recovered spon-
taneously. One of the recovered colonies relapsed, severely affected and with the siame
marked-queen, after seeming normat for a yeir (Bailey,6Oh, tg1lt,1969b). Environ-
mental factors were possibly playing a part as they seem to trave a-one when strains of
bee. susceptible to paralysis showed rnore diseasi when kept in uncultivated .forest,
regions in Germany than elsewhere (Dregclgr, l9U; Buley,'i967ai. te_perature -ay
Slly:gl,: S$onic^ry1a1v;i;. "irus 

multiplies.o.. i, r"", ut lOiC ttuo at 35.C, yei
rt lols be€s quicker at 35"c (Bailey & Milne, 1969). To some extent this reflects evenis in
narure when much vrrus accumulates in live apparently healthy bees during autumn andwinter and severe disease seems to occur mority aUog ."-ri"r, Urt lt Ooe. not offer a
ready explanation of the sudden and erratic nature of s-evere attacis. perhaps extraneoustoxins are- involved. Maurizio (D{S), for example, mnsidered tiat bees apparently
suffering from 'Waldtrachtkrankheii and .Maikianmeii, wtrin tney 

"ontain 
_ucichronic paralysis virus (Bailey, 1965a), sometimes had been poisonea witn nectar con-

rarnrng glucostdes such as saponin. Maurizio found these materials caused paralysis_like
symptoms 

^when 
fed to caged bees, and saponin increases the susceptibiliry Lf some cellsto virus infection (Way, 1969), possibly_ by-increasing tn"i, p"..."-diiity. Ho*"ue., ,"n"o

bees known to be inapparently infected with ctrronii paratysis virus were fea toxic con-c€ntrations of saponin and other glucosides, the virus did noi -rrttipty (Baiit, ;;_
t^r^b^f*92: 

A likely possibility frlirjlC is that susceptibilly is not matroctinous and,
because the sperm ot-the several individual drones that usually mate with one queen do
t74
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rot b€come entirely mixed within the spermatheca (Taber, 1955),,a queen occasionally

oroduces a flush of susceptibl" *oii",i "n 
o using sperm mostly from a susceptible

ffi;:ih?r"ffii "*iiuii 
tu. io"g"r* occurrenc€ of paralvsis and the q)ontaneous

recovery of a colony with the same que€n'
'*,iti ,t; ;;;i tl"'t "*yu"" "ri 

,r.""ptible in narure to paralysis, seemingly at anv

aee. and infected queens seem not ;;i.-u**lftt. Oit.o." to th;ir offsPring' For example'

lfif .#il;"#;i-. t""titrv p-avtJ torooi"t at Rothamsted have been found

wirh paralysis only a day o, .o 't"iin"i 
tteiged from their.cells',whereas others have

mated successfully, laio many eggs,-trot'*uLn ilott upparently healthv Queens and wor-

ffi:;;;a"rel,';r[ n"r" tn.""aii tr p"orvtit' r*tii"s tf-ihe heads of the paralvsed

l;#ffiffl.Ji ;ir"n.rti"'i" p"*ivln 
"i'ut "t 

t*t'u"ts of heads orparalvsed worker

bees and of paralysed ,utott oi*"t] ioung' moribund workers and drones' most

orobablv less than 24 hours "ld,';;-;"; 
i;?ature worker and drone pupae' found

ffi:;t'ffit;T;lo;";';";;'";;;il"J "' ""n virus as paralvsed mature adults

(Bailey, 1969b).
Thehereditablefactorscauslngsusceptibilityar-eProbablyrecessive'otherwisequeens

,# #;;;il; *ouio ,oon Lkil"f w-p'"t"tvsis Drones' how€ver' are haploid' so

iil::"..#ffi;ilr*ioi. *o,ra ptJ*'uuivL 'itv 
vulnerable 1o inrection' This seems

an imDortant mechanism ,"rttt'og l?oiott it'" transmission of harmful genes and may

1,".,i'lffi,ilr.i ,n" *ritv or toroili-tnui "it 
uttv susceptible to paralvsis and to other

disorders that are closely limitei'iv g*"ii" f"tiott' Several years of observation on

;;".;'fi; ";;;;uf 
noinuln'tto'iu'u""ptoJ'""0 no evidence that proportionatelv Yery

';iiI;;;;;;, ii"-oi po,,rvtit tna'o- workers' but manv 
-mav.become 

infected' die

llt'irlliii# "iiilhJ ""' l#;;'*i"*"; ;'i boo'n" infected' otherwise the virus

could not multiply, as it do€s, rn p'p""' 
"itti"rlgt' 

-"ny attempts to infect worker larYae

artificially in paralvti" .olonitt, uiil*o-ii*-tiEii atutlt 
"t 

p'ipae or adults' have failed'

In fact. almost all of very ,n"";;il6;o]ota uv i""uuoti'g .pupae 
from paralvsis

colonies have been bealthy. o" .**il""i"r, nl"ever, about. half ol about 100 newly

emersed bees that had b€€n l"ft ;;; ; f;;-6; on their comb became paralysed after

a feri days in cages, whereas fr.l;;; L;., 
"u!.4 

ut.ooo as they emersed from the same

comb. remained healthv (Bailev,'i'9osbi] ifit ;gg"t" that bees can become infected

;#'dJi.ffi' ;il-t#i rv O{iir"v, "ipuutlin"alior""tl.ne 
chronic paralvsis viruswas

found in pollen cotlected in the ;;ii6ffi;J ;Loveo from them- b€fore thev could

deDosit it in their combs. The d';#fiv t;ie the virus into the liquid thev add to

thi pollen thev collect. Thtv pt;il;i;;;i larvae sinilarly'. perhaps more efficientlv

than can be done artifcially. Neiffi;es! th" apread and rapid multiplication of para-

lvsis virus in nature .*nl, u.ry n"'it"'.";;oiUJipu'tilogt" of bies' it seems to need several

Joirclaenrfactors before it causes much harm'

R€trosDect. With our present knowledge of paralysis in mind- it is^interesting to consider

some oast accounts ofaOuft Uee 
ji"seasei One'hundred and more years ago' but especially

auoui 1905 when rhe so-called 
.rliiliiiigiii Jir""r"' was a[eged to have spread quicklv

throushout Britain and attttov"i-'io'i oFtne bees' many amateur accounts in various

iournils, together witf, u f.* p.oi.tliooJ t.pots ("'g' Imms' l90I' des$ib€d svmptoms

ihat match those of paralvsrs ;;H;';t#;co ihe" allegations' olten made then and

subseouentty, of a single irr*ttJJJ'di*"*ip?*oing rafidlv throushout Britain' were

never iubstantiated ts,ir"v, rsoil]ti;; toio'tt it"t'ad^e guicklv spread through

some colonies of bees, as p"taTJil-ttii-tt- at"t ita"v' The sieht is impressive and

soon fiains the eye to oou"" 
'"?'r""tJi"Jtt 

*u'prtt' T[e virulence of paralysis virus
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when it multiplies, and the sDeed with which it can ruin a colony, coDtrasts especiallywith the natur-e of 
. Acarapis- woodi,.*hicb ; 

-ilp"l;t;ff# 
. have caused verysevere and-swiff epidemics, but which can produJe;y fir;;;; otrspring per femalea.nd has,.a lile cycle in its symptomless nost ot aUoui il aa;. b;g rhis period, whenA. woodi car. murtiply very littre, even w.hen circum.turo.loi it ui" -ost advantageous,p"lil::i11::3-murrply by many miuions ano JmoJ;;;;;;; rarge corony.

JrrarD-s-or bees very susceptible to paralysis but free from virus may sometimei surviveand multiply. All.ernatively, and perhaps-more pr"U"Uf", .t "i^ oI.bee may arise thatare very susc€ptible to some strains 
_of 

pararysii ui.u, r.o. .is"*t"*. I. ;ith;-;;,spectacular losses can be ex.ected wheiexotic virus rtruior 
"ii-i"t 

oa"""o. Local inci-dents of this kind seem to occur today_wh"; b*k;;;;;;;gul 
".rt 

io bee strainsfor various reasons and sometimes inadvertently select strains ip,ecia,y susceptible toparalysis (Ba,ey,-1967a). To reprace th.- i. a .i-pt" r"-"ay-*-n'"o'-ost other bee strainsare resista_nt, and attempts made by beekeepe..'i, in"." li""--.'t"rces to find strainsinsusceptible to paralysis would soon.succeei *irh"rt ;;y k";i;dge of the parhogen.However, the losses of bees in the past and_the ,"u."h fo, ;;;;;;;ains by beekeepersare of unknown extent: tie few reiorOs of toses sugges-t-ti"V i'"1." .r"n exaggerated inmost accounts @ailey, I963). Not v.ery lotrg afterwids, Gr;iri tt".rr.Ty.ftomwere found to conrain Morison's cefl inctujons (Mil;r,-i;*;iotmar, lgI{)), whicbindicates that tbey were severety infected ;i,h ;h;;;i;;;iy;is'ri-, u, we know ittoday, because tbe inclusions ure spe"incauy ass;;tJ ff,h &:rc paralysis @ailey.1965a). Tbere seem to be verv sood reu.oor, tt"r"for.. for'iriir", tbat many of tbecolonies with crawling bees iia'coosed i" rb;;;;;;'rii;rrf;l *" .rsle of Wight,,'Nosema', Acarine' or .Amoebidjseases. 

".r;;au, ,",;ff.;;-d irJil p"ray.i..No other parasite of bees has been shown to ;r" ,;;h?';;." and quickly fataldisease of the individual in which it murtipries, i"-L" ." *r.Lifly rethal to bees innature, and to be so widesoreaa as ct,oli: tree-paraysis ui-.i'iri'ni*uy it tas attractedthe least atteotioo but it would nresumably h"; h#;;;;jo"jty io ,.r*r"t oo U.",Iong ago had it been as easy toietect u. tn" *.U-t o"*oll_6 i*irir., of Uo..

Sacbrood

white (19.13, 1917), in the U.s.A.,. fint described sacbrood clearry. He observed thatlarvae with the disease fail to shed ih.i. nrJ.ti, 
"u.riiiii"v[ii., tu"v are sealed intheir cells. The skin becomes a transparent sag accumulating unusually much ecdysialf id aroun-d the pupar integument. Tbe la;u-a;;4.-.**-i'u"u i"ui"o. .o una soon driesto form a flat brown scale in its cell, unless 

"drlt 
o;; 0""" 

""ir"i"" it. wnr-*te causedsevere ourbreaks of sacbrood bv feeding b"" ".1.;;, ;th ;;*e syrup conrainingbacteria-free Eltrares of diseasei tu*u.. -rn.r" li;;i";[# #.ctivitv about tbreeweeks after they died.

sacbrood virus Steinhaus fl949)saw spherical particres about 60 nm across in extractsof larvae wirb sacbrood aod s,t:itk * ir. (iiiil';';;ir;;";yp:ftictes about 30 trmacross, whereas they found no oarticles in extracts of healthy larva.e. They made no teststo sbow rhat these parricles *,irro.^31{ ,""9.9"0.' si,t;,, 6jff'.nd Woods (1e64),independently of Brd6k et a/.. arso fouDd isometric partict", ib nr-in aiuo,.ter and showedthat purifled preparations oi them caused ,""b;;J ;h"; ;;;ii i"'r.vr"" raryae. Two-day-old tarvae are the most susceptible 
".a 

til;;ii";"#iii"", ro, tn". by mouthis between l0z and 10s particles. ibout ldr;#;il;;T"l?l"t"o r.o- or"tu*u
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with sacbrood (Baitey, 1969a). The nucleic acid of sacbrood virus is of the ribose type
(Lee and Furgala, 1965).

Occurrence of sacbrood. Sacbrood was once thought to be rare, at least in Britain.
Tarr Q937) thought most disease resembling sacbrood was a non-infectious hereditary
fault-'addled brood'-because he failed to spread it by placing combs containing many
diseased larvae in healthy colonies. However, as sacbrood does not spread readily this
way (Hitchcock, 1966), and as the photographs shown by Tarr clearly resemble those
of larvae known to have sacbrood @ailey, 1967a), he was probably dealing with this
disease.

Recent surveys show that over 80% of diseased honeybee larvae containing no visible
organisms from England and Wales have sacbrood and that during summer l0 to 30f
of apparently aormal colonies, within about 20 miles of Harpenden, contain a few larvae
with sacbrood (Bailey, 1967a). A signicantly geater proportion (P:0'001) of colonies
of an imported strain of bees had sacbrood than local strains. Severe outbreaks occur
during spring (White, 1917), but recent tests show that up to 6 f of larvae from apparently
healthy colonies in August have sacbrood (Bailey, unpublished). These tests were done
by removing brood combs from their colony, without adhering bees, when individually
identified larvae in them had just been sealed in their cells, and incubating them at
35"C for four days. Extracts of larvae that failed to pupate were then tested serologically
for sacbrood virus. The incidence of sacbrood in a form severe enough to be easily diag-
nosed has now surpassed that of European foulbrood (Ministry of Agriculture, Fisheries
and Food, 1969) and as both diseases are most severe during spring and early summer,
it is not surprising that they sometimes occur together in the same colony (Bailey &
Locher, 1967). The virus found in larvae with European foulbrood in France and thought
by Giatffrct et al. (1966b) to be a likely cause of this disease was, in fact, sacbrood virus
(Bailey, 1969b).

Multiplication and spreed of srcbmoil yirus. The ecdysial fluid in the sac that surrounds
the dying larvae is rich in sacbrood virus but little is known of where the yirus multiplies
within the body of inlected larvae. Lee and Furgala (1967a) saw particles, sometimes in
crystalline array, in the cytoplasm of fat, muscle and tracheal-end cells 48 and 72 hours
after 12-36 hour old larvae had been kept in the laboratory on food rich in virus. How-
ever, most of these larvae were classifled as 'sick' or dead after 72 hours, at an age when
they would still have been unsealed in the colony, so they were atypical of sacbrood larvae
in nature, perhaps because they had ingested overwhelming amounts of virus. Fyg
(1962) considered that infection upsets the production of moulting andjuvenile hormones
because analagous symptoms to those of sacbrood can be caused by ligatures that prevent
the secretions of the brain and corpora allata from diffusing into most parts of the body
of healthy larvae. Therefore, sacbrood virus may typica[y multiply in and derange these
parts of the nervous system. The neurotropism of the virus was recently demonstrated
by results of infectivity and serological tests showing that sacbrood virus multiplies in
the brains of drones when it is injected into ttreir haemolymph @ailey, 1970).

White (1917) showed that one larva killed by sacbrood could infect about 3000 others
when crushed in sugar solution and fed to the adult bees ol a colony. Nevertheless, in
natural circumstances, sacbrood usually disappars spontaneously during summer,
and does not spread much even when combs containing many diseased larvae are placed
in colonies (Hitchcock, 1966). In spite of this slight ability to spread during summer,
of the mpid loss of infectivity of sacbrood virus in dead larvae, and of the absence of
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larvae during winter, sacbrood persists from year to year. A probable way it does so is
by multiplying in adult bees. Bees of any age become infected when injected with about
103 particles and individuals younger than about eight days become infected when they
ingest 108 particles of sacbrood virus (Bailey, 1969a). They show no symptoms, but much
virus accumulates in their hypopharyngeal glands and, as they feed larvae with secretions

-'royal 
jelly'- of these glands, they seem a probable source of infection. The youngest

bees are not only the most susceptible to infection by ingesting sacbrood virus, but are
also the ones most likely to ingest much in nature because they clean honeycomb cells
vigorously on their first day of life (Lindauer, 1952; Sakagami, 1953). They detect and
remove most sacbrood larvae within a day or two after the larvae die, when the virus is
still infective, and they probably ingest ecdysial ffuid when this is released from sacs that
are ruptured in the removal process. The virus from less than 0.1 mg of a larva freshly
killed by sacbrood is sufficient when ingested to infect one of these bees, and much sac-
brood virus collects in their hypopharyngeal glands within two days after they ingest
an infective dose (Bailey, unpublished). However, although infected adults show no
symptoms, they eat little or no pollen after infection, so bees that are infected when
they are the youngest and most susceptible are the least likely to eat pollen (Bailey,
1969a). They wiil, therefore, secrete the least royal jelly and so presumably will not feed
many larvae. Moreover, their lack of protein resenes shortens their life and makes tlem
least likely to survive the winter. Further, adults seem unable to infect each other with
sacbrood virus when they exchange food. Probably only a comparatively few adults that
have already eaten pollen and that then ingest sacbrood yirus before they become
immune are able to transmit yirus to larvae. There seem to be many factors, therefore,
that combine to prevent the rapid spread of sacbrood.

Although adult bees are probably the reservoir of sacbrood virus, no direct evidence
has been obtained that they transmit yirus they contain to larvae. The successful spread
of sacbrood by adults fed on suspensions of sacbrood virus in sucrose solution is equi-
vocal evidence because larvae may then be infected with virus carried mechanically by
nurse bees. Small colonies composed entirely of worker bees injected with sacbrood virus
reared only healthy larvae (Bailey, 1970) but the behaviour of the injected bees seemed
abnormal and the very few larvae successfully reared in their colonies may have been
fed by comparatively few bees in which virus had failed to multiply. Infection of adult
bees in nature may well have more subtle efects than by injectiotr.

Except for alternative host species, which seem improbable, the only other obvious
way that sacbrood virus might be transmitted is through the queen, but many attempts
to show this at Rothamsted have failed (Bailey, 1968b, 1970). The virus was injected into
laying queens or fed to young individuals, which successfully mated and produced larvae.
None of the queens transmitted sacbrood, although infectivity and serological tests with
extracts of their heads showed that sacbrood virus had multiplied in them.

Drones, as workers, are most susc€ptible to infection by mouth when young and become
immune to infection this way when they are about seven days old. However, the fact
that sacbrood virus can multiply in drones is probably ofno epidemiological significance,
because it is improbable they will secrete virus from their vestigial salivary glands, and
their chances ofingesting an infective dose in nature are small because they do not clean
combs. None of 30 drones from a colony with severe sacbrood was infected (Bailey,
unpublished). None of this present information about the multiplication and spread of
sacbrood virus helps to explain why severe outbreaks usually occur only during spring
and early summer, but the proportion of susceptible young adults and larvae may
then be greatest because colonies are growing fastest,
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Acute pualysis

Acute paralysis was discovered as a laboratory phenomenon during work on chronic
paralysis virus (Bailey, Gibbs & Woods, 1963). When 1 pl of bacteria-free, concentrated

ixtraits of whole, apparently healthy, bees---c.g. ten bees extracted in l nrl water-
were injected into similar beis, most of these became flightless after about flve or six

days at 30'C, and then died within about a day. By contrast, bees injected with ckonic
paialysis virus remain flightless and trembly for a few days at 30"C-before they die. The

iwo kinds of paralysis ari most easily differentiated when infected bees are kept also at

35"C. Those with 
"hronic 

paralysis then die a little sooner than at 30"C, whereas those

with acute pfialysis, especially when injected with terminally infective dilutions, continue
apparently normal for many days, some living as long as uninjected bees- Wtren concen-

trated extracts of chronically paralysed bees are injected into apparently healthy bees,

chronic paralysis virus multiplies, but after several serial passages -of similarly concen-

trated 
"*tru"ti 

of the resulting paralysed bees, acute paralysis usually prevails.

Acute paralysis virus. Bailey, Gibbs and Woods (1963) extracted acute paralysis virus
by griniing'acutely paralysed bees in water + carbon tetrachloride, clarifying the extract
ai g-000 g tor 10 minutes and then sedimenting the virus at 75 000 g for 2 hours. Infective
virus can also be precipitated from clarified extracts by adding l| volumes of ethanol.
It maintains infectivitf for years in acutely paralysed bees preserved at -20'C. Acute
paralysis virus has isometric particles about 30 nm in diameter which separate into two
iractions with sedimentation iates (Szo,r) of 160 and 80, corresponding to particles that
appear 'futl' and 'empty' respectively when negatively stained with neutralised phospho-

tungstic acid and examined with the electron microscope. The particles closely resemble

thoie of sacbrood virus but they are serologically distinct, and sacbrood Yirus kills only
larvae whereas acute paralysis virus kills only adult bees (Bailey et a1.,1964). About 1012

particles, mostly full, can be extracted from one acutely paralysed be.e; about 102 cause

paralysii when injected into the haemolymph but about l0rr are needed to cause paralysis

when ingested by a bee.

Occurence. Acute paralysis virus has been detected in all of many samples of bees in
Britain, by injecting ipparently healthy individuals with concentrated extracts of similar

bees from the sami source. Similarty bees from N. America and Italy also contained

acute paralysis virus @ailey, 1965b) but bees from Asia and. Australia did not (Bailey'

1964,ig676). Seved Bombus species in Britain are susctptible to acute paralysis virus

and iesemble British honeybees in being inapparently infected by it in nature, but Vespula,

Galleria, Achroia, Tenebiio and Blatta spdtes are insusceptible (Bailey and Gibbs,

1964).
Different colonies of bees differ $eatly in the p€rcentages of infected individuals

(Bailey & Gibbs, 1964). Although the virus is widespread, bees suffering from acute

paralysis have oot be"o diugno."d in naturc, but the very transitory symptoms of the

disease would not make diagnosis easy in the fleld.
Results of several receni tests (Bailey, unpublished) show that most bees injected

with concentrated extracts oflive bees from winter clusters at Rothamsted do not become

acutely paralysed, even after three serial passages ofextracts in winter bees, whereas most

test b&i from the same source and at the same time were killed by acute paralysis virus
when injectett with simitar extracts of apparently healthy bees that had been collected

during summer. 
l7g
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Multiplication and ryread of acute lnralysis virus. There are probably not more thanabout.l05 particles of acute paralysii virus per apparently health'y bee, and most seem to
::^,-r-lr:.:_":91*, perhaps timired to the. intesrine (Bailey & Gibbs, 1964). However,
Dees snowrng symptoms have much virus in several different tissues, such as the cyto_plasm of the. fat-body cells (Furgala_ & 

-Lee, 
1966), the U.ai" ara iipe"iuUy th. hyp;-ptaryngeal glands @ailey & Milne, i969). virus accumulates i"-"*l"i* tir.iro of-Gr,shortly after these are fed sub-lethal dos:s, b,t then sl;;ly ;;;ses without causin!

:I^pll11!fl.- j,l,lecomes systemic and tethal probably ooiy *t"o ,otrI" particles enterule naemorympb, because anuserum, prep.ared I rabblts against the virus and injectedinto.the traemolymph protects Uee.s equaity against infectio"n by-_Lth o, UV in:lction(Bailey & Gibbs, 1964).
Acute paralysis virus has recently.been detected by infectivity and serological tests inpollen freshly.gathered.by bees (Bailey, unpubrishd). rn"re "i.* "t least fos particlesper gram.- Although other sources of the virus haw not been 

"^AuO"O, 
b*. iJ;bt

:lr,r,:f IT^T lh-.,,T 9l-r*: as rbey do chronic paralysis vi*", irto-in" nuia tnr:1y aaa-t6poxen as rney colect rt. lhus acute paralysis virus seems to multiply and spread mostduring summer,. probably from gland secritions ue""rr" u"er r"jold with lethal dosesof virus transmit it in the food they pass to uninfected individuals io 
""g", lnaity-eGibbs,.1964). There may be a relati,onship between the .r.-".'muttlpf"u-tiori of aiute

para-lysis virus and temperature, because more than three times as much virus can accumu_
lary in [ving-b€es at 35.C, which is the usxal-temperature witlri"-tn" *m.e. 

"fuster, 
than

in bees killed by acute paralysis at 30.C (Baitey & M ne, U09.1. fhese etrects of tempera-ture are the converse of those on chronic- paralysis virus,'which multiplies moL at30'C than at 35'C but kills bees sooner at 3i.C. However, uo i-po.turt polnt of simi_larity between both viruses is that the severity or tnei. 
"r""t 

is noi simply ierated to theamount that they multiply.

_ 
In view ofthe physical similarities between the particles ofacute paralysis and sacbrood

viruses and the fact that both multiply in adultiees, tleir efectsl especially on drones,
T::l..1ryllj{ giflerent. Acute paralysis kills drones at 30.C witirini weei of injecfin!
rne vrrus and the braln contaios about l0l1 particles, whereas sacbrood virus, whiih alsJmultiplies in the brain and other tissues atleast as'much as ao", a*rc paralysis virus,
causes_no_ symptoms at any temperature and shoroens the life of a drone by only a fewdays (Bailey, 1970).

. 
Some evidence (Bailey & Gibbs, 1964) seemed to indicate that acute be+paralysis

:]1.s,":ll9 be activated by injecting aduit bees with eitbei foreign' proteins or concen-
rrared preparatrons ol'sacbrood virus (Bailey, 1967c). kter, boweier, some preparations

:|.s3"^?::^:9 ly:-l+, .9 r€peatedly.to cause acute pu."i;ri; ;h;;"u, other prepara-

:,^":.t^ 1liT,"]i-f tsa ey, 1969b), so it seems.thar sacbrood preparations are frequently
conramlnared wlth acute paralysis virus. Similar evidence ofcontamination was obtainei
rec€ntly wh€n one preparation of sacbrood vjrus caused chronic pu"afyri. wtren injecteJ
)?:?ilYj "Y:^!l*t',llL'blished)' Posiblv.the particles seel-Lv Lee and Furgala
:::lj:1]"..=1,::t or the tat-body of apparentty healthy bees tney naa tnyected iitnsacorooo 

-vrrus were atso particles of acute paralysis virus, espec,aiy as thei had incu_

:i i^_,}:I.Y: at 35.C, at which temperature trees infecteO with acute paralysis virusqo not soon dre.
As acute paralysis virus occurs commonly in_apparently healthy bees, at Ieast duringsummer, it is likely to contaminate their produA una L t*oi.itted when extractiof these are injected into adult individuals. fioweveq tran.-irri- ,rrally be avoidedby diluting the extracts, e.g. so that no more than about lOs oithe extract of an adult
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or a larva is injected. Alternatively, the virus can be neutralised by mixing extracts,
before they are injected, with antiserum to it prepared in rabbits.

