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THE CLASSICAL EXPERIMENTS

BROADBALK WINTER WHEAT
Broadbalk field is thought to have been in arable cropping for many centuries prior to
1843. The first experimental crop of winter wheat was sown in autumn ofthat year and
harvested in 1844 (by convention, when we refer to a year il is the year of harvest).
Every year since then, wheat has been sown and harvested on all or part of the field.
lnorganic fertilisers supplying the elements N, P, K, Na and Mg in various combinations
were crmpared with organic manures (FYN,I and rape cake, later replaced by castor
bean meal) and a control treatment that received no fertiliser or manure inpuls. For the
first few seasons lhese treatments were varied a little but in 1852 a scheme was
established that remained largely unaltered until 1968. ln the early years, the feld was
ploughed in 'lands' by oxen (later by horses) and all the crop from each plot was cut
with scythes, bound into sheaves and carted into the bams to await threshing. yields
of grain and slraw were recorded and samples kept for chemical analyses. Broadbalk
is now ploughed by a tractor-mounted reversible plough and harvested by a combine
harvester; only the central strip of each plot is taken for yield and samples.

Weeds were initially controlled by hand-hoeing. When this became impracticable, five
'Sections' (l - V on plan), crossing all the treatment strips at right angles, were made
and bare fallowed sequentially. Fallowing was mainty in a s-year rotation of fallow with
four successive crops of wheat, wilh each phase present each year. Herbicides have
been used since 196,4 on all of the experiment, except for half of Section V (now
Section 8; see later).

Chalk has been applied intermittently since the 1950s to maintain soil pH at a level at
which crop yield is not limited.

Following the conection of soil acidity on parts of the experiment in the 'l95Os a review
of the trealments and management led to a number of modifications being introduced
in 1968. The most significant ofthese were i) the change from long-strawed to modem,
short-stmwed cultivars of wheat with a greater grain yietd potential and ii) the divasion
of Sections I - V to create 10 new Sections (0 - 9) so that the yield of wheat grown
continuously could be compared with that of wheat grown in rotation after a two-year
break. We continue to review the experiment regularly and to make chanOes, but only
when there is a strong scientific case for doing so. An important change, made for the
2000 season, was to withhold P fertiliser from selected plots. This will allow plant-
available P (Olsen P) to decline to more appropriate agronomic levels. Also in 2OOO,

treatments on four strips were changed such that a test of split N applications could be
included and applications of sulphur-mntaining fe(ilisers on strip 14 were stopped.
Most of the lreatment changes are detailed in the legend that acmmpanies the plan of
the experiment.

Afrer the 1968, changes Sections 0, 1, 8 and I continued to grow wheat only, whilst
Sections 2, 4, 7 and Sections 3, 5, 6 went into two different 3-murse rotations. ln 1978,
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Section 6 reverted to continuous wheat and the other five Sections went into a
s-course rotation; cunently, oats, forage maize, wheat, wheat, wheat. Pesticides are

applied when necessary, except on Section 6, which does not receive spring or
summer fungicides, and Section 8, which has never received herbicides. On Section

O, the straw on each plot has been chopped after harvest and incorporated into the soil

since autumn 1986: on all other Sections, straw is baled and removed.

ln his first Rothamsted paper, published in 1847, Lawes described the Broadbalk soil

as a heavy loam resting upon chalk, capable of producing good wheat when well

manured. Similar land in the neighbourhood, farmed in rotation, typically yielded c.1.2

t ha-1. Figure 1 shows yields from selected treatments. The changes reflect the

improved cultivars, cultivations and control of pests, diseases and weeds that have

been introduced on Broadbalk (and on English farms generally), especially since the

1960s.

Fig.1 Broadbalk. Mean yields ofwheat grain, and changes in husbandry
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Until the First World War, the experiment had been hand-weeded but the subsequent

shortage of labour allowed weed competition to become so severe that yields on all

treatments had declined by the 1920s. To control weeds the experiment was divided

into five sections (see plan) and one section bare-fallowed each year. Yields

recovered. Yelds of continuous wheat given no fertiliser or manure (but with
peslicides) are now c.'1 t ha'1, similar to yields earlier in the experiment. Mean yields

of wheat given PKNaMg+144 kg N ha ' are similar to those of wheat given FYM.

After the change from Squarehead's Master to the shorter-strawed cultivar Cappelle

Desprez in 1968, mean yields on these two treatments doubled to about 5
t ha-1. Since 1968 we have been able to compare the yields of wheat grown
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Broadbalk

Slrip unlil1967

01 .
from 1968

FYM N2 PK

lrorn 1985

FYM N2

Nit
PKMg

Nl PKMg
N2 PKMg
N3 PKMg
M PKMg
N2
N2P
N2PNa
N2 PK
N2 PKM9'
N5 PKMg
t.l6 PKMg
N0+3 1/2lPKMgl(A)
N1+31/2tPKMslG)
(c)
N2 KMg

ftom 2001

(FYM)N4
FYM N21I)

Nit
(P)KMg

Nl (P)KMg
N2 (P)KMg
N3 (P)KMg
N4 (P)KMg
N4
N4PMg
N1+3+1(PX2Mg1'?)
N4 PK
N4 PK'(Mg')
N5 (P)KMg
N6 (P)KMg
N1+4+1 PXMg
N1+2+1 PKMS
N1+1+1 KMS
N4 KMg