Conclosions

As there are at least thre€ viruses that can cause severe diseases of the honeyb€e but that
commonly persist without causing symptoms, many similar viruses might be expocted
to occur in other insects, but very few have yet been found. The only good examples
seem to be a yirus of termites (Gibbs, Gay & Wetherly, 1970) and 'Sigma' virus of Droso-
phila melanogaster (Seecotr 1968). The termite virus, moreover, has particles resembling
those of acute bee-paralysis virus and kills its host when injected into the haemolymph.
Sigma virus ki.lls its inapparently infected host only when the insect is anaesthetis€d with
COz, which is at least reminiscent of sacbrood virus causing effects similar to those of
COz in adult bees. The best known viruses that attack insects are their peculiar poly-
hedrosis and granulosis typ€s, which are enclosed itr large protein crystals, and the large
iridescent types (Smith, 1967). There is some eyidence of inapparent infections by some
of the polyhedrosis viruses but none has consistently and unequivocably been shown to
persist this way. Social insects, especially those with perennial colonies, would be very
severely handicapped by host-specific parasites tlat invariably caused severe disease,
so inapparent virus infections are perhaps most likely to evolve among them.

Honeybee viruses seem to have less in common with pathogenic viruses of other
insects than with the very many viruses of other animals and plants. They resemble
especially the artbropod-bome viruses of plants and animals, not only in being of similar
size and in being unenclosed in protein crystals, but in multiplying as inapparent infec-
tions and accumulating in the salivary glands of adults. Sacbrood virus is especially
striking in this respect, as it does not cause symptoms in adults when it multiplies greatly,
even in the brain tissue. The declining concentration of chronic and acute paralysis
viruses with time in various tissues of bees that have been fed sub-lethal doses of virus,
resembles the behaviour of Semliki forest virus in Aedes aegypti (Mims e/ al., 1966).
This behaviour may also be analagous to that of some plant viruses, which, although
persistent in vectors that feed for long on infected plants, become established only
temporarily in vectors that feed briefly. This phenomenon has been advanced as evidence
against the multiplication of such plant viruses in their vectors (Black, 1959). Whether
sub-lethal doses of the bee-paralysis viruses multiply or simply accumulate temporarily
in their host is unc€rtain, but the persistenc€ of the viruses tbrough Senerations of seem-
ingly healthy individuals, with no known alternative hosts, makes it probable they usually
multiply and spread as inapparent infections. OnIy rarely, when the unknown mechanism
that limits their spread within the body of a bee is overwhelmed or bypassed, do they
attack vital centres. It might b€ suppos€d that the gut of adult bees absorbs all of a sub-
lethal dose ofparalysis virus whereas some ofa lethal dose passes through to the haemo-
lymph and becomes systemic, as arboviruses do in mosquitoes (Chamberlain, 1968).
This supposition is supported by the ability of antiserum injected into the haemolymph
of bees to protect them against lethal oral doses of virus. However, sub-lethal doses of
chronic and acute paralysis viruses become temporarily established in several tissues
additional to the gut (Bailey & Gibbs, 1964; Bailey, 1965a) so the infective process may
not be very clearly demarcated between tissues.

The bee viruses probably cause their severe pathological effects by multiplying in
neryous tissues, but they must afect these in different ways. This is suggested by the
converse effects of changes of temperature on the multiplication of chronic and acute

l8l
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paralysis viruses and on the speed at which they kill when infected bees are incubated
at 35' and 30'C, and by sacbrood virus multiplying but causing no overt symptoms itr
adults at any temperature. These contrasting responses of infections by differeni viruses
in the same host to the same environmental conditions suggest thtt precise specific
factors control the multiplication of each virus. They do not support the concept of
'stress', in its usual non-specific sense, as an activator of virus diseasis of insects (Smith,
1967). Nor does the app€arance and disappearance of paralysis on different occasions
in different colonies within the same small area during summer, when most colonies are
flourishing. Additional unknown factors are obviously required for chronic paralysis
virus, and probably sacbrood virus, to spread and cause severe disease, but they are
probably specific, as are the known factors requircd for most other pathogens oi bees
to multipty and spread (Bailey, 1968a). To label them all as stress is retrogradi, especially
as there are very many circumstances that warant the same description but do-not in-
fluencc, or sometimes even iohibit, the multiplication of parasites-

As most other pamsites of bees, sacbrood virus muttiplies freely within individuals
it iDfects and ir spread within the population is controlled by various activities of
bees, including the frequent replacement of susceptible individuals during summer and
their lack during winter. The proportion of susceptible individuals increasis or decreases
seasonally, 

-which 
probably causes disease outbreaks or spontaneous recovery, and

hereditary factors seem of secondary influence. By contrast with this mainly dynamic
process of disease control, the multiplication of the paralysis viruses is usualy Checked
within each of the very many infected individuals by innate resistance factors.

It might be easy to select strains of bees containing substantially less chronic paralysis
virus than average by rearing queens from colonies that lose fewest workers from pira-
lysis or that contain least virus. In this way it may be possible quickly to produce much
more vigorous colonies than those of today. Virus-free colonies may be attainable by
some non-genetical method but to protect them against reinfection from surrounding
inapparently infected bees seems a formidable task.
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iVlanagemetrt of Honeybee Colonies for Crop pollination

J. B. FREE

Butler and _Simpson (1953) reviewed fundamental work done at Rothamsted on the
foraging behaviour of honeybees, especially in relation to nectar secretion. More recent
studies of this type are discussed by Free (1970a). This review deals with the use of
honeybee colonies to increase seed or fruit production.

pollimtiotr r€quirements of clops

Th€ extent to whiJh inrct pollination- increases the yield of a crop difers greatly with
different crops. A standard method of determining whether a crop benefits-from'insect
:r,t. ,: ,lo 

compare the yields.of plants that are : (i) covered by nylon screen cages con-rernrng honeybee colonies, (b) covered by cages to exclude insecti and (c) not &ged.
Insect pollination_of some species produceieither no increase in yield-or such a'sma[

one as to be diftcult to demonstrate. Thus, the average yield of ilrassica napus, caged
with bees, 

-ngt 
caged, and caged wittrout bees was res-Stively g06, 729 andTli selds

ryr-^planJ. wilh 
-a 

mean weight of 2.85,_2.98, and 3.05 g per 1000 seeds (free A Nutt"rf,
1968a). Sim-ilarly, Brussica juncea prodr.rced a mean oiZ'ZZZ ,.ea, p", piant when cagei
with tees, 

-2403 
when _not caged and .2302 when caged without bies (Free & SpenJer_

Booth, 1963a), and Phaseolus twlgaris plants produ-ced a mean of +S seeAs odO.Oa !mean weight when caged with bees and ,lO seeds of 0.61 g mean weight when cageE
without bees (Free, 1966a).

Other sp€cies yield substantially more with than without insect pollination. For
examp_le, Brasica alba prodtrnd a mea_n of 4g6 seeds 1rr plant when caged with bees

ll1 111j::t per plant,caged wirhout bees (Free & Spencer-Booth, 1963;). vicia fabaarso produced more seeds per plaot when caged with bees than when caged withoutlees
(broad teatrs,.23.9 : l5.l respectiyely;.field beans, tg.l : 14.5 respectivet-y; Free, 1966b).
More Fragaria x araru,tsa flowers yisited by bees than isolatled from-bees-set fruit(65.5 : Si.7frespectively, Free, 1968a).

_.Some species _cannot produce eyen- a moderate crop without insect pollination; thus,
Phaseolus multiforus produced only 30 seeds per plani when isorat"a trom bees but 206
seeds per plant wlren caged with bees (Free, 1966a; Free & Racey, 196ga) and Helianthus
annuus heads isolated from insects set little or no seed (Free & Simpson, 1964).

So.me species (eE. Ribes nigntm,.Free, 1968b) yield similarly whiher cross-pollinated
or self-pollinated, but others set fruit or seed only when they receive pollen from arothei
:l^9i: -.1 ::li:!y: :ld_srill others yietd 

_more 
when tross_poflio"tid. ttr., 

"rorr_po 
ination

Detween neads of d Terent plants of Helianthus annuu produced more seed th-an pollina-
tion between different heads of th€ same plant (45 uid z+7 "i iespectively) (-rree aSimpson, 1964). Many varieties of p_runus'and pyrus are *ifi t"o*" as needing cross-pouination. De_spite suggestions to the contrary, it has been confirmed that inslts are
mainly.r€sponsible for.transferring_pollen from pollinizer to main variety trees ana winoplays lttte or Do part in doing so (Free, I964a).

The pollitrating efficiency per bee visit is usually less for species or varieties needing
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cross-pollination than for those that set well with self-pollination, because on mary
visits the insects do not carry compatible pollen. Thus, visits by single bees set fruit on
only lll of Pyrus malus flowers, var. 'Cox', which need cross-pollination, whereas they
s* 57\ of 'James Grieve', which often sets well when self-pollinated (Free, 1966c)'

Many bee visits to Trilolitmt prateflse fl.owerc, which are almost completely self-sterile,
also fail to cross-pollinate and set seed (Free, 1965a).

Insect pollination sometimes has advantages in addition to increased seed or fruit
yield. Thus, bee visits not only increase the set of Fragaria x azazassa flowers but also
produce larger berries and give fewer malformed berries (Free, 1968a). Pollination by
bees can also produce an earlier and more uniform harvest. For example, although
Riedel and Wort (1960) found no effect ofbees on total yield of Yicia faba (fieldbeans),
the plants with bees produced more pods from flowers on low than on high nodes.
Free (1966b) also found this effect with broad beans. Be€s both increased the number of
pods produced by Phaseolus multifiorw and the proportion of early maturing ones
(Free, 1966a).

Although experiments with caged honeybees are useful in determining the Pollination
requirements of crops, the results sometimes underestimate probable yields when colonies
are taken to a field of the crop, because caged plants often yield less than uncaged ones.
This is partly because colonies confined in cages become increasingly inactive and forage
less, so plants in the open plots axe visited more freely by pollinating insects. This inertia
can be avoided to some extent by confining the bees in the cages on altemate days only
(Butler & Haigh, t956), or by allowing most of the foragers of a colony continuous free
range while diverting a few into the cages at intervals tbroughout the day (Free, 1966a).
However, because bees do not cleanse their bodies thoroughly ofpollen between foraging
trips (Free & Durrant, 1966'), the latter method is inadvisable when caged bees are being
used for controlled plant breeding. Indeed, part of the reason for plants in the open plots
yielding more may be that they are not restricted to pollen from one, or a few, sources.

Excluding bees from plants without otherwise altering the environment is impossible
and the cages themselves can produce large differences in plant growth and yield.
Diminished light in cages makes potential yield smaller and diminishes the benefit of
insect pollination (e.g. Vicia faba, Free, 1966b). Prolonged flowering in cages without
bees probably indicates that the plants concemed could bear more seed than that already
set. Caging must also make wind pollination less likely.

However, cage experiments may also overestimate the yield response likely in the
open. Sometimes this may be because caged honeybees can only visit the, possibly rela-
tively unattractive, flowers in the cages, whereas those outside can choose any more
attractive ones that are present. Also, honeybee visits may sometimes be more efficient
in the cages than in the open field. Honeybees in the field often obtain nectar through
holes bitten by 'robber' bumblebees (e.g. Bombus lucorun xtd B. te estris) in the bases

of flowers with long corolla tubes (e-g . Trdoliwn pratense, Viciafaba) and fail to pollinate
the flowers. They cannot make such holes themselves, so in cages they must enter the
flowers and thereby pollinate them. Atthough most honeybees fail to Wllirate Phaseolus

multiforus flowers in the field (Free, 1968c), they are eftcient pollinators in a glasshouse

and produce an earlier and more profitable crop (Free & Racey, 1968a).

One method to avoid the dificulties associated with caging plants is to bag individual
flowers or flower heads, except during periods of observation when any bee visits are

recorded, and to determine later whether these visits have increased the set (Free, 1965a,

1966c). However, this can be done only with flowers that are easily bagged without
damage and, although it shows the effect of insect pollination on the set of individual
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flowers or flower heads, it does not give information on the effect ofincreased pollination
on the yield of the plant as a whole.

Whatever method is used, some flowers should be hand-pollinated (e.g. Free, 1964a,
I96ft) to know what is the maximum s€t possible in the prevailing conditions. Hand-
pollination of experimental plots in a sample of fields can be used to find whettrer
inadequate pollination is a factor limiting yield (Butler er at, 1956).

Although blowflies and bumblebees can sometimes be used to pollinate plants in
glasshouses or cages (Free & Racey, 1968a), economic methods of using wild bees to
pollinate field crops have yet to be developed, although some preliminary tests have given
interesting results (see Free & Butler, 1959; Butler, 1965; Free & Williams, 1970a).
At present the honeybee is the only pollinating insect that is readily obtainabte in large
numbers when required. However, taking honeybee colonies to crops will rarely give
such large increases in yield as exist between caged and uncaged plots because there are
often many insects, including other honeybees, already visiting the flowers. The need for
a grower to hire honeybee colonies delrnds on many factors including the attractiveness
of the crop to honeybees and their ability to pollinate it, the number of other insects
usually present, and the probable increase in yield from insect potlination. All these
factors will differ with different species ol crop. For example, Free (1968d) found that
honeybees were usually more numerous than bumblebees on Rubus idaeus, altltougj.
their numbers fluctuated more, whereas bumblebees were the more abundant on ,Rr,es
rrinaz. Although many types of insects, esp€cially Diptera, yisited Fragaria x e massd
flowers, honeybees were scarce and tended to be limited to good weather. Hence, unless a
F. x ananassa plantation is large, it might not be economically worthwhile for a grower
to hire honeybee colonies. However, honeybee colonies can profitably be employed in
glasshouses to obviate the need for laborious hand-pollination. Il blouflies prove to be
as emcient pollinators as honeybees in glasshouses, they would perhaps be even more
convenient and economical.

Because of their structure and behaviour, bees are better pollinators than other flower-
visiting insects, which often fail to transler pollen. Correlations have been obtained
between honeybee abundance on different parts of a crop and the yield obtained (e.g.
Free, 1962a). Even when honeybees are much fewer than all other insects, they may be
responsible for most of the pollination (Lewis & Smith, unpublished).

It is commonly supposed that ttre numb€r of wild pollinating insects has been geatly
diminished by changes in farming practice, including increased use of insecticides and
herbicides. Pardy because of this supposition the demand for honeybee colonies for
pollination has increased and will probably continue to increase as the value of bees
becomes more widely appreciated. However, the number ofhoneybee colonies in England
and Wales has decreased greatly; by about 30'l during the last decade alone. Hence, it
is important that the remaining colonies should be used as efficiently as possible and
protected from insecticides. It is perhaps significant that, despite frequent spraying of
orchards, which growers recognise need insect potlination, bees are rarely poisoned in
them, and most bee poisonings are attributable to spraying of Yicia faba (field beans)
(Nerdham & Stevenson, 1966; Needham et a/., 1960, wherethe need for bee potlination
is neither so obvious nor so well appreciated.

Nunber of bees needed

Although small colonies are more useful for pollination than was previously suggested
(Free & Preece, 1969),large colonies have greater foraging populations at all times and
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are to be preferred. Hence, it is sometimes advantageous to feed colonies supplementary
protein and carbohydrate (e.g. Butler e, al, 1952; Spencer-Booth, 1960; Free & Spencer-

booth, 196l) to encourage their $owth in time for the flowering of crops needing
pollination.- 

It is difficutt to advise on the number of cotonies needed for a given area ofcrop. Any
estimate must take into account the size of the colonies, the attractiveness of the crop,
the density offlowers, the amount of nectar and pollen, the number ofpollinating insects

including honeybees already present, the behaviour of bees on the crop and, of course,

whether the flowers need cross-pollination.
In parts of the world where it is dry, warm and sunny during the flowering of a crop,

the seid and fruit set can be correlated with the number of bees foraging per unit area,

so that growers in these places know whether to increase the bee population by importing
further iolonies (Free, 1970a). The weather in Britain, which often prevents foraging,
or makes the flowers unattractive, for long periods, precludes such assessments, and it is
usually necessary to provide enough colonies to ensure adequate pollination when pollina-
tion ii possible during only a part of the flowering period. Such estimates (Free, 1966c'

1970a) auggest that recommendations of 2| colonies per hectare of well'planned orchard
(e.g. Miniiry of Agriculture, Fisheries and Food, 1962) are probably justified.' 

Wherever possibie bees should be abundant soon after flowers open, because the

viabitity of flowers of many species (e.g. Trifolfum pratense, Free, 1965a) rapidly dimi-
nishes as they age.

Attempts to inqease bee visitotion to cmpa

Examining the pollen loads of successful foragers shows that very few honeybee colonies

forage on anything like the maximum number of flower species visircd by b€es in their
neigibourhood (Synge, 1947; Free, 1959). Colonies in the same location differ greatly

in the number of flower species they visit, and some may visit twice as many as others.

The differences between iolonies usually show in species that provide only a small

proportion of their total pollen requirements, but sometimes a colony will forage exten-

iive-ly on a species that neighbouring colonies rarely visit. However, the principal species

on which beis forage tend to be visited to some extent by all colonies. Whereas these

differences t."rn pu.tly to depend on the preferences of bees for specific pollens,.which

exist even rvhen the pollens ale presented in glass dishes in the hive (Synge, 1947), they

also depend on the previous foraging of the colony.
During a single foraging trip mosi bees (usually ovet 9Ol; see Free, 1963) visit only

on" rpe"i"r, UuI only aUout hilf the foragers remain constant to the original species for
u *e"i o..or". Tha actual p€rcentage that ke€ps constant differs in different conditions

and with different colonies, but bees ihat collect the most common Pollen tend to b€ the

least likely to change, probably reflecting its greater attractiveness and abundance'

Presumabiy changes irom one species to another reflect changes in their qualities and the

diflerences in spicific constancy found in different experiments reflect differences in
foraging conditirons. However, when pollen is temPorarily unobtainable from the sp€cies

theylrJvisiting, most bees stop foraging or collect nectar only, at least for a time, rather

than coltect pollen from another species. Hence, bees are reluctant, but not unable, to
change species and this temporary fixation, together with adaptability over a longer
p€riod, seems to explain their rate of change (Free, 1963).
^ 

The-behaviour oaindividual bees is reflected in the behaviour of the colony as a whole,

and, although the amount of pollen of a given species that is collected by the colonies of
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1q?ll g{f:,Tlnains relatively constant over_a short period, changes do occur. Thus,
a colony that has collected only relatively_small amounts of pollen hom one species ai
il-:I]I :ptr "f 1T lowglac..mal.eventua[y collect more of ii than its neighLd;t;;e;
conversety, t-hose that originally collected much of their pollen from one source may latei
collect only little from it (Free, 1959).

When colonies are taken to a crop 
_before flowering has begun, most of the foragers

become conditioned to visiting othei flow_er species in- the rdriiy, ano wifl not rea"d y
forsake them when ttre crop requiring pnllinaiion comes into noilr. It has been found
that ttre proportion- of foragers visiting a crop can be grcatly lncreasea ty noftatin! ine
99J9nieg.to it until it has begun to hower. Crops u-sed in these experiments inJludeficil f?bd, Papaver somniferun, prums persici, pnnus av m, pyrus matus, toi
corn:c1t!1t:!c, MedicaCo sativa, Trifolium pratense and Brassica nigra" (Fre", Itjg;-F;;;
et al., 1960; Free, 1965b).

. Horvever, although colonies moved to a new site exploit a crop that has recently come
into flower more than do colonies lhat were thefe previously, *."ti.". they c6ntinue
to_ visit_spocies they visited at the old site (Frce, 1959; Free, iiOf). fn" species to which
a bee changes at a new site is also sometirnes influenced by ihe species previously visited;
thus, moved bees that had previously collected Cruciferous poUen, b.,t ,.ot Brdssica alba
co^ller,ted more_B. alba pollen than bees that had collected oth;r pollen. The actual amount
of a given-pollen that a colony collects after being moved is^sometimes related to ttre
amount collected previously. The odour of the food stores in a colony also plays a part
in determining the species the foragers win visit, although a less important one than the
previou_s experience of the foragers (Free, 1969). The iiteraction oi these facr.ors deter-
mrnes the extent to which a moved colony conc€ntrates on the crop needing pouination.
- A crop may be less attractive than others further away, and tlie proportion of bees
from colonies that visit it sometimes then decreases rapliy lnree a S-itt, tlOt;. m"adaptability of bees to better forage (fubbands, 1949; l9it5) and their .r,i,.t r"i"gi.g
lives (Free & Spencer-Booth, 1959), probably ixplain this decrease. Delaying tafin!
::lgnr-...-r.lr 

.u"h T:p.r untit they are_-in flowir, ii relatively 
"u"nrno." 

ud'uuitageooi
because rt ensures tbat pollinatiou will be considerable befori its bee population gieatly
decreases.

. ^A_flower 
presents most of its pollen at a time of day characteristic ofits species (Synge,

1!47). Thlts, _Taraxactm ofrcinale prese s most ofits pollen during tne iorenoon aid
Pyrus nalus duing the afternoon. When both are flowering in tbe same area, T. ofrcinale
is a severe competitor to p. malw for be visits (Free, l96gt. It ha; been found thit more
bees become conditioned to collecting p. malus pollitwh"n 

"otooi.s 
ar" pr"vented from

foraging until the afternoon of the diy they u.d tuke, to a p. mit,s orchard than when
they are allowed t9 

{orage €arly in the morning (Free & NuttaU, i968b).
Ihe same principle probably apglied to other crops (e.g. pyrus commtmis, prunus

persica, Trifolium repens and Vicia fala) that present tn.ii piotte" mostly or exilusivelyin the afternoon. Delaying release of the beei until the afiemoon migit te especianl
yseful in indrrcing them to visit yicia faba, a species they 

"r" 
oiGo reluctant to work(Free, 1964b) although they sometimes do io enihusiastically, presumably when there is

no competition from other flowers (e.g. Frce et al., 1967). '
_Attempts to induce bees to visit certain crops Ly feedng them with sugar syrup in

wtrich flowers of these crops have been immersed have faileiat Rothamsted(nuiler and
limnson, I953; Free, I958).Attempts to increase pollination of Vicijaba znd iyrus malus
b,{isprayrng these crops with sugar sy'up have also been unsuccessful (Free, li65b) and,
although spraying iocreased the number of bees collecting the syrup, fewer co ectej
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nectar and pollen, partly because many were diverted to collect syrup and partly because
the anthers were wet. In the P. nalus orchatd, spraying syrup actually decreased set.

Although the amount and concentration (Butler, 194, and the composition (Wykes,
1952; 1953) of nectar present, and the amount of pollen (Synge, 1947) may be largely
responsible for the greater attractiveness of some species or varieties of flowers than
others (see Free, 1970a), other factors may also be important. Thus, Synge (194?) found
thal Trifolimt repens pollen was preferred to Trifolfumt pratense pollen when taken from
the flowers and presented to the bees in equal quantities, presumably because it had a
more attractive odour. Perhaps differences in the attractiveness of odours in the nectar
or fforal parts of different spocies may also be important in determining the extent to
which they are visited. The Nasonov scent gland of the worker honeybee is in a fold
betwe€n its 5th and 6th dorsal abdominal tergites. Bees collecting water (Fre€ & Williams,
1970b) or a plentiful supply of nectar and syrup (Free & Racey, l96e often open these
glands, especially at sites without any visual or sc€nt orientation marks (Free, 1968f).
The odour produced attracts other bees (Free & Butler, 1955), including scout bees and
searching bees, to the source and stimulates them to alight (Free, 1968f) thus resulting
in increased exploitation ofthe crop. Indeed, an experiment by C. R. Ribbands and J. B. S.
Haldane (Butler, 1955), designed to assess the accuracy of crop communication, showed
that body odour played an unexpectedly large part in attracting recruits to the immediate
vicinity of foragers. Nasonov gland odour consists of geraniol (aboult 97 /) and both
isomers of citral (abott 3/), and a mixture of these is about as attractive to foraging
bees as the Nasonov gland odour itself (Butler & Calam, 1969). Therefore, Nasonov
gland odour on flowers would probably athact'scout' bees to them, in addition to the
recruits directed to the flowers by the dances of successful foragers. Hence, ifthe Nasonov
gland odour or attractive floral odours could be synthesised and applied economically,
they might be used to increase the number of bees visiting agricultural crops that need
pollination.

f,'oraging areas of colonies anl their distribution in a crop

The distance b€es have to fly to reach a crop is another factor that determines its attrac-
tiyeness. When Ribbands (195I) sited groups of colonies at the edges of crops in flower
and 0.6 km and 1.2 km away from them at places where there was little or no other forage,
the amount of honey stored in the colonies decreased with increasing distance from the
crop. This effect was greater during poor foraging weather (when bees tend to confne
their foraging near their hives (Butler e, a/., 1943), and sometimes, under such conditions,
colonies at the crop gained weight while those in the other groups lost it. Hence, taking
colonies to a crop is important in determining the number of bees that forage. It is also
important in shortening the time spent flying between crop and hive, and so increasing
the proportion of time bees spend in actual foraging. Because pollen loads are usually
collected quicker than nectar loads (Ribbands, 1953), a pollen-gatherer spends more of
its foraging trip in travelling to and fro; hence shortening the distance between the hive
and crop beneflts pollen-gatherers more than nectar-gatherers.

The optimum foraging range of colonies should be considered when determining their
distribution on a crop. Individual bees tend to select the most favourable forage they
find near their hives, this is reflected in the foraging areas of their colonies, and needs
considering in kying to ensure an even distribution of foraging bees on a crop. It is
conyenient for both grower and beekeeper to put colonies in as large groups as possible,
but when groups are too far apart foraging bees are concentrated near their hives,
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esp€cially during bad foraging weather, and there are few remote from them. An uneven
distribution of foragers can be reflected in crop yield. When colonies in fruit orchards
are put in small equidistant groups of lour or five colonies, at the rate of 2* colonies per
hectare, the foraging area of adjacent groups overlaps enough to ensure a uniform
distribution of foragers (Free & Spencer-Booth, 1963b). Foraging populations also
decreased with distance from their hives on a field of Brassica alba (Free, 1970a) but the
more advanced stage of flowering of one part of the crop also had a pronounced effect.
The optimum size, for both grower and beekeeper, of the groups to be used will probably
depend on the species of crop, and the many factors that may influence size and location
ofthe foraging areas of colonies need further study. For example, Lewis and Smith
(1969, and unpublished) found that more bees and other insects visited Pyrus malus in
the shelter of large windbreaks than elsewhere in an orchard; whether this distribution
reflected the greater amount of nectar and pollen in the shelter, or the effect of the
shelter itself, remains uncertain.

In a glasshouse, bees also prefer to forage near their colonies, and with one colony
the bees are more evenly distributed when it is near the centre of a glasshouse than at one
end. With two colonies, it is best to place them near diagonally opposite comers of the
house to counteract the tendency of bees to work along rather than across the rows
(Free & Racey, 1966).

Foraging areas of indivirlual bees and orchanl planning

A bee does not travel far over a crop while foraging, and all its flower visits during a
single foraging trip may be within an area of a few squares metres (e.g. Yicia faba, Free,
1962b; Helianrhus annrrs, Free, 1964c; Rubus idaeus, Free, 1968d). The size of the area
over which a bee forages during a single trip depends on many factors including the
distance the plants are apart, the number of flowers per plant, the stage of flowering,
their nectar and pollen production, weather; also on the number of pollinating insects,
because this aflects the food supply and the likelihood of them disturbing each other.
However, a loraging trip usually comprises visits to several individual plants, so ensuring
that pollen is translerred between plants needing cross-pollination. The tendency of
bees to visit only a few ofthe flowers that are open on a plant helps achieve this. Thus, on
average, a bee visits about 22 florets per Helianthus qnnuus head (Free, 1964c), about
20f ofthe florets on a Trifolium pratense head (Free, 1965a) and about 13% of the open
flowers on a Fragoria x ananassa plant (Free, 1968d).

However, when the plants are large (e.g. fruit trees and bushes) the spread of an
individual bee's foraging may be a factor limiting cross-pollination. In fruit orchards
of standard trees a bee visits an average of only about two trees per foraging trip and
moves between trees are usually between adjacent ones. When the distance separating
rows is greater than that separating trees within a row, the bees tend to move along
rather than across the rows (Free, 1960). This suggested that main variety trees needing
cross-pollination that were next to a pollinizer variety would be better pollinated than
trees further away. Observations in orchards of Pyrus malus, Pyus communis, Prunus
avium 

^nd 
Prunus domestica confirmed this and showed that fruit set often decreased

greatly as the distance between pollinizer and main variety trees increased (Free, 1962a;
Free & Spencer-Bootb, 1964a). Further, the sides of main yariety trees facing pollinizer
trees often had a greater fruit set, more seeds per fruit, and more carpels with seeds per
fruit than the far sides. Parts of trees containing cut branches of a pollinizer variety
set better than parts without such'bouquets'. These differences not only reflect the short
r90
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movements of the individual foragers but also indicate that, when a bee moves from a
pollinizer to a main variety tree, it probabty pollinates only the flrst few flowers it visits;
presumably the compatible pollen on its body is soon either packed ioto its corbiculae
or greatly diluted with main variety pollen- In some orchards bees were more abundant
on the south than on the north sides of the trees; partly because of this, perhaPs, the
set was also sometimes greater on the south side. In an orchard of dwarf pyramid Pyrus
nalus, mosl bees visited flowers in only about 9 m of a continuous row during one
foraging uip and few changed from one row to another (Free & Spencer-Booth, 1964b).
Because ofthis, set was greater on rows adjacent to a pollinizer row than on rows further
away (Free & Spencer-Booth, 1964a; Free, 1966c).

In many ofthe orchards studied the average set was less than that nec€ssary to obtain
a good commercial crop. Pollination could be increased either by increasing the foraging
areas of the individual bees, or by arranging the planting of the orchards to take the
sizes of the foraging areas of the bees into account. Increasing the number of colonies
in an orchard, and hence competition between the bees, might seem likely to increase the
distances bees travel, but there is no evidence that it does (Free, 1966d). Because it might
lead to a greater proportion of the bees foraging elsewhere, it could be wasteful, and
it seems preferable to alloly for the limited foraging areas ofbees when planting orchards.
Grafting scions of pollinizer varieties on the main varieties, is one way of getting a
maximum and even set on each main variety tree but it creates picking problems. Another
is to surround main varieties by pollinizers (see Free,l970a, for planting arrangements);
the ratio of pollinizer to main variety trees must strike a balance between the amount of
set required and the relative value of the fruit of the two types. To increase pollination
in dwarf pyramid orchards, pollinizer trees should be at interyals of not more than 3 m
and in the same rows as the trees of the main variety.

Although set is usually greatest nearest to pollinizer trees, usually a few flowers set

fruit on trees that are distant from pollinizers, and many more do so than would be
expected from the behaviour of bees during a single trip. However, a bee usually covers
a larger area during consecutive trips than during a single trip. In an orchard of dwarf
Pyrus malus trees the mean size of areas visited was 338 sq m after two days foraging
and 1016 sq m after eight days foraging (Free and Spencer-Booth, 1964b), by when the
bees had made many moves between the two varieties, 'Cox's Orange Pippin' and'James
Grieve', in the orchard. Observations in an orchard of standard Pyrus malus iees of
five varieties (Cox's Orange Pippin, Sunset, Laxton's Fortune, Merton Worc€ster,
Tydeman's l-ate Orange) arranged in discrete rows showed that, provided a variety
retained or increased its attractiveness, most be€s kept to it and even prefemed it to a
more attractive variety (Free, 1966d). Over five consecutive days bees visiting the varieties
that were persistently or increasingly attractive (i.e. Laxton's Fortune and Sunset)
had smaller foraging areas than those originally visiting varieties that became less attrac-
tive (i.e. Merton Worc€ster, Tydeman's Late Orange). The attractiveness of a variety
was correlated with the abundance of its flowers and its stage of flowering, and, as a
variety became less attractive, the bees visiting it moved to another and so increased
their total foraging areas, although they did not necessarily have larger foraging areas
during a single trip. The attractiveness of a late flowering variety was enhanced by its
proximity to a variety the bees had been visiting.

While bees are in their hives between foraging trips they fail to clean their bodies
completely of pollen, and enough remains viable to pollinate flowers during the next
trip (Free & Durrant, 1966). Hence, because cons€cutive trips are not to exactly the same
area, and sometimes embrace more than one variety, compatible pollen is distributed
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more widely than during a single trip. Bees probably move between different varieties
most often when the varieties are equally attractive, have concurrent flowering periods,
and the bees do not differentiate between them. To encourage cross-pollination during
consecutive trips the varieties concerned should not be separated in discrete rows.

However, cross-pollination is possible even when individual bees remain constant to
one variety from trip to trip because, although most of the pollen on the body of a b€e
leaving a hive belongs to one species there are usually some grains ofa few other species
(Free, 1966e). Probably this 'foreign' pollen is transferred from bee to bee as they brush
against each other in the hive between trips (Free & Williams, 1971a). At least some of
this transferred pollen will probably be viable, and such transfers may explain the few
fruits that set on trees remote from compatible varieties or where solid blocks of only
one self-compatible variety ate planted. Transfer of pollen within the hive could also
be important when different varieties of a crop are grown for seed in the same locality,
and could explain hybridisations over long distances alttrough the bees remain constant
to one variety. In fact, the only completely safe way of isolating planb for seed is to
grow them in insect-proof glasshouses or cages.

Pollinating efficiency of flower yisits

While foraging, nectar-gatherers have a greater proportion of pollen of 'foreign' species
on their bodies than pollen-gatherers, but less total pollen (Free, 1966e; Free & Williams,
1971a). Hence, although they may be more important in speciation than pollen-gatherers,
they are less likely to deposit pollen on the stigmas ofthe flowers they visit. The behaviour
of many nectar-gatherers also makes them less effective as pollinators. This especially
applies to bees visiting extra-floral nectaries, such as ot Helianthus annuus (Free, l96k)
or Vicia faba (Free, 1962b). Visits were most numerous to the extrafloral nectaries of
H. annuus during the afternoon ar.d of Y. foba during the forenoon. Few of the bees
that visited the extrafloral nectaries of these crops ever made floral visits, although the
visits to -IL annuus exttaflorul nectaries became fewer during flowering of the crop. Bees
visited the V.faba extrafloral nectaries before the flowers opened, were numerous through-
out the flowering period of the crop, and increased toward the end offlowering, presum-
ably because the extrafloral nectaries continued to secrete nectar after the floral ones had
finished doing so and because there was little pollen left. Therefore, it is especially
important that colonies should not be moved to such a crop until the flowers open,
otherwise a large proportion of the bees may become conditioned to work the extra-
floral nectaries and not pollinate the flowers.

Bumblebees that obtain nectar through holes bitten in the bases of flowers with long
corolla tubes do not pollinate the flowers directly, although they may do so by shaking
pollen from the anthers onto the stigmas, provided that tle flowers are not self-sterile.
Although honeybees cannot bite holes, they use the holes bitten by bumblebees, and the
numbers of'robber' honeybees depend on the size of the 'robber' bumblebee population.
Most of the honeybees on crops of Trifoliwn pratense (Free, 1958) and Yiciafaba (Fre,
1962b) are often robbing the flowers. Only bees that enter such flowers touch the stamens
and stigmas and pollinate them. Often the nectar in the corolla tube is too low for the
tongue of a bee to reach it and bees entering the flower collect only pollen. Indeed, they
sometimes rob a few flowers of nectar during their foraging trips for pollen.

Individual bees foraging on T. pratense ot V. fdba 
^rc 

yery constant in behaviour and
ttrey either enter flowers to collect pollen only or rob them of nectar. Thus, bees robbing
Y. faba flowes of nectar began working the crop about 4 hours earlier in the day than
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those that only collected pollen. Bees deserted the crop rather than change to a different
type of visit, and differences in the relative proportions of the foraging populations
on different days, and different times ofthe day, reflected changes in the bees present and
not changes in the behaviour of individuals (Free, 1962b). However, bees foraging on
Phaseolus multifiorus were more ready to change from robbing the flowers to entering
them. Although the increase in honeybee population ol the Phaseolus multiforw crop
was initiated by the appearance of robber bumblebees, its maintenanc€ was independent
of the population of robber bumblebees, and, after the robber bumblebees had dis-
appeared for the season and no more holes were being bitten, many robber honeybees
changed to collecting nectar tbrough the mouths ofthe flowers (Free, 1968c). presumably
honeybees changed their type of behaviour more readily on P. multiforus because they
could more easily obtain nectar from the front of flowers than from the other leguminous
flowers. Whatever the reason, hole-biting by bumblebees may be advantageous in attract-
ing honeybees to the P. multiflorus crop that later enter the flowers and pollinate them.
Similarly, the bumblebee's habit of biting holes it Trifolium pratense corolla tubes may
also be advantageous, because honeybees are often otherwise unable to obtain nectar
from the crop and the nectar-gatherers may recruit some pollen-gatherers that pollinate
the flowers (Free & Butler, 1959).

Another example of bee and flower being ill adapted to each other is when the corolla
tube is too wide and too long. Nearly all honeybees collecting n*tx from Freesia
refracta enter a flower on the side opposite to the stamens and stigma (Free & Raccy,
1966), apparently following the prominent nectar-guides (Free, 1970b). Because of the
flowers' width such a bee does not touch the stigmas or stamens while approaching the
nectaries, though a few touch the stamens as they leave, usually with the ends of their
abdomens or the tips of the wings; hence, few if any nectar-gatherers pollinate the
flowers.

When visiting other flowers with short corolla tubes, and whose nectar is easily
accessible, the behaviour of nectar-gatherers is mostly such as will probably pollinate.
For example, nectar-gatherers visiting Brassica napas touched the stigmas of a mean of
76% of lhe 5984flowers they were watched visiting (Free & Nuttall, 1968a). When visiting
a Ribes nigntm flower a bee grasps the corolla, or more rarely a nearby leaf, and pushes
its tongue and the front of its head between the stigmas and stamens dolvn to the nec-
taries, so that on each flower visit one side of its head touches the anthers and the other
the stigmas- When foraging on Xubus idaeus, a bee stands on the petals and stamens and
pushes its head and extended tongue between the outer circle of stamens and central
stigmas down to the ring of nectary tissue lining the receptacular cup, and, as it follows
the ring, one side of its head and body touches the stigmas. Although nectar-gathering
bees sometimes land on the petals of a Fragaria x ananassa flower and approach the nectary
from the side, they nearly always proceed to walk oyer the stigmas and so may pollinate
the flowers (Free, 1968d). However, a nectar-gattrerer is not always such an efficient
pollinator of tree fruit flowers. It stands either on the anthers or the petals of a flower
and pushes its tongue and the front part of its body towards the nectar. When it stands
on the anthers, it often touches the stigmas as v,/ell as the anttrers, and so could pollinate
tle flower. But when it stands on the petals, it does not touch the stigmas when approach-
ing the nectaries and so could not pollinate the flower; a nectar-gatherer standing on the
petals of a flower with spreading stamens (e.g. Pnmus domestica, Prunus av rm, Pnmus
armeniaca) has to push past some of the anthers to reach the nectaries, and so may get
pollen on its body, but a nectar-gatherer approaching PTnrs malus flowers, which have
relatively stiff upright stamens, from the side, often does not even touch the anthers and
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so does not get pollen on its body. Nectar-gatherers tend to be constant to one or other
type of behaviour (Free & Spencer-Booth, I 964b) and the proportion of nectar-gatherers
that approach the nectaries of apple flowers from the top or sides depends on the thickness
and length ofthe filaments. On varieties with relatively short, thin, filaments most nectar-
gatherers pushed down to the nectaries from the top of the flower and so could pollinate,
but on varieties with thicker and longer filaments the b€es apparently had dimculty in
reaching the nectaries in this way and approached them from the side and failed to
pollinate (Free, 1960).

When visiting many of the species with shallow flowers (e.g. Prunus spp. aad Pyrus spp.,
Fragaria x a (massa, Rubus idteus) some bees deliberately scrabble over the anthers,
pulling at them with their legs and biting them with their mandibles, so that their hairy
surfaces get covered with pollen which is transferred to their corbiculae. Such bees are
valuable pollinators because they always touch the anthers and stigmas.

On many crops, nectar-gatherers also collect some pollen incidentally as they brush
against the anthers, although they do not deliberately scrabble for it. Whereas some
nectar-gatherers push it into their corbiculae, others scrape it from their bodies and
discard it. Some nectar-gatherers foraging ot Heliq thus annuu (Synge, 1947; Free,
1964), Brassica napus (Free & Nuttall, 1968a), and Rubus idaeus (Free, 1968d) discard
pollen. All these crops provide abundant pollen; perhaps this happens with other species
but because less pollen is collected incidentally it is less obvious.

The proportions of nectar-gatherers that collect pollen loads differ greatly on different
days and different times of the day, and seem to depend on the amount of pollen avail-
able (e.g. tree fruits, Free, 1960; Free & Spencer-Booth, 1964b). Although individual
nectar-gatherers foraging on shallow flowers such as Pyrar malus or Rubus idaeus
tend to be constant either to discarding or retaining pollen that collects on their bodies,
or to scrabbling for pollen (e.g. Free & Spencer-Booth, 1964b; Free, 1968d), the
transition between scrabbling and collecting nectar is much easier than on leguminous
crops,

The pollinating efficiency of visits by nectar and pollen-gatherers to Pyrus malus and
Trifolium pratense flowers differs. The percentage of flowers of 'James Grieve' and
'Cox's Orange Pippin' that set fruit following a single visit by bees that (a) scrabbled
for pollen was 63 and 18 respectively and (b) that did not scrabble for pollen was 45
and 5 respectively (Free, 1966c). The greater success of bee visits to 'James Grieve' than
'Cox's Orange Pippin' can be explained by the ability of 'James Grieve' to set wel when
self-poUinated. The small set of the 'Cox's Orange Pippin' flowers shows the ineflective-
ness of many visits to varieties that need cross-pollination.

The percentage of Triloliwn pratense florcts that set seed after each had reccived a
single frontal visit by bees that collected nectar only, was 20 and by bees that collected
pollen, was,16 (Free, 1965a). This large diflerence was surprising because nectar- and
pollen-gatherers enter a flower in the same way and both release the floral mechanism.
Perhaps L pratense nectarE;atherers also discard any pollen they collect inadyertently
and keep their heads and fossae freer from pollen than pollen-gatherers. This could
explain the greater pollinating efficiency of bees with pollen loads.

Although polten-gatherers are usually more efficient pollinators, they are not invariably
so. Honeybees scrabbling for Helianthus annuus pollen go to male stage florets and do
not pollinate. Honeybees collecting nectar also mostly go to male stage florets, but they
stand on the female florets while doing so and so may pollinate (Free, 1964c). In fact,
in contrast to most other crops, bees that scrabble for pollen may be disadvantageous
b€cause they remove pollen with which nectar-gatherers migbt become dusted.
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FoctoE contmlling pollen collection enrl ottempts to increrse it
Pollen-gatherers are better pollinators tlan nectar-gatherers of most crops, so increasing
the proportion of pollen-gatherers would increase pollination.

One way to do this is to feed colonies sugar syrup. In a series of ten experiments,
colonies fed sugar syrup collected two to five times as much pollen as other colonies
(Free & Spencer-Booth, 196l; Free, 1964b; Free & Racey, 1966). Further, because
pollen-gatherers are more inclined than nectar-gatherers to forage near their colonies,
feeding syrup also increased the proportion of pollen-gatherers working the nearby crop.
Colonies fed sugar syrup collected more pollen mostly b€cause the behaviour of indi-
vidual foragers changed, although a greater tendency to collect pollen by bees starting
to forage might well contribute to the result (Free, 1965c). When sugar syrup is provided
inside the hive, most of the bees that collect it have not foraged previously, and are at
the stage of their lives when they would usually receive nectar loads from foragers
(Free, 1965d). Therefore, feeding sugar syrup probably creates a shortage of bees ready
to receive nectar loads, with the result that nectar-gatherers have difficulty in getting
their nectar loads ac.epted by others; many would, therefore, be discouraged from
collecting more nectar and change to collecting pollen. This would explain the rapid
change in the behaviour of individual foragers.

Any increased pollination that has resulted from attempts to 'direct' bees to crops by
feeding them with sugar syrup containing the scent ol the flowers of the target crop,
might well come from feeding syrup alone, rather than from the added scpnt actually
'directing' the bees.

It has been suggested that removing a proportion of the pollen loads of retuming
foragers by 'pollen traps' at the entrance to hives, might increase the amount of pollen
collected. However, the obstruction to foraging the traps create at the hive entrance seems
to balance any increase in the proportion of foragers that collect pollen (Free, unpub-
lished).

Adding pollen to colonies decreases pollen collection (Free, 1967a; 1970a), so although
feeding a colony supplementary pollen during spring may be valuable in stimulating
colony growth, it should not be done when the crop needing pollination is in flower.

Pollen collected by a colony is the source of nitrogen fed to its developing brood
(Ribbands, 1953; Simpson, 1955). It is not surprising, therefore, that the presence of
brood stimulates foraging in general, but pollen-gathering in particular (Free, 1967a)
and that the proportion of foragers of a colony that collect pollen and the amount of
pollen collected depends on the amount of brood. Individual bees quickly change from
collecting nectar to collecting pollen and yice versa in accordance with an increase or
decrease in the amount of brood. Hence, colonies to be used for pollination should
contain plenty of brood.

Brood of all stages stimulates pollen collection, but sometimes laryae are more effectiye
than pupae. Although access to the brood area is the most important factor stimulating
pollen collection, the smell of the brood and contact with bees tending the brood are
partly responsible. Perhaps, therefore, adding pheromones produced by brood might
increase pollen collection.

As a colony grows the ratio of brood to bees decreases (Free & Racey, 1968b); the
relatiyely larger amount of brood p€r bee in small than large colonies probably helps to
explain why a larger proportion of bees in smatl colonies usually forage, and why small
colonies have less scope than big ones for increasing their foraging when conditions
improve (Free & Preece, 1969).

195

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 197

ROTHAMSTED REPORT FOR 1970, PART 2

The presence of a queen stimulates foraging (Free, 1967a), comb production (Free,
1967b) and deposition of nectar and pollen loads (Free & Williams, 1971b), pro-
bably because of the pheromones she produces (Butler, 1954, 1967; Butler et al., 196l).
Removing the queen decreases the number of loads of pollen collected and many bees
collecting pollen subsequently collect nectar only. Because most bees collecting pollen
loads also collect nectar, loss of a queen probably diminishes foraging in general. The
queen's pheromones are probably less diluted among the bees of small than large colonies,
so bees of small colonies receive more stimulus to forage (Free & Preece, 1969) from the
relatively greater amount of queen and brood pheromone each receives. Giving addi-
tional queen pheromones to colonies might also increase foraging and pollen collection.

Queenless packages of bees, in cheap containers, both of which can be destroyed when
the pollinating task is complete, could be usefully employed in some circumstances.
Synthesised queen pheromones might be used to substitute for a queen in stimulating
foraging and comb building in such colonies, but unless a stimulus as powerful as brood
is also discovered and used, such colonies are unlikely to forage as emciently :rs natural
ones (Free, 1967a).
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Formation and Behaviour of o-Quinones in Some Processes of
dricultural Importance

W. S. PIERPOINT

This review is concerned with a group of reactions that occur in living and decaying
organisms and are thought to involve o-quinones. The reactions afect some agricultural
and food-producing processes, and are relevant to problems studied in several depart-
ments at Rothamsted.

Quinones, so called because they derive from quinic acid a component of cinchona
bark, are cyclic cr-p unsaturated diketones. The two ketone groups are, usually, part of a
six-membered ring ofcarbon atoms, and can occupy two positions relative to each other.
These are the ortho- and para- positions and are exemplified in o-benzoquinone (I) and
7r-benzoquinone (II)

The nomenclature emphasises the aromatic compounds to which the quinones can be
converted either by reduction or as a result of substitution into the six-carbon ring

o

0'.+

o

c
o

II

o

U"

OH

The ease with which this conversion occurs diflers from one quinone to another. It
depends on attached groups that may stabilise either the quinone or the aromatic form,
but usually goes more easily with o-quinones. Thus these compounds are the more
reactive and the more powerful oxidising agents. o-Benzoquinone, for example, poly-
merises rapidly in water; it was not prepared till 1904, 66 years afterp-benzoquinone was
isolated, when Willstater devised a completely anhydrous method of oxidising catechol.
This difference in stability between o- and p-quinones is reflected in the mode of occur-
renc€ and metabolic functions of the two types of quinones.

p-Quinones have been isolated from many living organisms. Some are widespread and,
because of their reversible reducibility, may be essential cellular components. A family
of isoprenoid substituted p-benzoquinones, aptly called ubiquinones, function as
hydrogen carriers in the respiratory c)dochrome systems of many, if not all, aerobic
cells. Similarly the related plastoquinones are hydrogen carriers in photosynthesis, and
phylloquinone, a derivative of p-naphthoquinone is a vitamin, Kr, in higher animals.
Also, more than 200 p.quinones of more restricted distribution have been isolated from
flowering plants, fungi, lichens and insects. They include derivatives ofp-benzo, naphtho-,
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and antfuoquinone, and some are peculiar to a given species. They are regarded as secon-
dary metabolic products and, except for those with antibiotic properties, their metabolic
significance is uncertain.

In contrast, only about half a dozen a-quinones have been isolated from organisms.
They are, typically, red fungal pigments of limited interest in which the o-quinone struc-
ture is stabilised by fused benzene rings, as in piloquinone from Streptomyces pilofiis.

The reactivity of o-quinones seems not only to make them less likely than pquinones
to occur as metabolic end products, but also less likely to be stable extractable compo-
nents of metabolic pathways. In the reactions, metabolic or post-mortem, that conc€rn
us, they occur only as transient intermediates, whose formation has been demonstrated
by trapping them with suitable reagents. In many reactions they have not been trapped;
their formation is inferred from the known mechanisms of similar reactions.

Erzymic formrtion of aquinones and their zu@uent reactiom

The reactions that produce o-quinones are the oxidation of phenols, generally o-di-
hydroxyphenols, by polyphenoloxidases. Suitable phenols are widespread in biological
tissue, and plants characteristically contain derivatives of cinnamic acid, such as chloro-
genic acid (Fig. l), or flavanols such as epicatechin (Fig. 4). The polyphenoloxidases,
copper-containing proteins, are also widespread if not strictly ubiquitous. Some of
them oxidize only selected o-dihydroxyphenols, although the o-quinones produced may
oxidize other compounds and, in the process, be reduced to the original phenol. Others,
usually the tyrosinases, not only oxidize dihydroxyphenols, but convert monohydroxy-
phenols, such as tyrosine, to oxidizable dihydroxyphenols. Other systems, enzymic and
non-enzymic, oxidize dihydroxyphenols but do not produce o-quinones. Reactions
catalysed by the laccases, for example, proceed by single electron-removing steps and
produce semi-quinones, whose subsequent behaviour differs from that of o-quinones.

Once formed, o-quinones react non-enrymically with many compounds. They may
polymerize, be reduced, or suffer nucleophilic attack by substances possessing amino,
thiol and 'activated' methylene groups. In all but the simplest or controlled systems there-
fore, they are liable to undergo a mixture of initial reactions. Even in simplified systems
there are secondary reactions, often involving more quinone, whose course may critically
depend on the concentration of quinone, relative amounts of other reactants and acidity.
It is dificult therefore to summarise these reactions briefly, especially in a way applicable
to more than one or two quinones. Reaction schemes in Fig. I and 2 can be regarded
only as simplified summaries of the initial reactions that quinones undergo. They are
based on reactions suggested for chlorogenoquinone, the o-quinone derived from the
oidation of chlorogenic acid by tobacco-leaf polyphenoloxidase. Their formulation
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Frc. 2. Probable course of reactions of chlorogeooquioone with thiol crmDounds fl). amino acids
with secoodary amioe goups (2), amino acids (l), amines i4), atrd the active methylene grdui of barbiturii
acid (5).

@ierpoint, 1966; 1969a; 1969b) relies heavily on analogies with reactions of simpler
quinones (Mason, 1955).

Enzymically-generated chlorogenoquinone is reconverted to chlorogenic acid by
reducing agents (AHz; Fig. l) such as ascorbic acid, reduced coenzymes, and in part by

-SH compounds. The reaction goes readily enough, but, for some quinones, is acceler-
ated by an enzyme from peas. As the chlorogenic acid can be reoxidised, this provides
a system for the continuous oxidation of AHz and for delaying the accumulation of
quinone; the rates of both reactions follow a complex course because reducing agents
partially inhibit polyphenoloddases. The reaction of the quinone with benzene sulphinic
acid has no biological significance, but it is included in Fig. I as an example ofthe trapping
reactions used to demonstrate the formation of o-quinones in vitro. When the sulphinic
acid is in excess, the oxygen absorbed is restricted to that involved in the formation of
the quinone. The sulphones formed are stable enough to b€ isolated and identified. In
n2
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the absence of reducing and trapping reagents, chlorogenoquinone polymerises to brown'

"...r, i"n""a pisme;ts. fne ieactLns-may (Fig' l)-, by inalogy with those suggested

i'* ,lU"--.qri,iri" (Wagreich & Nelson,'1938), involve water and an oxidation by

-.r" qrir"J". ii.ila'rly 6y analogy, the polymers may contain aromatic rings directly

linked orjoined to alkyl groups through ether bonds'--' 
e reJctions Uet*ein 

-chloiogenoqriinone and amines, amino acids, thiol compounds

uoa 
"ornpoorat 

*ith reactive mithyline groups are formulated (Fig' 2) as if the primary

;i";;-f;iat* *"s the 6'positio;; tbis-, a priori' seems probable' and in the reaction

iith t"oren" .utpninic acid almost certain. The mono-substituted products are aromatic

anJ probaUtv coiourless: that derived from barbituric acid is stable, as are those from

some'thiol compounds unless there is a large excess of quinone' Other primary products,

such as the aminohydroquinones, are furiher oxidized, probably by more chlorogeno-

qrinon", to 
"olor.ed 

quinoid forms. The reaction stops here with secondary amines such

al proline, and the products are stable enough to be identified spectrophotom€trically'

eveir though not t; be isolated. The quinone substituted with -primary 
amines, e g'

aniiine, hirever, is further substituted ind oxidized to give a disubstituted quinone,

and this may be repeated until all the available positions on the-chlorogenoquioone are

"*rpi"O. 
Disubstitution may occur with amino acids also (Fig. 2), but the course ofthis

react^ion is obscured by seiondary reactions in which the monosubstituted quinone

oxidatively deaminates excess amino acid. Trautner and Roberts (1950) describe an

imaginative and feasible way in which this might occur.
iioteios have a range of chemical groups, amine, ct-amino and thiol, potenlially 

-able
to reacf witt o-quinon-es. Although some of these will be 'buried' in the interior of the

protein and coniequently unreactive, exposed groups will probably. be reactiYe because
'oi-Gi. p"ptia" bonding. Cross links may be formeO between different parts of the

protein, is reactive grorips from different parts of the peptide chain attack either the

iurn"loioon" .otecile (e.g. -NH-Q-NH-for different ends-of a group ofpolymerizing
qrino,i" -ol""uter (-Nir-a{a)"-GNH-). Not only would this alter the biological

p^roperties of the proiein Uui ii may itter its gross physical prop€rties' This, of course, is

irfrit frupp"rr when collagen and iroteins oi hidei are converted to leather by treating

them under denaturating conditions with chemical tanning-agents such as p'benzo-

ouinone.' ffr"ii ir another possible course for the reaction between quinones and proteins' The
polymersformedfr'omsomephenols,especiallytheflavanols,m-ighthave'tanninlike'
i.o'[rti*, ura, as do the clasiical vegeta-ble tannins, -complex 

with and possibly-precipi-

iatJ proteins. These reactions would depend initially on hydrogen-bonding between

phenilic groups and peptide bonds, and be reversed by detergents or alkali' However'

[n"y t"oufr u""o-e leis ieversible with time as o-quinone groups form in the phenol and

ieait coralently with suitable groups on the proteins The end products therefore may

*"ti Ue Oim".,tito aistinguish fiom ihose formid directly from proteins and polymerizing

o-quinones.
ilecause of the reactivity of o-quinones, the coexistence of polyphenoloxidase and oxi-

dizable o-dihydroxyphenols in f single cell is potentially suicidal' Clearly mechanisms

ari requireU io coniiol the oxidations or prevent thcm. Necessary contact between these

enzymis and their substrates, as for eiample when polyphenoloxidases hydroxylate

moiophenols, is probably controlled by the redox balance -of 
the cell: an enzyme has

been described that reduces o'quinones at the expense of reduced coenzymes' There are

other ways of controlling these reactions or of preventing th€m occurring prematurely'

Thus the oxidation of phenols to melanins in mammalian pigment cells is restricted to
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membrane'bound organelles, and the pol,?henoloxidase of some insect tissues o@ufs as
inactive pro+nzyme. Similarly the polyphenoloxidase of phenol-rich vi"i tati teaii
exists in a-masked condition (Kenten, rt5|, and many piant phenols are 6nverted to
more stable_esters and glycosides. Enzymes and subsirites may also be separated in
plant cells, although the evidence for this is not concrusive. Manybf the claim.in"ipr"ri
polyphenoloxidases are contained in specific cell components are open to dloubt
(Sanderson, 1964), and little is known ofihe intracellular ibcation of polyphenols.

Whatever control mechanisms may operate in a plant cell, they are removed when the
cell is injured. Phenolic compounds are then oidized and o-quinones produced. These
may react with c€ll constituents increasing the injury, or polymerize to brown or other
dark coloured products. This accidental production of o-quinones is as relevant to our
subject as their controlled metabolic production. When lt occurs in part of a tissue
as a result of a local injury we will call it adventitious, and when as a general reaction of
a dying organism, post-mortem. These three types of reactions, metalo[c, adventitious
and post-mortem, somewhat arbitrarily separated, will serve as three convenient classes
in which to consider some of the reactions involving o-quinones.

Metabolic processes involving aquinones

Of the metabolic roles that have been suggested for o-quinones, some, such as a respira_
tory function, are doubtful, and others, including tropolone synthesis, are of limited
interest. The most relevant of the remainder is their role in reinforcing wall structures.
They seem not to be involved in the synthesis of lignin; although this $nthesis involves
the oxidative coupling ofphenols, it requires peroxidases or laccases and ihe intermediates
are semi-quinones. o-Quinones, however, are almost certainly involved in the sclerotiniza-
tion of exoskeletons and egg cases of arthropods, and in the melanization of seedcoats,
spore walls and pigment cells of many other organisms.

Fresh cutdes of many arthropods, especially insects, as well as the walls of egg cap-
sules,-are pale soft structures. They are mainly proteinaceous, although the exosfeletons
contain also the polysaccharide chitin. Over a period of hours, they harden and darken
into leathery, rubbery or horny membranes of great mechanical sirength and chemical
resistance. Pryor (19.10) emphasised that, during this process, for whiih he coined the
term sclerotinization, they accumulated much (2U4% dry weight) phenolic material,
including o-dihydroxyphenols. He argued that the proceis wai, in fact, a quinone-
tanning; that o-quinones produced by the oxidation of the phenols crosslinked the
protein chains into rigid lattice structures.

There is evidence from several insects to support this idea, and to indicate how the
process is controlled. For instance, immediately before they pupate, the larvae of the
b]owfly (Calliphora erythrocephala) accumulate much irf-icelyi dopamine (nf-acetyl-
3,tl-dihydroxy-phenyl-p-ethylamine) in the blood. This is produced from'tyrosine
under the infuence of the hormone ecdysone. Ecdysone also ieems to activate i latent
polyphenoloxidase located in or near the cuticle. Conditions are thus established for an
o-quinone to form where it can diffuse into and sclerotinize the cuticle. The tanning of
the egg capsule of the cockroach (Blaua orientalis) is similarly brought about bylhe
qlinone derived from 3,4-dihydroxybenzoic acid. This phenol is secrited as a 4O-p-
glucoside, along with polyphenoloxidase and the protein that forms the egg wall, by
one of a pair of glands that discharge into the egg pouch. However, tandngJJtarts only
whe_l a_ glucosidase is secreted by the other gland and hydrolyses the glucoiide into an
oxidizable dihydroxyphenol.
2U
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The reactions between the quinones and the cuticular proteins are poorly understood

because little is known of the untanned proteins themselves, many reactions are possible,

and the products are difficult to analyse. The picture of the process is necessarily vague

and based largely on inference from simpler sysiems. Usually, but not always, the proteins

involved conLin [ttle S, and free amino groups become fewer during the reaction'

The primary reactions probably involve terminal amino groups, and then lysine e'amino

grouis, to give amino Lydroquinones which are converted to coloured amino quinones'

Quinone iridges linking protein amino groups, such as -NH-Q-NH- and

-NU-Q-Q-Q-tlff-, are ihen possible depending on the availability of substitutable
positions in each quinone molecule. These bridges may also link protein to any unacety-

iated u.ioo groups in chitin. How many such bridges exist, and which Sxoupl they
predominantly connect, is unknown, but tanned cuticle is so rich in phenol that, if much

ofit exists as polymer, penetrating the interstic€s of the proteins, not many bridges would
be needed to confer rigidity on both the protein and the chitin'

Another type ofbridge has been suggesied that may crossJink peptide chains in tanned

insect cuticlli. It is bised on tyrosine residues in the proteins, which, if accessible,

may be hydroxylated by insect polyphenoloxidases to o-diphenols and further oxidized

to o-quinones. Th"." .ay condense with each other, with nearby amino groups or with
tanning quinone. This possibility has received little attention. But cuticle protein is rich
in tyroiinl, and much of it seems to be altered chemically during sclerotinization. More
germane perhaps, biphenyl linkages, such as would be produced by the condens2tion

of ua3ac"ot oxidired tyrosine residues, have been identified in resilin, a remarkably
rubbe;-[ke protein that forms wing-hinges of some insects (A-r:dersen, 1966)-

Fragmeniary evidence suggests that some cuticles and outer membranes of nematodes

are ahlo tanned by o-quinones. Phenols have been detected, chemically and histochemically'
in the outer cutlular layers of both adults and larvae in several species (e.g. lscarrs)'
However, the pale colour of these cuticles, and their digestion by the proteolytic enzyme

papain, argue-against much tanning. There is more tanning. in-the egg-coat and 
^cyst-

*aU oi ttti po6to cyst *lworm (Heteroderd rostochiensis). Both contain 231 of
phenols thai are liberated on hydrolysis (Ctarke, Cox & ShePherd, 19671 Clarke,

i9681. Mor"ore. the cyst-wall, in its formation from the body wall of the female,

shows the colour and textural changes associated with sclerotinization, and possesses a

polyphenoloxidase.^ 
Scierotinisation alters the properties of the cyst-wall, including its permeability to-

water, and undoubtedly cont;ibutes to the remarkable longevity (up to eight years)- of
these cysts in soil (A celebrated Shakesperean clown also attributed the preservation

of tanned bodies in soil to their impermeability to w,.ll)r (Hamlet, Act V, Scene l)')
Besides this structural role, the phenois and quinones ofthe wall may well aid in hatching

of the eggs; wall fragments double the hatchability of H. tostochiensis eggs (Shepherd &
Cox, l9&), and synihetic quinones, including o-naphthoquinone, stimulate the hatching
of H. schachtii eggs (Clarke & Shepherd, 1964).

A special casei-f cill wall reinforcement is when the phenolic componenJ is.a derivative

of diirydroxyphenylalanine (dopa). The protein complex is then a dark pigment con-

taining potfririzei indole structures and known classically as melanin. Plant melanins

o""rri1pi*Uy io t"ed coats and the walls of fungal spores. They undoubtedly contribute

to the durabi-lity of these bodies: the resistance of wall preparatiom ftom Aspergillus,

Mizoctonia and Sclerctium spp. to lysis by added enzymes or by soil bacteria is related

to their melanin content (Lub & Alexander, 1967). However, the melanins of plant

tissues are less well charactirized than those of animals' These, as the main pigments of
205
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vertebratehairandskin,haveattractedmuchattention;theyposebothintricatechemical
problems and urgent social ones.
'- 1'f," fi.ri,tug"iin melanin formation probably involve three oxidations of dihydroxy-

pf,"nvfufaon" iy polyphenoloxidase, and three distinct o-quinones (Rape1, 1938)' The
[rst, topuquioo:o., reacts intramolecularly (Fig. 3), the amino group olthe side chain

*tstituiiri ioto tne quinone nucleus to produce a bi-cyclic compound' This is oxidized

to the seco-nd quinoni, dopachrome, which in turn, after decarboxylation, is ox!d'1e!
to indole-5,6-quinone.- There is little c€rtainty about subsequent stages; indole-5,&
quinone alone polymerizes to black insoluble substances, but in natural melanins these

,r" liot"d both t; protein and to metals. The quinones probably form an irregular

three-dimensional lattice in which each quinone unit has multiple links, and which is

attached to proteins predominantly through -S- atoms. Some of the quinone units may

be derived fiom dopiquinone or 
- 

dopachrome; some of them may, as electron spin

resonanc€ studies suggest, be free-radical semi-quinones.
Wall strengthenin!-polymers based on phenols and quinones other than dopa and

dopachrome-have b,een rlcognised in plant walls, especially those of fungi' The d9!
pijments of sunflower and milon seedsire, for example, probably derived from catechol

il.iicolaus et at., 1964): the black 'melanochitin' that is partly responsible for the nick-

name (King Aliredb Cakes) of the fungus Daldinia' is an extended P-naphthoquinone
polymer:

It is probably cross-linked to unacetylated amino gloups ofchitin, and polyphenoloxidase

is probably involved in its formation (AllPort & Bu'Lock, 1958). Probably many other

pilments, ioosely called melanins because of their apPearance and reaction in hi to-

chimical.tests, will prove also to be derived from phenols other than dopa, and not,

strictly speaking, melanins at all. There seems a need for a new general term, analogous

to scleroiins, tolescribe all such materials derived from plant cell walls by the interpola-

tion of polymerizing phenols. The term melanin, as lignin, could then b€ restricted to

polymers deriYed from one Phenol.

Adventitious production of oauinones

The antimicrobial properties of phenols and quinones have long been known and made

use of, so it is not surprising thaf the phenols ind o-quinones ofplants should have been

considered as part ofihe plant's defences against infecting organisms. This idea receives

support from ihe increased phenol and polyphenoloxidase -of 
diseased plants; it has the

adl'ed attraction that differences betwe€n the phenols of different species and varieties

of plants may partially account for one of the ialient facts of plant pathology-the host

.p""ifi"ity of many paiasites. These ideas, and the comParative ease with which phenols

having antimicrobial activity can be extracted from many plants,- haYe led to an immense

literai-ure. However, there ire as yet very few examples in which phenols or quinones

are clearly and unequivocally responsible for resistance to disease.

N
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- 
ore such exampre is the resistancr of onions to the smudge disease fungus co ,etorrichwncircinans..Sporcs of this fungus germinate on the skin 

"fiil "ri"r, penetrate the deadouter scale leaves, and then grow into and parasitize the fl"rty f"-uG of tt bulb. M;;tresistant varieties of onion hale red or ye[ow ort"i *"i"ll"""r, but their resistance
9:ryr9:-r, the o-dihydroxyphenols, rateciol and pr"t"*t""r"liliid, in tbe c.elts of theoeao ourer scales and not on the anthocyanin pipents. These phenoli prevent infectionby.inhibitins the sermination ofspores.-How ihly d;thi;;;;1';i;t# th"y;; t" b"oxidized to quinones, is not known.

- other host-parasite interactions show no such simple relation between resistance and
the presence or absence of a particular phenot. nesisiance mai-t" 

"orf".."O 
Ui 

" 
fr.g".

concentration of a substance that occuri in all varieties, or the piesence of a mechanismthat must te triggercd to expose the parasite to ttris substance. 'ffr" n rt e*ptuoutioo tu,
been invoked for the resistance of potatoes to the scab trlltgos lStreptomfces scabies)
and to verticillium wilt. scabresistant varieties grown in u.5.A.'contain more chlorolgenic acid than do susceptible ones,.and it is mlainty concent;a in the perid; ;f
I_::19^,-.?,_!lI T"wing tubers, espec.ially round rhe ienticels through whic( the fungus
lnvaoes. JlmJlarry, wrlt-resrstant varieties have more chlorogenic acid in the vascular
tissue of underground stems and only lose their resistance urit Ji.upp"u.r. Chlorogenic
acid, in amounts less than those estimated to occur in potato sap, stopithe rz uitrigrZii
of both S. scabies and V. albo-atrwn, and the germinatioo oi,poi., of V. albo_d.trum.
Moreover, it does so more in conditions_in which-it is slowly oxiOtea. However, there aremany difficulties itr the way of accepting t_he idea that chlorogenic acid, or'oxidizin!
chlorogenic acid released from damagrd cells, controls the funlal invasior; ,r*"y. o?E.ropean potatoes (e.g. McKee, 1958) show no relation betw;en scab-.resistance andphenol content.

Careful studies suggest that the phenol and polyphenoloxidase of young apple leaves
confer_ some resistanc€ against the apple-scab tiigas, Venturia inoequaiis.'ihe main
phenol in these leaves, which may acc oint for 4-g "/l of their fresh weight, is pt roriaan :

"" Q'"t--"r,-*,Q-o,.O-/0-D 
- 

gD*

1:]r"1.y,9:lI::1,,9 
the aglycone phloretin. by_a leaf glucosidase, and both these phenols

are nyoroxylated to o-diphenols and oxidized to o-quitrones by polyphenoloxidaie. The
balance between these reactions is complex and depends o, tnJ fdtf tfr" le"i*p in_,1968), but thrre is no appreciable 

-diffeience betwein those o""o'r.ing io tn" ,"p 6fi"rtl
resistant and susc€ptibre leaves. However, some intermediaies 

-oi-ine 
oxiaation, most

p:*i9,1-r;1*::1":, are fungicidal; and there are reasons io.inimog tnut tr,Liui.
ronned_ atrd attect the gowth of V. inaequalis only in resistant leaves.
. The hlphae of scab fungus prolifcrate between ihe epidermis and cuticle of susceptible
leaves without penetrating the host cells or,_jn the firsi stage., 

"auring 
tt"i, 

"oUupi". 
n-icontrast, cells of resistant hosts rapidly collapse and Aie LounO thJ primary lrivaaini

hyphae. 'This 'hypersensitive' reaction itops tfe growth of me tunii possiUty because iI
allows 

-the. 
production of o-quinones. This quiione_produ"lrg fr""haoir* is thus ananti-idection device common to both susceptible uoa ,"ristinil"ar"s, but which istriggered off only in resistant ones. proteins have been isolatJliom cutture filtrates of

Y. intequalis that do cause necrosis in resistant leaves. CUousty enougtr they seem to Ue
melanoproteins.
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'Hypersensitive' reactions are important resistatrc€ mechanisms in many plants.

Rapid collapse of cells is enough to prevent the growth of many parasites, but the con-
comitant oxidation of phenols to o-quinones and polymen may also discourage Mpro-
phyic organisms that would otherwise grow on dead tissue. Even when these com-
pounds do not affect the pathogen directly, they may inhibit the 'tissue-macerating'
eDzymes it secretes to facilitate its spread.

Although some macerating enzymes, especially polygalacturonases and others that
depolymerise pectin are only slightly affected by simple polyphenols, they are strongly
inhibited by oxidized chlorogenic acid and catechins, the substances that accumulate in
browning tissue. This inhibition probably occurs naturally, and the resistance of apple
varieties to the spread of the brown-rot fittgns (Sclerotinia fructigena) from wounds,
is proportional to the rate at which they discolour. Moreover resistance is decreased by
painting the wounds with substances, such as glutathione, that prevent browning. Yery
little of the active polygalacturonase secreted by fungi can be recovered from the fungus-
rotted tissue.

The fungi that produce the soft white rots of apples, in partictlar Penicilliwt expdnsum,
seem to have a mechanism that prevents these inhibitory polymers from forming. They
are thought to produce substances, some possibly derived from the phenols of the apple
tissue, which inhibit polyphenoloidase (Walker, 1969). Much pectin is broken down in
these infections, and polygalacturonase can be isolated from the rotted tissue. In spite of
lhis, P. expansnnlesions spread slower than those of brown rots, which suggests that if
S. frucligena develops an anti-browning mechanism it might be even more aggressive.

Infection by viruses can also afect the metabolism of phenolic compounds by plants.
Indeed, chemical tests for phenols have often been suggested as methods of diagnosing
some infections, although these have not proved satisfactory (e.g. Holden, 1957). It
has also been suggested that the oridation ofphenols restricts the intercellular movement
of viruses, much as it is thought to do for ,/. inaequalk.

Necrotic lesions are often associated with the localisation of virus in a leaf. They have
been regarded as hylxrsensitive responses in which a metabolic upset has allowed the
oxidation of phenols, and this has killed the c€lls and stopped virus movement- Farkas,
Kiraly & Solymosy (1960) showed that infections producing local necrotic rather than
systemic symptoms, grcatly increase the polyphenoloxidase of leaves, and that infiltrating
leavef of Nicotiao g/armaJa with the reducing agent ascorbic acid decreased the number
of lesions produced by tobacco mosaic virus, without appreciably afecting the multi-
plication ofthe virus. But, however good the evidence that phenols are involved in lesion
formation, it is unlikely that the necrosis prevents the movement of virus: Bawden (1964)
describes many instancas where it does not, and also some where virus is localised without
necrosis.

A different type of defence mechanism, the chemical warfare waged against animals
by poison iry and poison oak, probably involves o-quinones. The active substances
produced by poison ivy (Rnus toxicodetdron radicans) are 3-pentadecyl catechol and
related compounds with ethylenic links in the side chain:

OH

(cErll-cll'
These are primary skin irritants, but more important they act as haptens, and produce
allergic responses. The most likely mechanism for their conversion into antigens is that

2@

OH

&
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onc€ inside the animal, they are oxidized to o-quinones which react with serum proteins:
such quinone-protein complexes have been made in vitro and their antigenicity demon-
strated. R lJ vernicifera, the Japanese lac tree, produces the same or similar phenols,
but uses them less aggressively; they are in the latex, and when exposed to air are oxidized
by a latex enzyme to hard insoluble polymers. These probably protect the wounds of
damaged trees: in manufactured lacquers they both protect and decorate furniture.

Post-mortem production of oauinones

I. Possibl€ role in tbe formation of humus. As vegetable matter decays in the field, and
its cetlular structure disintegrates, most of its o-dihydroxyphenols will be oxidized. The
resulting quinones will polymerize and, in doing so, combine with other cell constituents,
especially proteins and amino acids. The products are likely to be heterogenous and to
include some of the partial structures already indicated. As they are added to the top
layers of the soil, their structure will be modifred by oxidative and hydrolytic activities
of microorganisms. There are, however, some reasons for thinking that quinone-protein
polymers are not quickly degraded as are proteins (Bremner & Shaw, 1957); they are
more resistant than proteins to many hydrolytic enzymes. This has encouraged the idea
that polymerized quinones, combined with proteins and amino acids, survive in the soil
and contribute to its relatively stable humus component.

Opinion on the chemical structure of these humic materials is not unanimous. The
highest common factor of many opinions is that they are a mixture of amorphous three-
dimensional polymeric acids of high molecular weights, with aromatic, partly quinoid
structures, and with a range of molecular sizes. They are unexpectedly rich in amino
acids, which account for as much as a thfud to a half of soil nitrogen (Bremrer, 1955)
and which in situ are probably linked by peptide bonds. These amino acids, in addition
to other compounds that can be removed by hydrolysis in 6N HCl, 'tum over' in soil
much faster than does the non-hydrolysable aromatic nucleus; the average age of the
hydrolysable components of Broadbalk top soil, sampled from the unmanured plot in
1881, is 510 years compared to 2560 for the non-hydrolysable fraction @r. D. S.
Jenkinson, personal communication). Some of these properties are, at least, consistent
with the idea that humic materials are derived from heteropolymers of proteins and
quinones. Model compounds prcpared by polymerizing o- andp-quinones in the presence
of proteins such as casein (Ladd & Butler, l96Q show an encouraging resemblance to
humic acids. They behave similarly during chromatography on columns of Sephadex,
and, on acid hydrolysis, produce amino acids, ammonia and unreleased N. Moreover,
their amino acids, as those of humic acid, are slowly released by some fungal proteases:
it would be interesting to know whether the polymers remaining after losing their amino
acids can combine with, or otherwise'pick up', fresh protein or quinone-proteins, as
soil humus seems to do.

If quinones are involved in the genesis of humic materials, they need not only be those
derived from plant o-dihydroxlphenols; soil microorganisms may produce and oxidize
their own phenols. Swaby and Ladd (1963) and Flaig (1960) outlined two distinct ways in
which this could occur. The phenols may be synthesised intracellularly from carbo-
hydrate substrates, polymerize with proteins as the crlls decay, and be released into the
soil only as the cell walls are lysed. Alternatively, the reactions may be extracellular, at
least in part, as when the microorganisms hydrolyse and oxidize plant lignins. Lignins
are themselves polymerized phenols derived from coniferyl alcohol and related com-
pounds, but most of their hydroxyl groups are methylated. However, as they decompose

zto
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in soil they lose their methoxy groups and concomitantly bind N. Flaig argued that the

demethylation is hydrolysis by fungal enzymes, and that N is bound when odihydroxy-
phenolJ are produced from the polymer and oxidized to quinones that react with am-
monia, amino acids or proteins. Some of these reactions have been reconstructed ,r, virro,
and suggest that the products include, in addition to structures already mentioned,
amino phenols or amino quinones that may polymerize to heterocyclic aromatic struc-
tures such as phenoxazines:

q:o
But how far such structures contribute to soil organic matter is unknown.

About a tenth to a sixth of the organic sulphur of soil is present as c-amino acids,

which, on acid hydrolysis, yield methionine, methionine sulphoxide, cystine and cysteic

acid. They probably occur in peptide form, and possibly in quinone-protein hetero-
polymers. If this is so, there is the additional possibility that some soil sulphur exists
as cysteine linked to a quinone nucleus through its S (Fig. 2), in addition to, or instead
of, its N. Little is known ofthe stability of these S-C bonds, although some ofthose in
melanin resist acid hydrolysis (Nicolaus er a/., 1964). This possibility is worth considera-
tion therefore, even if very little ofthe S in a plant is present as -SH able to combine with
quinones: some protein -SH groups have great affinity for quinones, and stable com-
pounds accumulate in soil even though added in small amounts.

2. Formetion of oauinones duriag the preparation anl storing of fmd materials. Cellular
injuries inflicted during the harvesting, processing and storage of plant materials cause

oxidation of any phenols present and the polymerization of o-quinones. These 'enzymic'
browning reactions (so called to distinguish them frorn non-enzymic ones, such as those
that occur on heating proteins and sugars) adversely affect the value of most fruits and
vegetables, spoil their colour and flavour and, by the reaction in Fig. l, decrease their
vitamin C content. The pherrols most usually implicated are caffeic and chlorogenic
acids as these are most readily oidized, although oxidized flavanols are reported to
produce most of the brown discoloration in apples and pears. Browning may occur in
canned, frozen and even dehydrated materials, and much effort has gone into devising
methods of preventing it. These include quick heating or blanching, which is designed
to inactivate enzymes, excluding air, and adding substances such as sulphite or ascorbate
that inhibit polyphenoloxidases or combine with quinones.

Reactions of o-quinones v.ith proteins in plant protein conc€ntrates may decrease

their nutritional value. The biologically-measured nutritional value of many such feeding
stuffs is less than that predicted from their known amino acid contents; some amino
acids seem unavailable to animals although they are liberated by the hydrolysis in
6N HCI that precedes amino acid estimations. Lysine is often biologically unavailable
in this manner, which is important b€cause it is one of the amino acids deficient in many
diets. Probably its e-NH2 is involved in linkages stable to enzymic digestion but broken
by acid hydrolysis, and some of these linkages may involve o-quinones. The biological
value and tz vivo digestibility of casein are decreased by reaction with caffeoquinone and
cblorogenoquinone (Horigome & Kandatsu, 1968): and lysine-quinone bonds, as those
between other amino acids and quinones (Ladd & Butler, 196Q, are probably partially
hydrolysed by acid.

The nutritional value of plant protein concentrates is often also limited by methionine,
2tl

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 213

ROTHAMSTED REPORT FOR 1970, PART 2

which is both scarce and 'unavailable'. However, it is less probable than with lysine
that this is because it reacts with o-quinones. o-euinones may oxidize it to methionine
sulphoxide but this would not nec€ssarily decrease its biological usefulness. Reactions
that might do so by oxidizing it to a sulphone or forming S+-quinone bonds have been
postulated, but p-reliminary efforts to demonstrate them with chlorogenoquinone and
methionine have failed.

Bound quinones are most likely to occur in proteins extracted from tissues rich in
phenols. They may well afect the quality of leaf-protein concentrates tiat have been
advocated @rie, 1969) as dietary supplements. Fe€ding tests show that the nutritive
value of these preparations is usually good but varies v/ith the species and age of the
leaves that have been extracted. Poorer samples tend to have more of their lysine e-NH2
unreactive towards nitrous acid (Dr. R. L. M. Synge, personal communication), suggest-
ing that part of the loss in nutritive value may reflect reactions with quinones: there is
ample opportunity for these reactions during the large scale extraction. The in vitro
digestion of these leaf protein preparations with proteolytic enzymes has been used
(e.g. Byen, 1967) to judge their biological value. These tests also are likely to be affected
by protein-bound quinones: the susc€ptibility of dried pasture plants to pepsin depends
on the o-dihydroxyphenol and polyprhenoloxidase content of fresh leaves (Horigome &
Kandatsu, 1968). However, these tests, especially those that use plant proteolytic enzymes,
are not necessarily affected by bound quinones in the same way as is biological digesti-
bility. Thus papain and ficin, in contrast to carboxypeptidase and trypsin, are aot in-
hibited by polymerized quinones, but in some conditions stimulated (t add & Butler,
1969).

Not all the phenolic oxidations and o-quinone reactions in agricultural products are
deleterious: the processing and desired characteristics of b€verages and stimulants
such as tea, cocoa, cider and tobacao depend on them. This is most evident with black
tea. Although the main reason for drinking tea is ostensibly the stimulation derived from
its cafleine, most of the expertise that goes into producing acreptable tea is conc€rned
with its phenolic content. Agricultural aspects are designed to produce leaves rich in
both phenols and polyphenoloidase: the critical conditions of fermentation are designed
to allow the enzyme to oxidize the phenols, allow the o-quinones produced to condense
to coloured polymers and to stop the process at that point. These polymers confer on
brewed tea its colour, most of its palate, and some of its odour. When their formation
is prevented, as in green teas, the brew is, by comparison, pale and insipid.

Because of the many types of phenols in the leaves of the tea plant, and the many
possible interactions of the coresponding o-quinones, it could reasonably have been
exp€cted that the chemical reactions are enormously complex. However, E. A. H. Roberts
pointed out: (l) that the main difference between fermented and unfermented leaf lay in
the disappearance of epigallocatechin (Fig. 4) and its gallate ester; (2) that compounds
resembling the main soluble condensed phenols in brewed tea can be produced rz vitro
by oxidizing these two substanc€s; (3) that the condensed phenols are probably dimers
of these catechins uncombined with amino acids-

Fig. 4 shows a scheme by which one ofthe main groups oftea pignents, the theaflavins,
is probably formed. It differs a little from the scheme of Roberts, and it envisages the
oxidation of both epigallocatechin and catechin Clakino et al., 1964). The theaflavin
formed by the condensation of the catechin o-quinones has a seven-membered tropolone
ring. Either one or both of the hydroxyl groups on the O-containing rings may be esterified
with gallic acid, and these esters probably form a larger proportion of tea theaflavins
than does the unesterified compound. The other nain group of tea pigments, the redder,
2t2
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LJlidlocatcchin

- FIG. 4. Reaction scheme for the formatiol of theaf,aviDs, orange coloured astririgetrt pigments,
duriDs (he fermentation of tea (after Takino e, at., lF,6l)- ni-'rion"ID io'a Di ".'&lIjsia'ul'irijDhenoloxidas€.

less astringent thearubigins, are less well characterised, but they probably contain poly-
merized catechin goups, some in the oxidized o-quinone form. 

-

Although the main pipents of brewed tea seem not to contain N, reactions between
o-quinones and nitrogenous compounds occur during fermentation and may contribute
to the quality of the manufactured product. Thus, the aldehydes, especiilly phenyl-
acetaldehyde, which are partly responsible for the aroma of tea are probaUty proauced
by the quinone-catalysed oxidatiye deamination of amino acids.

3. Formotion of o-quinones in the laborrtory. A thfud, rather more specialised, environ-
ment in which plants may die, and wherc the post mortem forrnation olo-quinones occur,
is the laboratory. Whether the vegetable matter is ground, homogenised, disintegrated
or mac€rated, provided it contains polyphenoloxidase and oxidizable phenols, and con-
ditions do not completely and immediately inactivate the enzyme, soie o-quinone will

2r3
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be formed. Even when the enzyme is inactivated, some o-quinone may be produced
in extracts alkaline enough (pH > 8) for the phenols to auto-oxidize. When enough has
been formed to remove most ofthe reducing substances, tie extract will probably brown.
The brown materials often complicate the estimation and isolation of other substances
in these extracts: when the substanc€s in question react with o-quinones there is an extra
hazard not always fully appreciated.

These reactions may produce new species of comparatively small compounds, such
as quinone-peptides, which complicate the difficult task of characterising the non-protein
N fraction of leaves. They may remove substances that are being searched for, and, less

expectedly, they may artificially produce them. Both these last effects are possible with
the growth substance indol-3-yl acetic acid (IAA). In sliglttly acid solution, o-quinones
reaci with IAA to give inactive compounds of unknown constitution: those from chloro-
genoquinone are intensely red. By contrast, in slightly alkaline solution o-quinones
produce IAA by reaction with tryptophan. The reaction is an example of the catalytic
deamination of amino acids by o-quinones Cfrautner & Roberts, 1950) already nen-
tioned, foltowed by the spontaneous decarboxylation of the keto acid produced. It is

questionable whether IAA is produced this way physiologically, but its production

Complicated efforts to detect a protein-bound and slowly released form ofIAA in extracts

of French Bean leaves, where the o-quinones that catalyse it are derived from novel

esters of caffeic acid (Wheeler & King, 1968).

Many enzymes are more active in plant extracts prepared by methods minimising the

oxidation ofphenots, probably because they react with and are inactivated by o-quinones'

A few such enzymes, for example sucrose synthetase from sugar cane and phosphorylase

from potatoes, are sensitive to synthetic quinones and are iaactYated in ito when added
polyphenols are oxidized by polyphenoloxidase. This type of inactivation is, initially
it i&st, distinguishable from that caused by preformed tannins or quinone polymers

with tannin-like prop€rties. It has been variously attributed to the reaction of o-quinones

with amino or sulphydryl groups of the protein or with a prosthetic group such as

pyridoxal phosphate. Sometimes, as with sucrose synthetase, the reaction seems partly
iiversed by -SH reagents, implying that the quinone oxidizes protein -SH to -S-9
instead of forming an -S-hydroquinone adduct, but none of the inhibiting reactions

has yet been studied with the precision that protein chemistry currently allows' Perhaps

this is why this type of inactiYation is often overlooked, or when recognised causes

surprise. Some enzyme studies d€mand that it is not overlooked; if it is, attempts to
."i.rr" 

"nrym". 
in different physiological states of a tissue may simply measure differ-

ences in the amounts of inhibitory o-quinones different extracts produce.

By a rare piece of biochemical justice, polyphenoloxidases themselves react with and

are iflected by the o-quinones they produce. Purified preparations from various sources

contain fractions whose colour suggests that they contain some bound quinone material,
which increases as they are allowed to oxidize an appropriate substrate. Reaction with
quinones probably explains the progressive inactivation of polyphenoloxidases during
an oxidation: 'reaction inactivation' is decreased v,/hen the oxidation produces a sub-

stituted o-quinone less likely to react with proteins.
The extraction of cell organelles from plant tissues is also complicated by enzymically

productd o-quinones, and requires conditions that avoid phenol oxidation. This is so for
ixtracting the mitochondria of sweet potato ltbers (Ipomoea bdtatds), the chloroplasts
ofsugar &ne leaves (Saccharun oficinale), and various plant viruses. All, once extracted,

are Jnsitive to added phenols ptus polyphenoloxidase, and most of them to synthetic

o-quinones. Rather surprisingly more is known about the inactivation of the viruses.
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Thus the inactivation of cucumber mosaic virus, by oxidizing chlorogenic acid, is not
caused by the oxidation of phenolic residues in the virus or by the polymerized products
of the oxidation, but involves an intermediate of the oxidation that probably reacts with
the protein rather than the nucleic acid ofthe virus (Harrison & Pierpoint, 1963; Pierpoint
& Harrison, 1963). Prune dwarf virus reacts with synthetic o-benzoquinone, and the
uninfected particles retain the morphological and serological properties of the virus
(Hampton & Fulton, 196l). Tulare apple mosaic virus reacts not only with o-benzo-
quinone but also with such fully substituted derivatives as tetrachlorob€nzoquinone.
Mink (1965) argued that the inactivation is therefore caused by the oxidation of a viral
group rather than by adduct formation. However, he also showed that the tetra sub-
stituted derivatives form adducts with the virus, and not only inactivate it but progressively
modify its sedimentation, spectral and serological properties. Possibly the amino and
thiol goups of the protein displace the halogen atoms from the substituted quinones.

Only a minority ofknown plant viruses seem to be inactivated by the o-quinones formed
in leaf extracts. This may mean that it is advantageous for a virus to be insensitive to
these compounds, or that the sensitive ones have been overlooked. However, the fact
that viruses are not inactivated does not necessarily mean that they do not react with
a-quinones, and there is evidenc€ that southern bean mosaic virus reacts with o-quinones
without losing its infectivity. This apparent tolerance to o-quinones contrasts with the
resista ce of some strains of tobacco mosaic virus. Neither intact TMV, nor its de-
polymerized protein, can be induced to react with chlorogenoquinone, although each
protein subunit contains one thiol and two amino groups. This emphasises that, because
of the differences in molecular architecture, the amino and sulphydryl groups of different
proteins differ in accessibility to, and affility for, o-quinones, as they do for other
reagents.

Table I lists five principle ways of preventing o-quinones forming in plant extracts,
although it is not always easy to judge why a technique is effective. Polyvinylpyrrolidone,
for example, was initially used in enzymic extraction because it absorbs tannins strongly,
but it absorbs simple o-dihydroxyphenols much less strongly and owes some ofits efficacy
to inhibiting polyphenoloxidase. Similarly DIECA, a powerful oxidase inhibitor, also
combines with o-quinones, and conversely, the reducing agent ascorbate also inhibits
polyphenoloxidase. Cysteine, depending on the conditions, combines with quinones,
reduces them to phenols and inhibits the oxidase.

All the procedures listed have been eflective in protecting some particular plant com-
ponent from o-quinones. None is generally useful. The reducing agents, for example,
are rapidly oxidized by some tissue extracts and DIECA and potassium ethyl xanthate
break down in acid extracts. None of the enzyme inhibitors is specific for polyphenol-
oxidase; those that chelate metals affect other metal-dependent enzymes, and meta-
bisulphite, although very effective for some purposes, affects pyridoxal phosphate and
probably enzymes containing this cofactor. Disrupting tissues in an N2 atmosphere is
cumbersome; although it can be done much more conveniently in a specially designed
press (e.g. Pirie, 1961) than in a glove box, it may still involve the difficulty of working
up the resulting extract anaerobically. The choice of the most appropriate method, or
combination of methods, for preventing o-quinones being produced, depends very much
on the tissue used, the phenolic systems it contains, and the component that is to be
recovered. It is very much a matter for trial and error.

There is a final caution: the phenol content of frozen leaves stored between 0 and - l5'C
slowly decreases, and the possibility exists that o-quinones are formed, and react with
some leaf components even in these conditions. This is probably also true for unfrozen
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but senescing tissue. Even though such tissue is then extracted so as to prevent further
o-quinone formation, these components will have been modified. Some plant enzymes
that can b€ resolved electrophoretically into several active components may owe some of
their multiplicity to this reaction: it is important to distin$ish such a*ifacts, if they
occur, from physiologically separate isozymes.

Summary

o-Quinones are often produced as transient intermediates when o-dihydroxyphenols are
enzymically oxidized. They polymerize rapidly to compounds whose complexity depends
on the o-quinone involved and the presence ofsubstances containing amino or sulphydryl
groups with which they react. Some of the heteropolymers they form, insect cuticles,
melanins and possibly humus, are very complex: because of the range of repeating units
and different linkages they contain, it is not certain whether they have a regular recognis-
able molecular structure or resemble, in Freundenberg's phrase, 'chemical compost
heaps'.

o-Quinones are formed and polymerize in vivo dnrilg the hardening of arthropod
cuticles (sclerotinisation) and the hardening ofplant se€d and spore walls (melanisation).
They are also formed adventiously, as when plants are invaded by microorganisms, and
either mechanically or chemically may help restrict ttre multiplication or spread of the
pathogen. Their formation during the harvesting, storing or processing of plant materials
affects, for good or ill, the quality of the product, and the polymers they produce during
the decay of vegetable matter may be the parent substances of soil humic matter.

Unless precautions are taken, o-quinones can form in plant extracts made in the
laboratory. Their subsequent reactions may complicate or even prevent the extraction
and estimation of organelles, enzymes, viruses and metabolites.
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Docking Disorder anrl Root Frctoparasitic Nenatodes of Sugar Beet

A. G. WHITEHEAD, R. A. DUNNING and D' A. COOKE

Docking disorder takes its name from the parish in N.W. Norfolk where patches of
stuntediugar beet were first reported in 1948 (Hull, 1949), although it almost certainly
occurred eirlier there and elsewhere on light sandy soils. Typically, affected seedlings

grow slowly, soon show signs of nutritional deficiencies, especially of magnesium and

nitrogen, and the rootlets are discoloured and misshapen. The condition recurs in the

same fields and the same areas in fields, but its severity diflers greatly from year to year.

Other crops, such as barley, often grow poorly where sugar beet was previously affect€d.
Anythi;g that damages the roots can, of course, slow the growth of plants and lead to

nutritional deficiencies. Henc€, it is not surprising that the early work on Docking
disorder, done in different places, led to seemingly contradictory conclusions or that the
role of ectoparasitic nematodes as a prime cause took long to establish, even though the

beneficial eflects of treating soils with 'D-D' fumigant were early shown (Shotton, 1958).

The name 'Docking disease' (Gates, 1954) was changed to 'Docking disorder' when

Gates (1955) concluded that fungi (Pythium, Fusarium and Rhizoclonia), which were

prevalent in the damaged roots of affected sugar beet plants, were trot the cause, and
suspected a toxin, but Skinner (1956) found no evidence for this. Fusarium oxrsporum
and Pythfum sp. damaged roots of sugar beet growing in pots, but not enough to account
for the effects in the field (Buxton, 1957). Drenching the rows with fungicide at the time
of sowing sugar beet improved root shape (Gates, 1955) but possibly not by killing
fungi. The organic manure 'shoddy' (wool wastQ greatly increased the vigour and yield
of sugar beei where Docking disorder occurred, but farmyard manure and inorganic
nitrogen gave less consistent improvement (Shotton, 1958; Hull, 1960).

Christii and Perry (1951) described stubby root nematode (Trichodonr'r sp.) damage in
the U.S.A. Gough and Welford (1954) suspected these nematodes might be involved but
failed to correlaie their abundance with Docking disorder, probably because methods of
extracting ectoparasitic nematodes from the soil were less good then than now. Gibbs
(1959) isolated fungi and nematodes from aflected roots but these did not differ in type
or number from those isolated from unaffected roots. Also, affected beet taken from the
field recovered when replanted in compost whereas beet grew poorly in pots containing
the field soil even after it was autoclaved. He suggested the poor growth depended on an

unusual chemical or physical condition in the soil; this may have b€en so, as the soil he
used came from the edges ofmarl pits or from slopes, contained very little clay or organic
matter, and slaked completely when moistened.

The soil-borne viruses tobacco rattle (TRY) and the Scottish form of tomato black
ring (TBRV-S) were first isolated from sugar beet growing in eastem Scotland (Harison,
1957; Cadman & Harrison, 1959), but seemed not responsible for the poor growth.
TRv is transmitted by stubby root nematodes-Irichodorus pachydermB Seinhorst in
the Netherlands (Sol & Seinhorst, 196l) and, T. primitiws Seinhorst in Britain (Harrison,
1961 ; Mowat & Taylor, 1962). TBRV is transmitted by needle nemtlodes-I-ongidorus
elongatus (de Man) in Scotland (Harrison, Mowat & Taylor, 196l) and L. attenuatus
Hooper in England (Harrison, 1964). The knowledge that these viruses occur in some
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plants 
_in, areas where sugar beet gows poorly in East Anglia, but that most of the

stunted Dlants are not infected (Gibbs.& Harrison, 1964; Heathcote, 1965), and the report
that Trichodorus damaged sugar beet in the Netherlands (Kuiper & Loof, 1962), ledio a
reassessment of the relationship between nematodes and Docking disorder.

Iyp€s 8rd symptoms of Docking disorder

Gibbs and Harrison (t963) separated Docking disorder into three .types': (i) diffuse
patches of poorly_growing plants with needle nematodes (I-ongidorus) ptisent; (iiy .tite'-
sha@ patches; (iii) edges of disused marl pits. Whitehead (1965) tdded two :types':
(iv) areas of excessive drainage; (v) cultivafion effects and Whitehead, Greet and Fiaser
(1966) added another: (vi) diffuse patches of poor growth with Trichodoru, prell"unt. We
now restrist the name to one condition, patches of stunted plants caused primarily by
Longidorus atdlot Trichodorus feeding on the seedling roots (i.e. (i) and (vi) above)'.
Stunting of beet for other reasons, such as when growing at .edges of disused marl pits;,
in 'areas of excessive drainage' or when suffering from .cultivation effects' should be so
described. The reason for stunted plants in the 'kite'-shaped patches recognised by Gibbs
and Harrison (1963), Gibbs (196Q and Macfarlane (1966, 1967) is unknown, and the
condition was renamed 'Barney patch' from its first recognition at Bamey, Norfolk
(Dunning & Cooke, 1967).

The plant and field symptoms of Docking disorder are faidy characteristic (Dunning
& Cooke, 1967; Jones & Dunning, 1969). Patches of affected plants are ill-defined but
coincide roughly with the areas of lightest soil; within the patches most sugar beet plants
are very small ('chicks') but some are larger and a few ('hens') may be as large as healthy
plants outside the patches. The large and small plants are usually randomly intermingled
excrpt where cultivation effects, especially tractor 'wheelings', produce lines of large
pla,nts. The leaves of small plants often show signs of magnesium and, especially, nitrogtn
deficiency.

'Where Trichodorus spp. predominate, the seedling tap root is often badly injured and
may be killed; the laterals then take over its function, leading to a fangy (furcated)
storage root. Where ,L. attenwtus predominates, only the laterals are injured, leaving
the storage root of normal shape, though small. Hence a fangy root is not characteristia
of Docking disorder; conversely anlthing that kills the tap root (e.g. Rhizoctonia
solani infection, mechanical damage (Daniels, 1965), acidity, damage by chemicals
(Hull, 1960) excrssive compaction or waterlogging of the soil) can produce fangy roots.
Considerable num&rs of Longidorus or Trichodorus need to be found in the rooi zone of
stunted plants to confirm the poor growth as Docking disorder.

The amount to which a given population of nematodes damages roots depends on
their activity, which is much influenced by soil moisture. Damage that could be com-
pensated for when roots are growing vigorously cannot be in soils of poor structure or
lacking nutrients, or when plants are harmed by herbicides.

Incidence of Dockitrg disord€r

Before 1958 Docking disorder was rarely reported outside West Norfolk and was some-
times confused with toxicity from z BHC seed dressing; the N.A.A.S. and British Sugar
Corporation recorded that it was most prevalent in 1948, 1949, 1954 and, especially,
1953, but was not reported in 1950, 1956 and 1957. In 1958 it ocrurred more extensively
(Gibbs, 1959) but in the early 1960s damage by herbicides sometimes made identification
220

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 222

DOCKING DISORDER

difficult. Since 1963, fieldmen of the British Sugar Corporation have estimated with
increasing accuracy the acreage afected (Iable l).

TAELE I
Docking disorder in England, 1963-70

Acreage estimated Estimated loss ofYear affected (acres)l root yield (tons)2
1963 ,l0O
1964 l2m
t96s 9001966 l3m
1967 60m 2tffi1968 2300 2300l%9 19250 500001970 520 600

1 Bas€d on monthly pest damage reports from cach fieldman of the British Sugar Corporation: 196k6,
aq€ages s€vercly to moderately affected; 1967-70, total acleages of severely, moderately and slightly
affected at the end of June.

2 Ass-uming lgsses 9f 6 tons roots/acre (severcly affected), 3 tons/acre (moderately afrected) and I ton/
acre (slighdy affected).

Badly afli:cted crops ate ocrasionally ploughed in and the land sown with another
crop, but root ectoparasitic nematodes alone rarely kill the seedlings. Since records became
more a@urate the acreages reported affected have varied geatly in diferent factory
areas and different years (Table 2).

TABLE 2
Acreage estimated afected by Docking disorder in six sugar faclory areas

1964 1965 1966 1967 1968 1969 1970
East Anclia

King's Lydn
WissiDgton
Bury St. Edmunds
Cantley

Yorkshire
York.
Selby'

985 804 t28r' 5324 935 11827 510

* Much stunting rot recognis€d as Docking disorder before 1966

Although only recently recognised in Yorkshire, we think Docking disorder caused by
Trichodorus spp. was prevalent there earlier, because in 1965 we found several infested
fields, two of which had more than 800O T. anemonesllitre of soil in the root zone of
stunted plants during autumn. Docking disorder has now been reported from most
areils where beet is grown on sandy soil, and it seems more prevalent than formerly.
Partly, this reflects increasing recognition, but in 1967 and 1969 symptoms were severe.
In 1969 it was reported from 14 of the 18 sugar factory areas and eight had more than
1000 acres affected (Bury St. Edmunds, Ipswich, King's Lynn, Newark, Nottingham,
Selby, Wissington and York). It can occur after almost any field crop, including grass
or after a year's fallow; it is rare after lucerne (Hull, 1960), and is commonest after barley
because barley usually precedes beet in the rotation.
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Methods of growing sugar beet have changed greatly since Docking disorder was
first noted and these changes may have contributed to its apparent increase. Sugar beet
seedlings are now exposed longer to the attacks of nematodes because of early sowing,
and to more nematodes per seedling, because of wider spacing and the use of rubbed and
graded or monogerm seed, instead of natural (multigerm) seed. Pre-emergence herbi-
cides not only kill weeds on which the nematodes might otherwise feed but can also slow
thegrowthof beet seedlings (Hull, 1966)and may make them sufer more fromnematode
damage. Damage may be enhanced by the depletion of organic matter, resulting from
the replacement of livestock and leys by cereals, and from straw burning and deep
ploughing (Hull, 1960).

The n€mrtodes

Species anrt damage. Kuiper and Loof(1962) associated L teres Hoopet (syn. T.flevensis
Kuiper and Loo0 with stunting, fangy roots and yield loss in sugar beet on new polder
soil in the Netherlands- Evidence that l. attenuafi$, L. elongatus, and Trichodorus spp.
damage sugar beet and other field crops in England was obtained: (i) by showing that
these nematodes caused specific types of root damage on sugar beet seedlings growing
in pots containing steamed soil inoculated with the nematodes; (ii) by observing the
nematodes feeding on the roots of seedlings in glass-sided boxes; (iii) by relating the
abundance of nematodes around the roots during spring and early summer with root
symptoms and stunting of field plants (Table 3) (Whitehead , 1965, 1966,1969; Whitehead
& Cooke, 1965; Whitehead & Hooper, 1970).

TABLE 3

Auerage numbers of Longidorus or Trichodorus rz the soil close to sugat beet
plants of diferent sizes growing in parts offields affected by Docking dimrder

Number offields Close to stunted Close to larger
examined Platrts Plants

25. I 
L' a'tenl/,'tusllii.re ol *il|

J 3JI' 
.lr4garBllitrc of soil

24 
Ttichodotus sgP-llihe oI so;l

.In ten of these fields there were on average only 3l tr. altetuaruslli$e itr the soil close to largp
plants in parts of fields unafecled by Docking disorder.

I-ongidorus spp. (needle nematodes) are among the largest plant-parasitic nematodes;
many adults exceed 5 mm long and to the naked eye are visible adhering to plant roots.
Trichodorus spp. (stubby root nematodes) are smaller, the adults usually shorter than
I mm and invisible to the naked eye. Both I'ongidorus and Trichodorus feed on root tips.

Iungidorus spp. have long feeding stylets that are probably inserted deePly into roots;
presumably in ieipons€ to saliva injected, the root tip swells and later may show a necrotic
ipot, probably where the stylet was inserted. Sections of root tips galled by L. attenuatus
show i row of necrotic cortical cells, extending deep into the root tip, marking the prob'
able region of stylet penetration. L. elongatus can stop the tap roots of beet seedlings

growing, whereas t . itlenwtus nsually harms only the lateral roots. Both cause galls on
iugar-Gt roots. L. elongatw also damages strawb€rries (Sharma, 1965; Seinhorsq 1960'

222

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 224

DOCKING DISORDER

grass, carrots, kale and probably many other clop plants (Whitehead, 1969; Whitehead &
Hooper, 1970).

Ttichodorus spp.have shorter stylets that penetrate less deeply thanthose of l-ongidorus
spp. Their feeding often stops tap roots growing. The terminal and lateral root tips
become stubby (i.e. stunted and slightly swollen), turn brown or black and laterals may be
zig-zagged. When the tap root stops growing or is killed, lateral roots near the soil surface
thicken and replace it. Whet Trichodorus are abundant, the downward-growing laterals
also are injured and laterals grow only near the soil surface, where conditions are less
favourable for the nematodes. Although a shallow root system is a common result of
Trichodorus injury, effects differ because of the influence of secondary pathogens or soil
conditions. Saliva injected by feeding nematodes seems to cause only local damage, and
the leaves show symptoms because the damaged roots do not supply them with enough
nutrients.

When sugar beet seedlings injured. by Iangidorus ot Trichodorus arc washed free from
soil containing the nematodes many injured roots resume growth and new rootlets form
close to those which were killed. Hence, in the field, plants may recoyer when the nema-
todes stop feeding on the roots, as during a dry spell (Whitehead & Hooper, 1970).

Other plant-parasitic nematodes are common in fields where Docking disorder occurs
and may add to the damage caused by Trichodorus and, Inngidotus. pratylenchus spp.
ar.d Tylenchorhynchns spp. multiply greatly on barley, which usually precedes sugar beet
on light, sandy soils. P. minry Sher and Allen occurs sporadically in the roots of stunted
sugar beet and may feed ectoparasitically on the roots. Tylenchorhynchus dublus Biitschlii
does not cause obvious lesions on sugar beet roots and seems to feed mostly on root
hairs (Whitehead & Hooper, 1970). Hemicycliophora similis Thorne were found attached
by their stylets to swollen root tips of sugar beet se€dlings in the Docking area of Norfolk
(Whitehead, 1967).

Soil sampling anl €xtrrction, To relate the abundance of ectoparasitic nematodes to
injury, crops must be sampled at the correct time, because fewer occur in soil taken
near the roots of small seedlings as the season advances and more near the roots of
larger plants, which provide more feeding sites. The abundance of ectoparasitic nema-
todes was related to injury by taking soil samples from mid-May onwards in the rows
close to large and small seedlings, and at 2-inch (5 cm) intervals away from the plants at
right angles to the crop rows. The numbers on the roots are related to the damage
and some estimate of these was obtained by lifting seedlings carefully, washing their
roots in water and counting the nematodes in the water and still attached to the roots.
The seedlings, their roots and the adhering soil, were weighed and the number of
nematodes per gTam calculated. Some species, e.g. H. similis and L- elongatus, rcmain
firmly attached to sugar beet roots when taken from soil, and Z. sttenuatus sometimes
remain close to ttre roots on which they have been feeding, by coiling or by getting
entangled in root hairs or fungal hypbae. Trichodorus is easily dislodged b€cause it is
short, does not coil and its stylet does not penetrate deeply. I-ater in the season, when
the root systems are larger and the soil usually drier, many roots are broken and so
many nematodes are dislodged when plants are lifted that the method cannot estimate
the number feeding on the roots.

It is almost impossible to estimate total populations of ectoparasitic nematodes in
soil. Eggs are laid singly, must b€ extracted by centrifugal flotation (Flegg & McNamara,
1968) and can be identified only when they have a characteristic sha1r, as those of
I-ongidorus spp., and only when one species of each genus is present, which is rare.
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Identifying the larvae, either within eggs or soon after hatching, is difficult. AIso, even
the best methods rarely extract more than three-quarters of all stages. Nevertheless,
suitable methods extract larvae and adults consistently and are adequate to compare
numbers around healthy and diseased plants, to follow changes with time or depth, and
to assess ttre eflects of such control measures as the use of nematicides.

Small ectoparasites, such as Tylenchorhynchus spp., Tylenchus spp. atd Paratylenchus
spp., were best extracted by a Baermann method (Whitehead & Hemming, 1965) but
this was unsuitable for Trichodorus and Longidorus. L. attenuatus and L. elongatus from
sandy soils and L. elongatus from peat soil were extracted satisfactorily by decanting
a suspension of soil in \ryater onto a sieve with 100 p apertures submerged under aconstant
head of water. The two-flask method (Seinhorst, 195, extracted Trichodorus spp.
satisfactorily from sandy soils (Whitehead & Hooper, 1970).

Geographicel and depth dishibution Seven species of stubby root nematodes (Tn'cio-
dorus anemones Loof, T. cylindricas Hooper, ?' pachyfurmus Seinhorst, T, primitivus
Seinhorst, T. similis Seinhorst, L leres Hooper and T. virulilerus Hooper) and four
species of needle nematodes (Longidorus attenuatus, L. elongatus and occasionally
L. caespiticola Hoolrr and L. leptocephalus Hooper) occur in fields where beet suffer
from Docking disorder. Two or more of these species often occur together in tlle same
field. Five sqcies of Trichodoras have been found in one field.

The commonest species of Trichodoras in sandy soils prone to produce Docking dis-
order are T. pachydermus and. T. primitiws, brtt T. cylindricus and T. teres are abundatt
in some places. L. attenuatus, the commonest needle nematode in such soils in eastern
England, also occurs in the Midlands in sandy soils but is uncommon in the low-lying
sandy soils of the Vale of York, where Trichodorus rs abtndaat. L. elongatus is abundant
in some Fen peat soils and in sandy soils in the West Midlands, but is rare in the drier
sandy soils of eastern England (Whitehead & Hooper, 1970)-

The girth of frr'ciodorus spp. ar.d l-ongidorm spp. restricts them to major soil passages.

The surface 2 inches (5 cm) of light, sandy soils where tr. dttenuatus Lnd Trichodorus spp.
stunt sugar beet may contain few nematodes during late spring or early summer, when
the soil is drying, but there may be many 2-8 inches (5-20 cm) deep (Cooke & Draycott,
1970). T. teres was most abundant 5-10 cm deep in polder soil (Kuiper & Loof, 1962)
rr'd T. cylindricus more abundant above plough depth than below it; by contrast -L.

dttenuotus was ofren more abundant below plough depth (Whitehead & Hooper, 1970).

Drying of the top soil early during the growing season can prevent the nematodes from
moving and feeding, whereas deeper down they can still be active.

Bionomics. Species of Trichodorus ar.d. Longidorus can feed on the roots ofmany plants
but seem to multiply to different extents under the same crops in different seasons and in
different places (Taylor, t967; Whitehead, 1967; Cooke & Hull, 1967; whitehead &
Hooper, 1970; Whitehead, Fraser & Greet, 1970). They can survive a long time without
food so they are not greatly affected by bare fallowing (Harrison & Hooper, 1963;
Whitehead & Hooper, 1970).

L- elongatus, L. attenuttus and 7' rereJ are parthenogenetic, but other Trichodorus spp.
have functional males. There are four larval stages and development from egg to adult
ranges from a few months to a year or more. They also multiply slowly, so the popula-
tions are diminished for a long time after the soil is fumigated (Whitehead & Tite, 1968;
Cooke, Draycott & Hull, 1969; Whitehead, Fraser & Greet, 1970).

The use of herbicides and 'drilling to-a-stand' means there are fewer roots than
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previously for the nematodes to feed on when the beet are in the seedling stage and most
vulnerable. Over what distanc€ sugar beet roots attract nematodes is unknown, but
T- viruliferus were attracted to roots of apple from at least 8 cm (Pitcher, 1967). That
L. elongatus arc attracted by roots of beet and other plants in Fen peat soils was shown
by the extent to which they were aggregated around root tips (Whitehead & Hooper,
1970). Also, L. attenuatus were more abundant around the roots of both seedling
and mature be€t when widely spaced than when at close spacing (Table 4) (Cooke,
1968).

TABLE 4

Nnnber of Longidorus in soil close to sugar beet pla s at dfurcnt spacings,
Heringswell, W. Suffolk, 1967

Inngifutusfiitre
soil
2Xt
286
r98
180

Plant spacing
(inches)

14.2
l1-2
l0'4
9.5

Long btusflitr.
soil
55
67
34
3l

Samples on 30 May Samples on 20 October

Se€dling spacing
(irches)

6.1
2.5
1.4
0.4

Soil conditions will affect the ease with which the nematodes can move to root tips;
they do so more readily in light than heavy soils and in moist than in dry soils. Seedlings
have fewer roots than older plant and are less able to witbstand attack. Hence, with a
given population of nematodes damage is greatest in sandy soils that are weed free,
drilled to a stand and are wet when the seedlings are small.

Factors afrecting leld loss

Altho"gh sugar beet seedlings whose roots are damaged by Trichodorus or Longidorus
are usually smaller than those that are not, there is no close relationship b€tween nema-
tode numbers and yield losses in different fields and years. The importance of root
damage depends less on the species and abundance of the nematodes than on the time
when the roots are attacked and the vigour of the seedlings, both of which are influenced
by type, structure, moisture and nutrient content of the soil.

Soil. Pizer (1954) stated that there was little organic matter in the soils of affected
fields, Gates (1954) found Docking disorder worst in areas of light soil with least organic
matler and Gibbs (1959) recorded that it occurred in the same patches every year.
Brenchley (196E), who photographed affected patches from the air, found that the
disorder was often associated with changes in soil structure and texture and almost
entirely confined to drift soils. S€vere effects were frequently associated with areas of
poor soil structure, seemingly the result of solifluxion or cryoturbation in periglacial
conditions, and he thought the poor structured areas provided a favourable environment
for the nematodes as well as being sometimes directly responsible for poor growth.
Similar, irregular, diftrse patches of stunted beet occur on the soils derived from Bunter
sandstones in Nottinghamshire and the West Midlands, and on the wind-deposited sands
of Lincolnshire and Yorkshire. Table 5 gives analyses of soils from some fields where
nematode infestations have caused stunting and where some of our trials have been made.

225

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 227

ROTHAMSTED REPORT FOR 1970, PART 2

TABLE 5

Mechanical analysis, organic matter content and pH of soil from parts of
fields with Dockhg disorder

Crars€
sand Fiac(200(}- sand Silt
2fi p') (2m-2! d (m-2 p't

/. /. /6

67243()273
24 18 t4
3160257333

pH
Clay OrSBnic (l g soil in

(<2 p) matter 2.5 tr
% % water)
6 0-7 7.2
9 1.2 8.244 43 5.3
6 0'9 7-7
5 1'8 7.5

Site
Docking, Norfolk
Gayton, Norfolk
Stok€ Ferry, Norfolk
Herringswell, w. Sufolk
Thomton, E. Yorkshire

Soil from the worst affected patches usually contains less than l0% of clay and more
than 80% of coarse fractions (fine and coarse sand). Nematodes also occur in b€tter
soils but here they are less damaging: for example, in the peat soils of Methwold Fen,
near Stoke Ferry, Norfolk, L. elongatus is abundant and stunted sugar beet seedlings in
1969 (Whitehead & Hooper, 1970), producing typical Docking disorder symptoms, but
the crop recovered and yielded satisfactorily.

Jones, Larbey and Parrott (1969) suggested that the abundance and activity of nema-
todes in a soil depended on their dimensions in relation to the cross section and con-
figuration of soil spaces. Whereas root endoparasites such as Heterodera, which soon
become sedentary inside the roots, can be plentiful in both fine and coarse soil, Lon-
gidorus ax.d Trichodorus are abundant only in coarse soils. When prepared as seed-beds
these soils provide a favourable environment for I-ongidorus and Trichodorus and, if the
soil is excessively loose, beet can be severely damaged; sugar beet seedlings often grow
better in tractor 'wheelings' than elsewhere, possibly because the nematodes move less
readily through partly compacted soil. However, the effects of compaction are com-
plex, and severe compaction or slaking of these soils can be damaging by physically
restricting root growth or by making the soil nearly anaerobic. Heavier sandy soils
that are compacted, perhaps by untimely cultivation, sometimes produce shallow, fangy
roots and stunted, nutrient-deficient tops reminisc€nt of Docking disorder.

Marl applied to Norfolk light land during the l7th, l8th and l9th centuries (Fussell,
1959; Prince, 1964) has now leached from the top soil. Marling makes the soil more
stable, helps root groMh and decreases wind erosion; it has been done recently in sandy
fields in E. Yorkshire (Park, Brown & Wright, 1970).

Rainfall. Hull (1960) observed that Docking disorder is most severe after wet springs,
and Jones et al. correlated AprilJune rainfall with the acreage of b€et stunted in the
Cantley, Bury St. Edmunds, King's Lynn and Wissington sugar factory areas. They
ranked the severity of Docking disorder at the end of June as 1967 (most), 196/, 1965,
1968, 1966 (least); 1967 was exceptionally wet in April-June and 1966 was drier than
average. This ranking accorded well with the weekly cumulative rainfall during the last
three weeks of May; the ranks accorded poorly with rainfall earlier and with rainfall
later the accord was lost. Rainfall is the main factor affecting moisture tension in coarse,
free-draining soils. The moisture tension favouring nematode movement is in the range
0-l-O.25 atm., i.e., 100-250 cm water (Wallace, 1963). Jones e, a/. suggested that the
summation of ectoparasitic nematode activity during spring was proportional to cumu-
lative rainfall, and that May rainfall determined the severity of stunting; rainfall had less
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influence after dry spells in May or early June because such spells prevent nematodes from
moving and feeding and allow Plant roots to extend undamaged-

In 1669 a greatei area was reported affected by Docking disorder than ever before, in

the factory ireas considered by Jones er a/. three times that reported in 1967; rainfall
for May i969 was slightly less than in 1967, but June was wetter. In the same areas in
1970 o;ly 40 acres were estimated to b€ affected (Table 2); May and June were exceP

tionaly dry. Frequent rain not only increases nematode activity but also leaches nitrogen

from tire root zone (Draycott & Last, l97l) leaches herbicides from the soil surface into
the root zone and slakes and compacts the soil. These other eflects alone do not produce

Docking disorder, but often add to the damage done by nematodes'

Nrtrients. Soils prone to producing Docking disorder contain littl€ available mineral
nitrogen, usually only aboui o 05 pPm or even less (P. J. Last, personal communicarion)

and little magnesium (Pizer, 1954). Nitrogen leaches readily from soils with little clay and

toss is greateit during wet springs, which also favour nematode activity and root damage'

The seedlings cannoi then get enough nutrients from the surfac€ soil and consequently
show the signs of nitrogen and magnesium deficiency characteristic of Docking dis-

order.

Conhol of Docking rlisorder

Killing the nematodes in the soil is the only reliable way of preventing Docking disorder,
but the damage can be ameliorated in various ways, some of which are:

A. Minimise the effects of nematode feeding'

(i) Avoid practices that might weaken plant growth, such as

(a) sowing too deeP or too eady,
(b) applying too much herbicide,
(c) harming soil structure.

(ii) Adopt all practic€s that encourage plant growth, such as

(a) controlling damage from other pests or diseases and from soil blowing,
(b) applying organic matter,
(c) applying extra nitrogen.

B. Minimise the amount of nematode feeding.

(i) Provide alternative or additional feeding area, by
(a) inter-row croPPing,
(b) sowing sugar beet seeds closer together.

(ii) Limiting nematode movement, by
(a) marl, which also has soil-stabilising and some nutrient benefits,
(b) a firm seedbed.

(iii) Kill the nematodes or repel them from the roots.

Evidence ofthe value of some of these practic€s has been reviewed above, and that
for the use of additional nutrients or nematicides is given below.

NuEienE. Much of the yield loss from Docking disorder is because damaged roots do
not absorb enough nutrients, and some of this toss can be partly compensated for by
giving extra nitrogen to the seedbed or as a top dressing. Large dressings of seedbed
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nitrogen sometimes enabre seedlings to recover from early nematode attack and produce
roots of better shape and larger yield.

In several field trials from 1948 to.1954 magnesium applied as kieserite at 4-5 cwt/acre
did not improve gro\ath, whereas nitrogen in various forms often did (Shotton, lbsg).
In one trial, plots given 8 cwt 'shoddy' (wool waste) plus 2 cwt .Nitroch;lk'/acre yieldi
12 tons roots/acre whereas those given the equivaleni amount of nitrogen as sdplate of
ammo"? (4 cwt/acre) yielded only 5 tons/aoe. In the same field in 19-56, when itunting
was again, severe, root yield was increased from 3 tons/acre with inorganic fertiliser only]
to, around l0 tons/acre with 'hoof and horn' or .shoddy' (amounts-used not specifiedj
(Shotton, 1958); presumably the benefit arose from the siow release of nitrogen from the
organic fertilisers.

- Of 
_several _granular fertilisers placed in the root zone of severely stunted plants in

June 1965 only nitrogen increased yields (Dunning, Heathcote, Windir & Tinker, 1966),
and solutions of nitrogen sometimes improved yields when similarly placed (Ounnini
& Winder, 1969b). In a trial at Thornton, yorkshire, where all beet were given 1.2 cut]
nitrogen/acre in the seedbed, an extra I cwt of nitrogen/acre added tJ the seedbed
increased sugar yield from 12.7 to 23.9* cwt/acre and improved root shape ; when applied
a!.a top dressing it increased yield similarly without improving root sliape (Dunning &
Winder, 1967).

The effect ofO,0.66, 1.32 and 1.98 cfi nitrogen/acre applied in the seedbed as.Nitrc.
chalk' was tested at 15 sites between 1967 and 1969 (Draycott & Cooke, 1968, 1969;
Cooke & Draycott, 1970).

\ 19!l at Messinghem, Lincolnshire, where Trichodorus was abundant, roots were
badly damaged and yield was small, the largest dressing of nitrogen moit improved
root shape and sugar yield; at Herringswell, Suffolk, on a similar soil in the sami year,
where nematodes were few, root systems were normal and yield was average, the ihree
amoults_ of nitrogen gave equal yield increases (Table e. In no trial did iop dressing
with 0.66 cwt nitrogen/acre in June improve root shape; on average the best root shad
and sugar yield were from plots given 1.98 cwt nitrogen/acre in ihe seedbed, which'is
almost twicethe nationally recommended amount. In four ofthe l5 trials, nitrogen applied
in a slow relgase form, as isobutyridene diurea, gave better yields than the-equivilent
amount as'Nitrochalk'.

TABLE 6

Efect of nitrogen applied to the seedbed on root fotginess and sugar yield at
sites with and virhout Docking disotiler, 1967

MessiDgham, Liocsr

Nit.ogen
applied
cwt/acre

0
0.66
1.32
l .98

Root
fangin€ss
(0-rt

2.4
2.3
2-l
1.7..

Sugar
yield

(cwt/acre)

33.5
38.6,$'3r'
53.8..r

Root
fanSiD€ss
(0-rt

0.5
0.5
o.4
0.5

Sugar
yield

(cwt/acE)

43.9
64.8r..
65.8r..
63.5**.

- t Trichodorus spp. (rnai\ly T. Nirnirivur and T. pachydetmusl lTiolitr€ of soil iD April: qrop afrect€d
by Docting disorder,

1l?,:91\4otut 1fl?yal/[t,.l0flitre of soil ia Ap.il: crop Dot apparently aflccted by Docking disorder.
T (F) : Scare OI lliq€aslog root tanguress.

,.1-.i,..11-lrJ_b,.{]L.lq..rf- .3rt rodr shape improvem€ot, or yield incEases, .t 5ol,t% and O.tol
levers or proDaDurty respacwety.
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Field of sugar beet uith Docking disorder.

Plate I B. Effect of tractor wheelings in field of sugar beet with Docking disorder.

Photos: kaon's B@a Expctinentol stotion
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Plate lA. Plot fumieated \xith 'D-D' (400Ib/acre) in sugar b€et field with Docking
disorder.

Plat€ 38. Effect of a granular nematicide applied in the seed furrow at sowing
(left) compared with an untreated row (right).

Phot6: &@m'3 Ddn Expetim.ntol Stdtion
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The results of these and other experiments (Whitehead, Tite & Fraser, 1920) show that
increasing nitrogen fertiliser can increase yield, especially when in slow release form or
when the supply is maintained in the surface soil by top dressing, but is not a reliable
method of preventing Docking disorder.

Nematicides. Inngidorus ar'd, Trichodorus fefJd. on many different species of plants and
can survive long periods in the soil without host planB, so neither changing crops nor
fallowingland will greatly decrease populations, which can be done only wiih nematicides.
Nematicides have been tested on sites prone to Docking disorder since 1955, but only
since 1964 has nematode control been measured.

Oyerall t?eat rre t t with famigaat rcmaticides, .D-D' soil fumigant ( 1 ,3 dichloro-
propene-I,2 dichloropropane mixture) was first tested by Eastern Region, N.A.A.S., at
Docki_ng in 1955, where it and ethylene dibromide greatly improved the growth of sugar
beet. In tw-o- fields, where Docking disorder occurred in 1gsg,-injecting wiih .D-D'during
autumn 1957 greatly increased yields and gave less fangr roots. At .Washpit Breckl
Docking, alry,lD-D' applied during the autumn of t955 increased the yield ofsugar beei
gr_own-in 1958 from 4 to 13 tons/acre and decreased the percentage of fangy roo-is from
85 to_ 26 (Shotton, 1958). 'D-D' was not tested again until Docking disor:der was attri-
buted to ectoparasitic nematodes (Whitehead & Cooke, 1965).

Heathcote, Greet and Whitehead (1966) showed that, in 1964 in two fields prone to
Docking disorder, 33.5 gal 'D-D' or chloropicrin/acre injected into the soil in Diecember
1963 killed many nematodes, including Z. attenuatus, and greatly increased the yield of
suga.r.beet. 'D-D' or chloropicrin point-injected 6 inches deep at l2-inch ctntres (33.5 gal/
acre) into sandy soil in February I 965 killed more th an 95 ,/" of the L- attenuotus do\vn to
20 inches. Trichodorus are also killed by large doses of .D-p'. At Galton and Santon
Domham in Norfolk, fumigating the soil in this way early in 1965 wittL.D-D' or chloro-
picrin gave_good crops of sugar beet taken in 1965, 1966 ind 1967 (Table 7) (Whitehead,
Fraser & Greet, 1970).

TIELE 7

Efect offmigating soil during wi tet 1965 on yield of sugar (cwtlacre)

GayloD, Norfolk

1965 1966 tX!1

47.9 52.3 36.9

Santon Downham,
Norfolk

1965

39.3

Fumigation fteatmeot

UDtr€atcd
'D,D', 33.5 gayacrc at l2-inch cellr€s

overall
Cbloropicrin, 33.5 gal/acrc at l2-inch

cent€s overell

65.7.r,@.952.4...56.7.

1966'

56.6

74.3...

67.8... 57.2 49.9..' A.0.. 62.3

Statisticaly signifcaDt yield incrEas€s at 5%, tr( and 0.1 ){ levels of probabiliry r€spec-
tlvely.

At Thornton, Yorkshire, where untreated soil had 6000 f. onemonesfliieit April 196?,
17 gal 'D-D'/acre injected 6 inches deep at points 12 inches apart during lanuary D6i
increased sugar yield from 27 to 53.*. cwt/acre (Dunning & *inder, 196g). As little as
l0 gal 'D-D', 'Telone' (mostly 1,3 dichloropropene) or ethylene dibromide/acre trickled
onto the funow bottom while ploughing during early autumn, killed 75./o or more of
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Trichodorus ar.d Longidorus. In one trial, ll gal 'D-D'/acre increased sugar yield from
24.3 to 40'9' cwt/acre. Table 8 gives the results of other trials, in one of which 6 gal
'D-D'/acre increased sugar yield as much as did 24 gaUacre.

Applying soil fumigants deep€r than 6 inches on the furrow bottom during late autumn
or winter was much less effective, probably because the fumigants penetrated the deeper
(warmer) layers of the soil rather than the surface (colder) layers; treating Yery wet soils
was also ineffective (Whitehead & Tite, 1968; Whitehead, Tite & Fraser, 1970).

TABLE 8

Efect of small doses offumigant applied to the furrow borrom during ploughing
in autumn or *inler on sugat yield of beet crops sown lhe next sPring

Sugar yield
Fumigation treatment (cwvacre)

Ufltreated 29'3
Ethyl€ne dibromide, l0 gavacre 42'0"

23.3
3t.9.
35.0.'
44'4
53.1'.
55.0.i
s2-3..

5% and \% levds of

Site

Docking, Norfolk

9"1ffS*,r**
'D-D', z) Sauacae

Ga!,tonTho.pe,Norfot* ydfi,P*V"..

"*B:"*,#|ffi', *'! Statistically signficant yield iocreas€s above rhe respcclive cotrtrols at
probability resp€ctively.

'D-D','Telone', ethylene dibromide, chloropicrin and other soil fumigants inhibit the
bacteria that convert ammonium to nitrate, and thus retard the nitrification ofammonium
nitrogen formed by mineralisation of soil organic nitrogen or added as fertiliser. Fumiga-
tion Can also cause a flush of mineralisation of soil organic nitrogen (Gasser & Peachey,

1964). Henc€, after fumigation, more ofthe mineral njtrogen in the soil is in the ammonium
form, which is adsorbed onto the clay particles and humus, and less is in the more readily
leached nitrate form. Also the total amount of mineral nitrogen in the soil may be

increased.
At Herringswelt, Suffolk, 33'5 gal 'D-D'/acre injected at points 12 inches apart during

December 1965, slowed nitrification and thus decreased leaching, but did not increase the

total amount of mineral nitrogen in the soil profile down to 24 inches next May. Ninety-
seven per cent of the plant parasitic nematodes in the soil were killed, and the yields of
sugar beet, barley, ryegrass and potatoes were greatly increased. In 1968 unfumigated
plots and plots fumigated in 1965 or 1966 contained similar amounts of mineral nitrogen,
similarly distributed ttuough the soil profile, but those fumigated in 1967 had more
mineral nitrogen, especialty in soil down to 4'5 inches. Docking disorder was not apparent
in any plot, but atl fumigated plots contained fersr L. attenuarus and yielded more sugar
than unfumigated plots (Table 9); this suggests that most of the yield increase was from
killing nematodes, not from increasing soil nitrogen (Cooke, Draycott & Hull, 1969).

In I 5 trials in 1967-69 less nitrogen fertiliser was needed on average to achieve optimum
yietd after fumigation with 33 5 gal 'D-D'/acre, partly b€cause 'D-D' increased the
amount of mineral nitrogen in the surface soil and partly because root systems were not
damaged by nematodes and were therefore better able to absorb nutrients (Table l0)
(Draycott & Cooke, 1968, 1969; Cooke & Draycott, 1970).
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FumiSation treatmeot
Uatrcated
'D-D', 33.5 gal/acre at l2-inch centres

overall in l 5

'D-D', 33'5 gal/acre at l2-inch c€ntres
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TABLE 9

Mineral nitrogen measured in the soil, numbers of L. attenuatus arrd sugar yield
in 1968 after fumigalion treatments in 196547 at Heningswell, W. Sufolk

Sugar yield
(cwt/acr€)

65. I

ll9 9.8 74.9

Mineral nitrogen L. atteaaolut(b/acro (rc.Iitre soil)
126 110.8

4.4 15.4

0.3 76.9

TABLE 10

Mean efects of nitrogen applied to the seed bed and fmtigating lhe soil in winteL
on sugar yied d 15 sites, 196749

Fumigation treatment Ntrogen applied io seedbed (cwr/acre)o .,f,$ro,"l*7i. ' 
*

Untreated 33'1 4l'9 44'8 46'2
'D-D', 33.5 gal/ade at l2-inch centres overall 49,4 58'3 58'2 58'3

l-east significant difference between any two treatment meaN---4'6, 6 l and 7 9 al 5o/o, lo/o and
0 . I 9/o levels of probability rcsp€ctively.

Rov treatrnent with small amounts offumigan. As sugar b€et is a row crop (row width
2l inches on average) and Docking disorder is principally a seedling problem, our more
recent work has concentrated on treating the rows with fumigant or systemic nematicides.
This is cheaper than treating the whole field and enables the b€et seedlings to develop a
good primary root system and to grow vigorously. Once the plants are well established,
attack by nematodes from the soil between the rows seems not to be damaging.

'D-D' injected during January 1965, 6 inches deep at points 12 inches apart in all
directions, was compared with 'D-D'injected 6 inches deep at points 12 inches apart
along the lines ofthe predetermined sugar beet rows, spaced 2l inches apart. All treat-
ments increased sugar yield in 1965, more from injections of 13'5 or 19 gal/acre along the
rows than from 38 gal along tle rows or 24 or 33'5gal injected at points l2 inches

TABLE 1I

Yield of sugar and of barley grain at Gayton, Norfolk, in 196547 after ,wo
merhods of fumigation in Jmuary 1965

Yields (cwt/acre,

Furfgation trcatmc

Untreated
'D-D', l3'5 Bal/acre at l2-inch centres in rows 2l inches apart
'D-D', 19 gal/acre at l2-inch c€otres in rows 2l inches apart
'D-D', 38 gauacrc at t2-inch centres iD rows 2l inches apart
'D-D' , 24 gallacre at I 2-inch centres overall
'D-D', 33.5 gal/acre at l2-idch c4ntres overall

Badey
Suga. Srain Sugar
1965 1966 1967
s2.3 26.9 39.7
64.2..+ 3l-r. 50.9.*.
61.5r. 30.4.* 54-2...
56.6 30.5.. 54.1*r.
56.2 30.0. 51.4r..
51.O 31.0r. 51.4r..

*r*r,rt. Statistically sigDmcant yield incr€as€s 
^tSi4,l%aidO'l ,"4"levels of probability r6pectively.

231

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 237

ROTIIAMSTED REPORT FOR 1970, PART 2

apart, probably because the larger amounts damaged plant growth. The tops and roots
were removed from all plots; all fumigation treatments gave similar grain yield in-
creases in barley sown in 1966. Sugar beet was grown in 1967, when again there were
large benefits from the'D-D'applied by either method in 1965 (Table ity lWnitehead,
Tite & Fraser, 1970).

'D-D'applied l0 inches deep on the furrow bottom during ploughing in early
November 1966 in rows 18 inches apart and marked at intervals of l2ft by sowing
winter wheat, so that sugar-beet rows could be drilled in the fumigated bands next spring
(Whitehead & Tite, 1968), killed few T. cylindric,ns in the top 8 inches of soil but many
in the layer 12-20 inches deep. Sugar yield was increased from 23.1 to 42.7r. cwtlzcf:e
by applying 9 gal 'D-D'/acre in this way, but 4.5 gal had much less effect and 2 gal had
none. 'D-D' applied in rows by 'plough-sole' (i.e. as above) or 'knife-coulter' methods
in September 1967 increased sugar yields in 1968 (Table 12) (Whitehead & Tite, 1969).

TABLE 12

Yield of sugar at Docking, Norfolk, 1968, after fumigating the rows during
September 1967

Fumigatioo trEatment 'Plough-sole' 'Knife.coulter'
(coqtinuous flow in rows l8 inches apan) applicatiol application
Untreated 28.9 34.4
'DD" 6'5 eal/acre 38'6' 35'9
'D-D', 13.0 gallacre .10.8.. 41.2.

., . * 
__Statistically qgffcant leld increascs abova thc respective controls at 57. a^d l% l(IJe.,ls of

probability r€spoctivcly.

Row fumigation during spring shortly before drilling is an accepted practice in parts
of the U.S.A. for some field crops, but the soil in England had been thought to be too
cold during March and April for the fumigant to disperse before sugar beet seeds
germinate. However, in an experiment at Docking in 1967,4,8 and 16 gal 'Telone'/acre
trickled 10 inches deep close to sugar b€et rows immediately after sowing killed many
T. cylindriats in the rows and increased sugar yields from 22.1 to respectively 45.9.r.,
40.4*r and 35.1* cfi sugar/acre. Trials at Docking in 1968 tested different amounts
of 'D-D' and 'Telone' injected 3, 6 and 9 inches deep by knife+oulters in the predeter-
mined b€€t rows tkee weeks before sowing (Whitehead & Tite, 1969). yield increases
were greatest from the Ginch and f-inch treatments, but Table 13 gives results averaged
over the three depths.

These exlxriments showed that as little as 6 gal 'D-D' or 4 gal 'Telone'/acre injected
beneath the rows at or before drilling could control Z. attenuatus and Trichodorus spp.
well enough to allow the seedlings to grow normally. In 1969, 6 gal 'D-D'/acre, injected
by knife-coulters G8 inches de€p along the rows two weeks before sowing, killed 84f
of T. cylindricus at one site ar]d 9l'% of L. attenuatus at another in the rows, but only
251 and 68'l respectively 5 inches from the rows, and none l0 inches from the rows
(Cooke, Dunning & Winder, 1970).

Row fumigation during spring is commercially practical and was successful at Ripper
Farms Ltd., Docking, in 1968 and 1969. In rows thus treated with 6.4 gal 'D-D'/acre two
to three weeks before sowing in 1968, 851 of T. cylindricus were killed, and seedlings
growing in the rows in June weighed more than ten times as much as seedlings in untreated
232
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TABLE T3

Effect on sugar yield offumigating the roy)s three weeks before sowing at
Docking, Norfolk, 1968

- Fumigation trEatment Sugat yield
(continuous flow i.r rows 18 inches apart) (cwValre)

UntreaGd N.2
'D-D', 4 gallacre 6.6.
'D-D',8 eauacre 48.2,

t, tr 
..Statistically significant yield iqcreases above the respective contrcls at 5% aod l9lo levels of

probability respecrively.

rows; treated rows yielded 18 cwt/acre more sugar than untreated rows (Whitehead &
Tite, 1969). Seedlings from rows similarly treated in 1969 with 6.4,9.6 or t2.8 gal .D-D'/
acre weighed ten to 20 times more than se€dlings from untreated tows; rows treated with
6.4 gallacre yielded l2cwt more sugar/acre than untreated rows (Whitehead, Tite &
Fraser, 1970). In 1970 some 1000 acres were treated commercialJy with .D-D' or .Telone',

mainly in East Angtia.

Ro* test rort with small anmuats of systemic ,rcmaticide. At Hopton and Swaffham,
Norfolk, in 1964, sugar yield was increased or fanginess of roots was decreased by
granules containing dibromochtoropropane, phorate or thionazin, applied at 4-22 oz
a.i./acre in the seed furrow. These results first indicated that very small amounts of
pesticide placed close to sugar beet seeds could lessen losses from Docking disorder
(Dunning & Winder, 1969b). In 1966 menazon seed dressing, and in 196? thionazin and
phorate granules in the seed furrow, improved the shape and yield of sugar beet roots in
soil infested with T. anemones at T'hornton, Yorkshire, but in other flelds thionazin and
phorate damaged the beet and menazon was inefective.

Of 29 pesticides tested by applying small amounts in the seed furrow at sowing in
1967, 1968 ar.d 1969, aldicarb ('Temik') controlled Docking disorder best. Small amounts

TABLE 14

Efect of systemic nematicides applied with the seed oa root fanginess and sugar lield

UDtreated
'Telone', 4 gal/acre
'TeloDe', 8 gavacre

39.4
45.8
49.8r,r,

Root Srcar
oz a.i./ fanginessll yield
acre (0-5 scaD (cwvacre)

I .8 4E.5
9 1-4 51.97 O.7.rr 80.2r..
5 0.5..r 77.4.'.
2 0.5.r. 76,.9...,18 1-2.. 64.2,
16 0.7..r 71.9...
5 0.4... 70.4..

Sysremic
nematicide treatment

Uqtrcated
ThioDazitr granulcs
Aldica6 granules

ueitlrnvt *ii,11."

oz a.i.l
acre

Root
farEiness ll

(O-5 scale)

3.1

0.7...
0.8*..
1.0...
2.1.,.
2.0..r
2.6.

SuSar
yield

(cfi/acrO

45.8*.r
62-21r.
53.1...
55.8...
21.6
38.5r
4.4.

9
l6

7
4

4
t3
4

ll 0-5 : scale of iDslasing root falgia€ss.

-r, ",..-. Statisticafly signifient improv€ment itr root 8h.1pe or sugar yietd at 5.1, t )1aud O. l.A levels
of probobility rEsp.clivcly.
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of methomyl ('Lannate') solution also greatly increased sugar yields in two trials in 1967
(Table 14) but damaged beet in 1968 and 1969. The 1967 trials were with single-row
plots, so the yield increases in Table 14 fie somewhat exaggerated.

At Docking in 1967, where the soil was infested with T. cylindricas,48 oz methomyl/
acre, sprayed in a 6inch wide band over the sugar beet rows immediately after sow-
ing, increased sugar yield from 22.1 to 43'1r+r cM/acre (Whitehead, Tite & Fraser,
1970).

Aldicarb $anules were applied in the seed furrows at ten sites in 1968 and at nine in
1969i Docking disorder occurred at tfuee in 1968 and all nine in 1969. Averaging all 19

trials, 4, 8 and 16 oz a.i./acre increased yield from 48'9 cwt sugar/are to 52'3,53'2 and
54.4 cwt sugar/acre; at the current pric€ of aldicarb its use was justified only at the sites

where Docking disorder was severe (Dunning & Winder, 1970). Aldicarb seems not very
toxic to f. anemoneL for treating soil with as much as 100 ppm decreased numbers ex-
i^ctedby only 67 y" after three weeks (Dunning & Winder, 1969a). However, it seems to
prevent the nematodes feeding on roots that have absorbed it from the soil, and this is
enough to make seedlings grow more vigorously.

Aldicarb is a strong cholinesterase inhibitor and is therefore hazardous to apply, but
small amounts can convenientty be applied at sowing with a granule applicator mounted
on the seed drill. Aldicarb thus applied also protects the seedlings from beet leaf miner
(Pegomya betae (C'tfi.)) and aphids, and checks the spread of 'virus yellows' virus
(Dunning & Winder, 1969a).

Four field trials in 1969 compared 6 gal'D-D' or 'Telone'/acre, applied 6-8 inches deep

in the rows two weeks before or immediately before sowing, with 8 oz a.i. aldicarb/acre
applied as granules in the seed furrow during sowing. The average sugar yield from the
untreated plots rvas 50'0 cwt/acre; 'Telone' injected two weeks before sowing or im-
mediately before sowing increased yield to 58'8 and 57'9 cwt/acre respectively, 'D-D'
(both times of application) to 57'5 cwt/acre and aldicarb granules to 54'9 cwt/acre.
Aldicarb was probably less effective b€cause nitrogen was leached by the excessive rain
in May (Cooke, Dunning & Winder, 1970).

Summary

Ectoparasitic nematodes, especially species of Trichodorzt (stubby root nematodes) and
Longidorus (needle nematodes), feed on and damage the root tips of sugar beet ; Docking
disorder is the poor gowth of sugar beet resulting from this primary damage. Yield
loss does not depend only on the number of nematodes in the soil, but also on other
interacting factors, especially soil structure and rainfall, which affect the numbers and
activity of the nematodes, the nutrients available to the seedlings and the vigour of root
growth. Modern cultural practices, especially the use of herbicides and drilling to a
stand probably increase the prevalence and severity of Docking disorder. Approxi-
mately 20 000 acres of sugar beet suflered from Docking disorder in 1969, at an esti-
mated yield loss exceeding 50 000 tons of roots.

Damage can be alleviated by correct use of nitrogen, principally by avoiding leaching
or replacing the nitrogen lost by leaching, and it can be prevented by nematicides.
Fumigating all the top soil with 'D-D' or 'Telone' kills nearly all the nematodes and
geatly increases the yield of sugar beet and other crops itr the rotation, but is expnsive.
Small amounts of fumigant or systemic nematicides applied to the sugar beet rows at or
before sowing kill most of the nematodes in the rows, or prevent them from feeding on
the roots, allow the seedlings to grow vigorously, and can greatly increase yield.
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Rothamsted Ilsect Survey

L. R. TAYLOR and R. A. FRENCH

Srction traps

New traps operated, in England, at N.A.A.S. South-West Region Sub-Centre, Starcross,
near Exmouth, Devon; at the University of Bristol, Research Station, Long Ashton,
near Bristol; at the Building Research Station, Garston, Watford, Hertfordshire; in
Scotland, at the North of Scotland College of Agriculture Experimental Farm,
Aldroughty, near Elgin, Inverness-shire.

Weekly bulletins listing catches of 3l aphid species, or groups of species, from 13
traps were issued from 4 May to 8 November. The list of species was revisid slightly from
last season; Aphis fabae gronp was retained but other Aphis spp. were grouped together
because of uncertainty in their separatiol; Pentatrichopus fragaefolii vai omitted because
it was larely caught. From 25 June to 5 August the volume of air sampled by the traps at
Wye, Silwood Park, Long Ashton, Rothamsted and Brooms Barn was halved and
from I October to 28 October it was halved on all traps. This eased the heavy sorting
and identifying during these peak periods and helped the bulletin to be issued'on time.
Tables la-g have been adjusted to give the expected catch in a standard sample of air.

Because of the warm spring weather aphid populations developed rapidly and migra-
tion reached its first peak one to two weeks earlier than in previous years but did not
exceed previous years' totals.

The original trap at Rothamsted was replaced at the beginning of this season and the
trap at Dundee will need replacing before next season; that at High Mowthorpe requires
repair. The fans and motors can be used again. The life expectancy of the earlier traps
is thus five to six years but it is hoped that improvements made since will result in traps
lasting ten years.

The West-East transect has not yet b€€n expanded beyond Zeeland (Holland). The
only immediate further extension of the survey envisaged for purely exlrrimental purposes
is to oflshore islands, but some increase in the centre of England may be warranted by
both tle need for replication and the demand for traps in regions where N.A.A.S. offlcers
can most effectively assess their advisory value. It is expected that as last year, traps will
have detected the first immigrants into cereals before they were found by crop sampling.

Table la-g lists the same 3l taxa as those in the weekly bulletins in the same four-
week standard periods as in l!X9. The Garston and Aldroughty traps are not included
because they did not operate for a complete season. Traps are arranged in a north to
south sequence; blanks in the table are zero catches; there are no rnissing records,
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Ligbt treps

Tables 2a-d give total annual catches for 3l species of nocturnal kpidoptera, including

some klown migrants and species of economic importance. The 60 sites that completed

the 1969 year ari arranged in north to south sequence; dashes indicate rnissing records

from traps not operating in 1968 and for those sites from which the Microlepidoptera

are not identified. We aie again deeply indebted to the many voluntary workers who

operate traps and identify catches during their spare time.

T^st'r 2 The Rothonsled Insect Survey-Light Traps is on pages 246-253'
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TABLE I(s)

fhe Rotharnsted Insect Survey-Suction Traps: 4-weekly total catches of aphids of
economic blerest rcported in the Weekly Bulletin

lleek Nos 17-20: 23 April-20 May

Speci€s
Acyt,hosiphon pbtm
Aphis fabae
Aphis spp.
Amphotuphoru spp.
Aulaco hun soloni
Brachycdudus hc lichry t i
Brcvicoryn brussicae
Cavatieln aegopodii
Ci,ara spp.
Drepaiosiphu platanoidis
Dysaphis pla agirca
Elatobium obietinum
Eriosotru ulmi
Hyalopterus pruni
Hypen tzus lacaucae
Macrosiphum e uphotbiae

Metopolophiu di.hodum
Me tapo lophi um fest ueae
MyzB ascolonicut

NasonoYia ribis gri
Perr?rr8rr spp. \
Phyllaphb fas!

Rhopalosiphum i,,se um
Rhopalosiphun nuidis
Rhorolosiphum padi

Sitobion fiagaiae
First aphid cauSht

rg
2-cFEx

f-i

EgEiEE5ilsi;E
2
I

588

4

I

2
$
t8
4
2
4

I
2
I

May
7

I

2

Mav
7

I
2

I

56

1

I

I
I
5
I
2
2

3
I
2

May
5

I
6

I
8?l ll3

I

I

1292

3

2
I

2
I
9
2
I
4

I

5
2
I

May
4

157

5

I

1

Mav
t2

389

t

I
ll

I

3

Mav
l0

2

3

May
19

May
l8

Mav
8

May
7

May
9
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3
I

Siles

I
9
I

I

3
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TABLE TO)

The Rothamsted Insect Survey-Suction Traps: 4-weekly total catches of aphids of
economic interest reported in the Weekly Bulletin

Week Nos 2l-24: 2l May-17 Jue

/9

'99!dPBtg a,

g:
2-cFcx€p E -i E E E E

:;Ei$i5g;
Speci€s

Acyrhosiphon pisum
Aphit fobae
Aphis spp.
Ampho.ophoru spD.
Aulocorrhud solani
Brachycaudus helic fu y ti
B.cticoryie brassicae
Cava.iella aesopodii
Cinaro spp.
D te parusiphum p lat anoidis
Draphk phntaainea
Elarobium abietintm
E iosoi@ Llmi
Efalopterur pruni
Eyperomyzus lactucae
Macrosiphhn euphorb iae

iIe tapolophium dirhodtm
Me,apolophium lesrkoe
Myzut atcalonic$

Nasonovia bis nisri

Phy aphis fasi

Rhopolosiphum inse um
Rhopalosiphum aidis
Rhopalosiphum padi

Si.obion tagariae
First aphid caught

2
4
2
2

32
934

3
24
I
,l

2

4
5
1

t2
48
l9
I
4

I
9
2

t6
2

82
18
32

8
6

l0
I
5

226
9

34

160
t
ll
8

t4
5

t4

33
l8
t8
2
7
4

2

5
3
2

43

9
m
3l
t2
I

435

14
3

,148

@
r03

7
36
9
4
t
1

52
I
3
7

t7
353
It

2r2
l9
25

t7
l5
63
l9
t4

986

I68
5

160
l3
l0

237
41
74
21

5

57
45

5
2t
20

3

3l
t44
I9

83
6E

53
I

t2
I

145
6

t0

l57l

5
192

8
6
4

8
3

2A
I
I

10

4

5
t6
l3

57t
1

l0

6

t93

3
I

l0
2

I
I

39

2

I
l0

I59

2
Mav
2t

4t7

4

4
2
I

I

2

I

8

t3l

Moy

3

I

720

12

3

I

l0

2t7

1

25

7

53t0

a
I

I

l3

I

6
I

37

5,tj

I

t7
I
6
3

l0
t9t4

50
I

1804

294
l9
l3
27

8

4
t4
l6

3

I
144

I

298
3

8

30

4

2
105
49
t6

612
3
2

8
I

2
48

2
3

I
15
47
19
I

340
3
I

N

30

I

8
I

44
I
I

81
8

I

I

3

2

l0
3

30

l2
2
I

2t
ll
55

3
2

306
2

52
4

t255u
44

396
60
29
t7
2

46

47
I

l0
t3

96

43
ll8
t2

190
93
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I

I
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TABLE 1(c)

The Rothamsted Insect Suvey-Suction Traps: 4-weekly total catches of aphids of
economic interest reported in the Weekly Bulletin

Week Nos 25-28: l8 June-l| July

Sites

ts:

!EEiifEi;ui;E
Spcci€s

Acy hosiphon pkum
Aphk fabae
Aphis sqp-
Amphotophora spp.
Aulocotlhum solani
Bruc hycaudur he I ic hry si
Brcvicorrne brossicae
Cavadella acgopodii
Cino spp.
D ft p ado sip h u m p la t ana i di s
Dysaphit plantaginea
Elatobium abietidum
Erioso a ulmi
Eyolopterus pruni
Hlperomyzus lactucae
Mdcturiphum euphorbiae

M. tapolophiu m dirhodu m
Metapolophium fes t ucae
Myzus ascalonicut

Nasonovia .ibk nigti
Penphigus spp.\

Phy aphis lasi

Rhopalosiphum inse um
Rhopalosiphum naidis
Rhopolosiphum padi

Sirobion fragariae

4
I

2

1

45

ll
t4

9
2

2
4
3

5

20

153

99
3
I

I
55

7
2
I

2

4

9
I
9
I

l9
4
I

5

4

t66

3

2
6

l6

25
4

IO
t2

8

t5
t6
t4

I
5

l3
3

109
2

l 16
't3
ll
4

885
4

128
l8
4

8
l4t
330

7

27
!

28
4

67

3
22
34

2
453
182
I6

5
2
2
I
I

150

7

t2

3
l0
l8
8
I
3
3
4

5
5

6

8
5
ll
18
t4
29
4

39
t

418

30
33

7A
15

2
2

l5
t2

5
t89

I66
t5

411
tu

3
l0

t05t
4
3

l3
ll
l9

I
ll
5

t2

34
4

26
1
t

233
1

7
l

17

3
6
4
4

3t
515
22

3
l6
t2

l5

,lO

4
t2
I

53
t08

8
10

26
3

5
7

63

2
21
I3
4
I

l
I

8
3l

7

t1
l9
4

5

4
35
8
48

,to5
5
I

6
4

9

3
I
5

l6
56

454
t4

91
2s7
t62

4
I

lm
4

t6
1

12
3

83
184
60
30

3
1508

9
4
I

80
6

63

l6
182
2t

1
325
607
48

36
65

Ia
l4

250
I
2

l3

83
152
30
2

1l
8
I

t86
3

I
4
5

5
32

3
2

4

7
2

t3
6
I
2

49
3

I
I
6

39
42
4

58
7
4

I
l8

8

l8
I

IE
4

97
4

58

2
l3

267

130

4
8

50
2

1085
322

l1
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TABLE T(O

The Rothomsted Insect Survey-Suction Traps: 4-weekly tota! catches of aphids of
economic interest rcported in the Weekly Bulletin

Week Nos 29-32: 16 lul!-12 August

Sites

l0
3

6l

9

E9
e

9:

z
3

29
5

4

6

34

2
3
3

8

353
I

315
I

1034
176

l0
I
6

,

,*

23
I135
156

'
a'

6
120
46

I
56

I

4t

9
4
5

t3

8

9

28
2t
80

241
8

F

E

4

266
1090
13r

22
235

1
I

4

6
72
20
l6

2303
8

I
65

6

25

50
8

447
2186

6

445
4

t62

I
60

5
353't
2694

t0

2
67
30

2
4
4

4
t9

17

l
4

6

12
494

,

l9
189
5l

!i

99
589
130

2
t2
38
l0

l4

I
298

4
50
4

t2t2
l0

t4t
8

47

t0
77

3
1028
1492

l0

Es
N

I
882
182

II
t6
32

I
I

I
t29
l2
28
I

513
I

1640
I

27

I
186

8
254t

820
5

Species
Acr hosiphon pisun
Aphis labae
Aphis spp.
Amphorophora spp.
Aulaco hu solani
B chycaudus helichrysi
Brerico.yne brassicae
Cavarie d aegopodii
Cinara spp.
D r e pa no t i p h u m p la a a noid i s
Dysaphis plantaginea
Etatobium abietinum

Htalopterus p.uni
Hyperonyzus lactucae
Mac.osiphtm eryhorbiae

Metapolophium di,hodu n
Me tapolophium le st ucae
Mrzus Bcalonicus

Nasonoria ,ibis nigri
Penphiglt spp.\

Phylaphis fasi '

Rhopalosiphrm inse um
Rhopabsiphutn maidis
Rhopelosiphum pali

Sitobion togo.ioe

2l
823
u

3

35

m

8
12
31

1299
7

I
455

4
3375
l4l

9

22
6
8

\22

I
9
7
2

599
2

u
2

ll

2A3

1040
tu2

3

8
62
84

39

l5
2

94

4
8
I

35

20r6
23
I

t0
2

ll

44n

2@t
lu

414
1657
244

l5l
2869

35

u
6

l4
t43

26

1827
l6

22
6

5
29

8
3

I
4
I

7
I

4
2U

3

85

2
24

6

m6

92
2

90
l61l

I

I
6
I

29

l6
1

265
205

3

ll

ll4

l8

242
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TABI,E 1(e)

TheRothamstedlnsectSwvey-suctionTraps:4-weeklytotalcatchesofaphidsof
economic interest reported in the Weekly Bulletin

Week Nos i3-36: lj August-9 Septenber

ROTHAMSTED INSECT SURVEY

E
T
N

I

I

39

SPecias

Acythosiphon pisum

Aphis spp-
Anphotophora sDP.
-4uloco hum solani
B chycaudus helichtYsi
B,.li.orttu brassicac
Cavatieita aegopodii
Cinara spp-
D rc Danosi phurn Plol anoidi t
Dysaphis plantaginea
Elatobium abietinum
E osoma ulmi

HvDeromvzus ldcrucae
Li ic rosiihtn e up horbi o c

Meiapotophium dihodum
M eta Dolophi um fes t lcae
Mtzus orcalo,licus

Nasonovia ibis ,tigri
Penphigus spp.\

Phy aphis lasi

R hopa losiph um inset, um
Rhopalosiphum maidis
Rhopalotiphun podi

Sirobion lragariae

'

I
I

I
I

l0

1

I

l

I

4
lo

e
E

I

8
3

25
2

5

1

6

5

v
3

I
qt

=
I
5

7
2

26

20

3

9

2
2

27
6

ll

6

ll
33

2

:
8

13

3
37

2

230
3

I
t4

I
2

59

4t

t5
t3

!.t

5
t4

7

28

3

t8

ll
1
I

'H
2

c
23
I

4
7

66
I

6

24

5
4

le

E

eo
,t0

8

9g
I

t77
I

2
l8

2

t3

3
4

34
2t

,

2
l3
2

9
3

Il9

I
2

6

13
4

26
8

'

=
3

253
/()

I
6

5l

I
I

2

2
I

23

m5
50
I

!

B

z
29
4

3

5

2

3

45

59

184
2t

:

,I
2

t37
52

I
t9

3

52

5

12

46
2

t2
I

I

69
I

1268
74
6

E

5
609
28
2

l5

l8

97

8

l5

28

86

43

I
127

7
1978
258
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TABI,E r(f)

The Rothamsted Insect Survefsuction Traps: 4-weekly total catches of aphids of
economic interest repo ed in the lleekly Bulletin

lYeek Nos 3740: I0 September-7 October

Spccios

Acytthosiphon pislm
Aphi! fabae
Aphis sap.
Amphorcphoru spp.
Aulaco.thun solani
Brachyca udus he I i c ht y si
Bteyho.tne b.assi.o.
Cata.klla aepooodii
Cinara spp.
DrepaDtip h u n p latarcid Lt
Dysophit ohntapinea
Eatobium abietinum

Ilyolopt.tus ptuni
Hyperumyzus lactu.oe
Macnsiphum euDhofiiae

Me tapoloph i u n d ifi od u,n
Me.oDoloohium fes t ucae
Mtzus ascalonicus

Nosonaeia bit ttipri
Penphisut spp.\

Rhopalosi phum insert um
Rhopdlosiphun moidis
Rhopalosiphun Dadi

Sirobion hagariae

6e
a3E
aF6AEZ

1

7
2

28

89

553
I

514

I

I

319

6

I 182

;

4
5l
22

79
2
6

72
59

2

I

3

14
8

162

3282
3

72t3
8
6

e

'E
.c

4
2

24
8
I

143
3

3

46
I

l0

32
2

I
t2
2

4
I

4
$
I

I

4

I
t5

388

:
2
6

25

5t
5
2
2

126
178

t2
I
I

I

2
2
4

l0t
I
7

137

4100
I

o

E
,.1

2
3

l9

30
2
6

30
36

8
4

7

2
7
2

108

lll
6

4703
I

'F

E

&

7

5l
I

1

33
20

2

3

90

49

942
I

N

3
2

'
I
8
2

14

2

30
I

t7

lm
I

243
I

?,
e

t:ll

l,*
t,,l,
t?
L,l2
lu
I

I ttsld
ll9s4

lz

6
t2

I5
32
2

l9
22

27
4

25
t9

t7

3

295
I

I

70
29

46

I
2

150
I

I
I

I

I

u6
3

1643
I

6161
4
I

I

5

154

1229
I

3628

I

59

105

39

27

69

62
28
4

5010
4
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TABLE IG)

The Rothamsted Insect Survey-Suction Trqs: *weekly lotal catches of aphids of
economic interest rcported in the Weekly Bulletin

Week Nos 4144: 8 October4 November

BE
:EEEBsEiiSiEE

I
2

2t
I

119

I
338

6
3202

10
l5

6

I

22
l0

I

5

7
3

6

a4
585

I
l5

4
8

2
5
2

t7
36

33

4

I
10
t0
5

,o
158

5
l4
2

8

4

97
6

t2
3A

2
5596

1
2

u

I

4
1

2l
I

I
I

31
I

21

17

tt21
I

t5
28

t2
4
8
2

60
108

8
l4

6
2

2

250

4ll
459

ll36
l0
t2

2

23

6

,t8
u

t6

6
I
2
t

43s

I
2

259
2

to212
6

4l

1
6

l0

1

4t
32

2
2

8
1

168

m0

l9t 5

l0
5

2
8
2

t4

44
8

4
l8

l0
4

358

132
l8

1093

t2
4

t2

2

53
8

2

4

l0

24
l2
20

2238
4

5661

67

2

t6
2

g
I

2

2

2

4

80
2

t50

t832

MM
2

l8

t]6

8

4

162

l0

1360
4

3438

4

2

106

I

2

6

102

1

704

1439

2

sp€ci€s

Acytthotiphol pisum

Aohis spp.
Anphorcphora sPP.
Aulacotthum solani
Bn c hY ca ud Ls he I i. hr Y s i
Br.'i;orvrc brussicoe
Cavarielta aeaopodii
Cinaru spp.
Dreqa,o siphum PLrtanoidi s
Dysaphk phnraginea
Elatobium abietinum

Hyolopterus pruni
HvDeromvzus lattuoe
riicros iihu n eupho.bioe

M.lopolophiun dhhodum
M P rapo lophium I. st ucae
Myzus otcalo cus

Nasonovia tibis nigri

Phyllaphis Jasi

Rhopalotiphum i nser, um
Rhopalosiphum naidis
Rhopalosiphun padi
Sitobion avenae
Siaobion ftagoriae

2
4

ll(}

94
4

30E

215
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Pes! Sp€cies

Rosy Rustic

Bordcred Whitc

Pine Beaury

Cerapteryx Enmirts
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records of the moths of economic intere* (lW and 1969)
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recotds of the moths of economic interest (1968 and 1969)
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Honayb.6 ( A?is ne llif.ru)
Ac a?is eoodi on, l1l, 173, 176
'Acarinc discas€'. 17 t. 175
ac.trte b€o-paralysis virus, 112, 179-l8l
'Amooba dis€€s€', l7l, 176
chrodc bee-patalysis virus, 172-176
croD DolliEatiotr by, l8zl-198
e.frcct-of insccticides atrd herbicidas on, lt6
etrcct of qucctr atrd brood on pollcn collaclioD, 195,

196
facdinS with sugar syrup, 188, 195
forasins, 187, I89, l9O, 192, 193
fruit tr€es and po[inatioo, 184, l9O
MaloiRhonoeba nellifico. on, l7l
Nasonov sacot Slald of, 189
ftcrar and Dollen attractivm6s to. 189
Dactar aod ioI.n Satherc.s, 192
Notenu apb on,17l
'Nos.ma diseaso', l7l, 176
DollimtiDg c6ciency oi 192
'!obbor' b€.s, 192
sacbrcod virus, l7Gl78
sizo of c.loni6 needed for Dolliaation, 186
virus dis€a$6 of, l?l-183

insecrs inlcht trap3, 238, 24G253
insects io suctioD traps, 237,239-245
w€€tly bullctinr, 237

Irrigatiotr
at Wobu.n. 147-170
for crops gowtr id rotatioD, 160
in Brirain- 147
maximuri r€sDooso, 150, 167
D..d, calculatiotr of, t4t, 1,19, 167-168
oo ba ev. 164
oa boatrs, 166
oD teF, l5l-160
on Dotatoas. 16l
on apritrg wboar, 165
oD sugar bcct, 162
dtroc€o fonilis€rs 8nq 15l-l60

255

Irrumes, irriSatioD for, 159, 160
Irts, irrisation oD, l5l-160
Limc

eff€ct oD barley,98, I0l, 103, 109-lll
cfr€ct oo bcans, 98-l@
ofrecl on croP comPosition, 103
efr€ct oD potato€E 9t, 101 103, I 12
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INDEX

Li@.e (contd)i
cd€ct on soil pH, 103, I05
itrl9qcligqs with P ald K ferrilisers,98, IU)-104,

lo&-l lo
itrtr66ions with simazhe. 98. 100
limo-itrduc€d pot&ssium deficiency, IO2
lotrg-term expcriDadts, 98-l I2
Ioss6 from soil 105

LimititrE dcfrcit of soil moisture. 150
lnos4olu! 1pp. ard DoctiDS disorder of sugar bccl,

219-234
biotromics of, 224
d€scriptioo of, 222
distribution of, 224
cfec't of oernaticidd oD, 229
ofct of platrt Dutritioo on. 227
cfect of soil type on distribution, 225
numbers in soil, 222
Sre arro Docking disorder any' Ncmatodcs

Mangaa6e
eff6t of liming on coDrcnt of ba ey, l0l
toxicity in acid soils, l0l

Matrgolds in Saxmundham Rotatioo I arpcrimant, 7 I

Nomatodes
Docking disorder in sugar beet and, 219-236
.ff€ct of soil fumiSation on, 138, 142,2t9,229-234
sxtraction of frod soil, 223
Hetercd?ra areMe, cffC.1of soil fumiSation on, 138,

142
Hemicycliophoru tinillt on sugaf b€et, 223
nematicidcs, 229-234
on Littlo l(rot, I38
other than lrrvidorut sppt. a d, fuichodorus sqp.

associatcd with Docking disorder. 223
See aho lnnguarut sDp, aad tuichodotus spp.

Ophiobolus graminis. See Tateatl of whear

Phospbate
cff€ct on potalocs, bcans ard barley, 100-104,

to1-tt2
interacrions $d!h limha, l0O-103, 108-t l2

Physical measurcmeots oir soils
correlation-with mechanical and chcmical prop€r-

ties, 7, 13
dry slatirS inshbility, 6, 8-34
linear regr€ssioo coe6cieols. 14, 17. 27
methods of analysis. 6
on arablo atrd eraslland soils. 5-35
panial E8r€csioD aralysis, 26-31
relalionship with soil composiliotr, 5-35
ralationship witb soil nilroaeD. 24, 25
rclevance to practical Droblcms, 3l
reproducibility ofon difieEnt soils- 9
total mechatrical slakins, 6, 8-34
water slakina insbbility. 5. 8-34

Pollinaaioo of crops
by blowfli€s, 186
by bumblob€rs. 185. 186
by hon€yb€es. 184-198
atrect of inscclicides alrd hcrbicidB oD. 186
n glassbous€s aod cages, 185

poll6n avajlabilitv. I88
pollen collcctioo. factors controlling, 195, 196
poll6n ou b€cs' bodi€s. l9l
pollinating emciency of flower visits. t92
mquiremcDts of various croDs. I84
aize of honeybce coloni€s naeded. 186

Polyphcnoloxid&s€s, aquinonG and, 2m. 2(X, 215
PotEssium

afr€cB on potato6, bc.ns atrd barley, I0O-I(X,to7-lt2
hrc.actioos wilh timiD& lm-t04. 108-U2

Pot toc6
comDosition of tubcrs. 103
cfr.ct of lime, P atrd K o& 9t, 102, tO3, I 12

256

irrigatioo for. 16l
yre,lds. compaEd at R-othglDstc_d, Sarmuldham,

Wobum and trationallv S3
Polaotial eYaDor"ation. 148 

-'
Pythium aDo.'

cfect of formaliD on, 143, 145, 146

Quinon€q oatwal occurrence. 199
o.Quinon€s

adveDdrious DtoductioD of. 207
etrect on outrilional value of Droleins. 2l I
eozymic formation of. 20O-2d4
form&rion during food prEparation and storagq 2 I I
iD Dcladn formatioD. 205-207
metabolic proccssG aod, 204
polyphenoloxidd€s aDd, 2m. 204,, 215
PrEvcDtion of formadon. 2I5
reactiotr with amho acids- 202-203
rcacliotr wilh cnznes, 214

Rainfall
at Sa-x.mundham, 39. 41. 47. 87-92
al Wobum, 39, /l{), 49
comPosilion of. 87
nitrogcn supplied by, 87. 130
nuEients supplied by,87, I30
relationship to drainag€, 31. 41.14. 4'l

Rhizoctonia solant
effecl of formalitr or. 143
fangy roots io sugar b€€t and. 220

Rotatjon I experiEent at Saxmutrdham. 68-97
'classical' treatmenB, main effecls of f€nilisdrs, 70
'classical' treatments, outrients removcd. 73
'classical' trcalmeDts, yiclds, 69
crop aDalys€s. methods us€d. 95
draina8e waler. loss o[ nitrate in. 78
history of, 58
now r€atmcnts, maiB efects of tcrtilis€rs, 74
new traatmenls, Dulrients remov€d. 79-81
new trcatmcDls, yields. 75-81
nutricnts supplied by rainfall. 87
soils,8l-88
soil analyses, 8l, 95
wathcr, 88-92
yields compared wirh Ro$amsted, Wobum and

nationally, 93

drainage watcr comparad with Saxmundham and
Woburn, 49

ins€ct survcy, 237-253
loDg-tcrm lilrling crperiments. 98-l l2
yields compaftd with Saxmundham. Wobum and

naliodally, 93
Wildemess€s, accumulatjon of orgalic matter in

soils. I lll37
Seu arro UDqrltivated soils

L"Hff l1rrt".- ti-lng cxp€riD.nt oo, 98-l I 2

draiDagE water comparcd with Rothamsted aad
Wobum. 49

drains.- cbc4rjcat coqpo3itioD of water from, 36-67
raiofall at, 39, 41, 47, 87-92
Roratiotr I c*pcriDaaL 6H7
sufaco wttor aL 59

membranes, 205
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Soil fumigatiotr
comparison of fumiga.nts, 145
effoci of Fpcated tre3tment, 144
eff€ct on fungi in plant debris, 145
effect oD mineralisaiion of N, 144
efrcct od tramatodes, 138, 142
efect on take-all of v.heat, 138-1,16
for Docking disordor of sttglal b@t,219, 229-234
otr Little xrott, 138
on Pasturos, l3t
plastic sh€cts for s€aling soil surface, I,16
residual efrect of, 232
root rots of *h€at aDd, 118-146
row fumigatioE, 231, 2ll

Soil hetcrogEncity, 106
soil instabilitv

etrcct of mahaaical composition, ?, 10, I l, 13. 17,
25

effect of o.Srnic matter, 1, 10, ll, 12
physical BeesuEments of, 6, 8-34

Soil orsaaic mattcr
accumulatiotr itr unculti ted soil, I13_137
ee€ct otr soil insrability , 1 , 10, 11 , 12

Soil pH
efrcc't of limhs oo, 103, 105
exchang€able Ca and, 105
in long-lerm liming cxpcriments, 99, l0l, 105, ll0,

tt2
mcthods of measurina, 6, 66, 96, ll8
of drainagc wate. at Sarmundham, ,14, 47, 56
of Wilderness soils, 124

Soil strength
effect of dcchanica! composition on, l0-17
effec1 of orra[ic mattq on, 12,21,23
of arable and grassland soils, 8-15, 2l-26, 30

Slrawberry
foraging of b€.s on, 193
pouitratioD requiremc s, I85

Suear b€rt
Dockins disordor of, 219-236
in saxmundham Rotation I cxpcrim€nt, 70-79, 9l
irrieation for, 152
yi.lds comparEd at Rothamstcd. Sarmundham,

wobum snd Dationally, 93
,sde ,rro Doctiog disorder

INDEX

SunioEtr
forashg of bc€s on, 192, 194
polliaation rEquircmaots, 184

Tako-al of whear (op[ lobolus gru,,'inis)
effacr of N fertiffscrs oD. ! 38. I 40
cffect of soil fumirBtiotr oD, M-146
intoraclion wilh P atrd lime, 109
on Litdc Kaott, 138
on Pastures, I 18

Ttichadorus spp. a d Docking disordcr of sugar bcet,
219-214

bioaomics, of, 224
dGcriptiod of, 222
distdbulioo of. 224
efet of [cmaticides oD, 2,
efoct of DlaDt nutrition on, 227
etr c't of soil type oo distribution, 225
numbers in soil, 222
.t ? alro Docking disorder and Namalodes

Utrcultivated soils on Broadbalk and Gc€scroft
Wildcmcases

amlytical methods on, I 18
changes in soils from I88l lo 1964, I24
history of, I 13
mcchanical comDosition of. l15
mincmtisation of Drtrogpo fud carbon in, 127
dtrogon iq 119, 124, 130-133
nutried accumulatlon ir, 122
organic carboD io, 124, 129
organic-malter accumuladon in, I lll37
pH changes in, 124
DhosDhorus i.o, 125, 126
soil expaNion in, l2l
soil profle dcscriptions, 134
soil samplira of, I 14
soils of, 114-t35
sulDhur in, I25, 133
trea Dsasurcroeot on, 116, 128

at Sa.xmundham, 37, 39 , 4l , 47 , a& 92
at Wobun" 37, 39, tlo, 49
efrocts on drainage, 37, 40, 4l
efrects on irrigation n€ed, 148, 162, 166, 161

Wh€t
efr€c1 of soil firmigatioD orl" 138-1,16
eyaspor, 138, 143
in Sixmutrdham Rotation I exD€rimenl, 69-79, 93
irrigalion for, ,65
root 1015, 138-145
takcall, I09, 138-1,16

Wildem€ss soils. See UDcultivatad soils
Wobum

dnif,aSp water compard rvith Rothamst€d &sd
Sarmutrdham. 49

drains, chemicai composition of water from, 36
irrigatioo experiments at, 147-170
limios exponments, 98-l l2
waqthor aL 37. 39. ,O. 49
yields comparad witb Rothamstod, Saxmuodham

and nanonally, 93

257

49, 88-92
Rothamsted, wobum atrd

I cxp€riment
l5 with limins, 98, lO0

6, 8-34
6
soils, S-35
r. 6. 8-34
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CONVERSION FACTORS

Factors for lhe Conversion of ImDerial to Metric Utrits

t inch (itr.) : 2.540 centimetres (cm)
I foot (ft) (:12 iD.) : 30.48 cm
t yad (yd) (:3 f0 : 0 9144 metre (m)
I squarc yard (sq yd) : 0.8361 sq m
I acre (:4349 5O 16) : 0.4047 hectare (ha)

I ounce (oz) : 28.35 gmms G)
I pound (lb) : 0 4536 kiloeram (ks)
I hundredweight (cwo (:ll2lb): 50.80 kg
I ton (:22,10 lb) : 1016 kg: 1.016 metric tons (tonnes) (t)
1 pint : 0'5682litre
1 gallotr Gal) (:8 pints) :4.5,16litres
I fluid ounce: U20 pint : 0.02841 litre: 28.41 ml
1 cubic foot : 28.32litres

To cot crt Mtltilly by

ozla@rc to gha 70{6
lb/acre to kg/ha 1.121

cwt/aq€ to ke/ha 125.5

cwt/aqe to toEtres/ha 0.1255

tons/aq€ to kg/ha 25ll
tons/acro to tonn€sA? 2.511
gauaqe to litre/ha 11.233

Thc louoriq lacrort qo accsarc to tbst 2 Nrs b IOO:

I lb/acre : 1.1 kg;/ha
1 gdlacte : Il lite/ta
I toE/acre : 2.5 tonoes/ha

h gcvrd rcodhq of fic tcn ,hctc vW be N gcc, iryccsacy bt rcptfrry:
llb:0'5kg

1lb/acro:lke/ha

Te[pcnfurcs

To coovcrt "F into 'C subtract 32 and muttiply by I (0.550
To convert'C into'F multiply by * (l'8) and add 32

2s8
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Factors for th€ Conversioo of Metric to Imllerial Units

I centimetre (cm)

I metrc (m)

I squarc metre (sq m)

I hectare (ha)

I elam G)
I kilogram (kg)

1ks
I metric ton (ronne) (t)

I liire

: 0'3937 inch (in.): 0'03281 ft
:1.094yards(yd)
: l'196 square yards (sq Yd)
: 2.471 acres
: 0.03527 ounce (oz)

: 2'm5 pounds 0b)
: 0'01968 hundredweight (cwt): 0'0009842 ton

: 0'9842 ton
: l'760 pints: 0'2200 galloo Gal)

I litre: IOOO millilitres (ml) : 35 20 fluid ounces: 0'03531 cubic foot

Plant nutrie s

Platrt nutrients are best state.d in terms of amounts of the elemetrts (P' K' Na' Ca' Ms' S): the

;ffi";;Idi'i;""i;"-h;gv po" r,o, Nid,'Eio' ugo' sos) is stilt^used in work involving

iJi ilii'-ilirnliig s"iirce ne6rlations tequire statements of Pzor' Kro' etc'

To conwrt

Eha to ozlaqe
kg/la to lb/acre

kg/ha to cwt/acre

tonnes/ha to c\Yt/acfe

kg/ha to tons/a6e
tonnes/ha to tons/acre

litre/ha to gal/acre

Multlply by

o.ot427
0.8921

0.007966

7.966
0.0003983

0.3983

0.08902

$xPzOr:P
*xKrO:K

iTdxCaO:Ca
*xMsO:Mg

To con ert
P to P2Ot
K to K2O
Ca to CaO
Mg to MgO

For quick conuslow

(accurate to within 2%) the following factors may be used:

2$xP : PzOs

l+xK:KrO
13xCa:CaO
l*xMs:MgO

For accatate contetJions :

To corrre

P2O5 10 P
KzO to K
CaO to Ca

MgO to Mg

Mdtiply by
o.4364
0 8301

o.7146

0.@31

Mnltiply by .
2.2915

1.2M7
1.3994

1.6581

259
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IMENSIVE

WHEAT

EXPT

r966-70
wEsr
FIELD

O 5,o IOO feet

o DMIN oUTFALL

TreatEcot numbds on Rotation I (Rl) atrdlogtijon tr (R2) ar€ shown on individual plots_1, 2, 3, etc.The blocts of RotatioD I are showo as A, B, C, D.
S€ctiols of Grcve Plot are showo as E, R G, Ii,

STATION

(r+nwoocis rrrLo)
N

Ik
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BROOM'S

N

+
I

)BREAK ,* , e"e'
,..Q '-4 "'

HACKTHORN

NEW PIECE

BULL RUSH

BARN FARM

", . stotto oF .EAINS 20 ScHiqo'ls:

TO\
BARROU/\

LITTLE
LANE
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