Fertiliser and organic manure treatments

2.1 FYU since 1885 FYM N2

2.2 F\M FYM
03 Nit Nil

05 PKNAMg PK(NA)Mg
06 Nl PKNaMg N1 PK(Na)Mg
07 N2 PKNaMq N2 PK(Na)Mg
0a N3 PKNaMg N3 PK(Na)Mg
09 N.I PKNaM! N4 PK(NA)Mg
10 N2 N2
11 N2P N2P
12 N2 PNa N2PNa
13 N2 PK N2 PK
14 N2 P M9' N2 PK Mg'
15 N2 PKNaMg N3 PK(Na)Mg
16 N'2 PKNaMg N2 PK(Na)Mg
17 N2(A) N2 1/2[PK(Na)M9]
r8 PKNaMg(A) N21/2[PK(Na)Mg]
rgcc
20 N2 KNaMg N2 K(Na)Ms

(A) Trerlrnenl io slrips 17 & 18 altermting eadt year From 1968 both sltips rcceived N2 and 12 .ale PK(Na)Mgi

from 1980 whe3t on stips 17 A 18 rccsived N1+3ie. aulrmn N1 io arlemate yeaE plus N3 in sPnng.

Maize did not rec€ive aulumn N.

FYM I Farmyard manurc al35t
(FYM) : Farmyard manurc ai 35t 196&2000 only

P : 35kgP as viple sup€PhosPhate
(P) : 35kgP as Uiple superyhosphate until 2000:

to be reviewed in 2011

K : gotgK as poiassium sulphate
K2 : 18OkgK as potassaum sulphate, 2001-2005.

(prus 450 kgK in aulumn 2000 only)
K' : gokgK as poEssium chlodde

Mg I 12kg[,tg as Kres€nte.Was 35kgMg svery 3rd
year 1g74-2mo.Previously llkgMg as
magnesiurh sulph.te uniil 1973

Mg2 : 24kgMg as Kie€€dre, 2001-2005.
(plus 60 kg Mg in autumn 2000 only)

(Mg') : 3okgMg as Kiesenle 1974-200o.Previously
31kgMg as magn€sium sulphale untii 1973

(Na): l6tgNa as sodium $lphtt€ untl1973i
55k9Na oo $np 12 onty untit2000 (s7kgNa

until 1973)
(C) : C€stor m€al 1o srlpply 96kgN unlil1988

(r):FYM N3 since 2oo5
{a: Nl+3+1 (P)KMS since 2OOG

N aB single appli=lions {mid-Apdl)
N1. N2, N3, N4, N5, N6 :48.96, 144, 192, 2rlo,288 kgN

Splir N io wh€at (mid-lrarEh, mid-April, mid-May)
N1+1+1 :48+48+48 kgN (slrip 19)

N1+2+1 :46.96+48 kgN (slrip 18)

Nt+3+1 : 48+144+44 kgN (srip 12)

N1+4+1 :48+192+4a kSN (stip 17)

splir N to foEgE mai2s (s€edb€d and post-emeQence)

N2+r :96+48 lqN (snip 19)
N2+2 : 96+96 kgN (srrip 18)

N2+3:96+14 kgN (srip 12)

N2+4:96+192 kSN (stip 17)

N as.mmonium nit'a!6 (Nilram.34.5% N) since 1986:
calcium ammonium nlrale (Nirrc-chalk, c.26% N) 1964-a5i
ammonium sulphate o. sodium nilrale (N') until 1967

Note : S has been added, by default. as pan of u|e potassium sulPhale. magn€sium srlphaG,
Kiesenle. FYM and ammonium sulphale applic€tions. S lastappli€d lo stnP 14 in 2000.

For deiail€d infomatifi on lreatrnenis and mansgernent until 1967. se€ Rohamsled rGpod lor 1968 Part 2, 215Pp
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continuously and as the first wheat after a two-year break (Fig.2). ln the 1O years in
which Cappelle was grown, foliar fungicides were not applied and foliar diseases,
particulady powdery mildew, were common, and most severe on plots given most
nitrogen. Since 1979, summer fungicides have been used, when necessary (excepl
on Section 6). and this has allowed us to exploit the greater grain yield potential of
modern cullivars. Perhaps as a result, the relative yields of plots given FyM and
fertilisers changed (Fig.2) with best yields from fertiliser exceeding those from FyM
alone and the combination of FYM+96 kg N ha'1 often exceeding both. The
increased responses to N fertiliser in 1979-84 suggested that yields might be greater
if larger amounts of N were applied. Since 1gBS, 24O and 288kg
N ha-1 have been tesled, and all cultivars have shown a similar pattern of response
to cv. Hereward (Fig.2). On average, only the continuous wheat responded to the
larger amounts of N. Yelds of wheat grown after a two-year break can be more than
2 t ha-' larger than yields of continuous wheat, almost certainly because the effects
of soil borne pests and disease. particularly lake-all (Gaeumannomyces graminis
vat. tilici), are minimised (see later). Best yields now exceed 11 t ha-r.
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Fi9.2 Broadbalk. Mean yields of wheat grain
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The main purpose of the crops that have been grown in rotation with wheat on
Broadbalk since 1968 is to provide a "disease break" (see above and later).
However, they also provide useful additional information. Curren y, oats and maize
are the two break crops; yields on selected treatments are shown in Table 1. The
oats are not given fertiliser N or FYM. Thus, on ptots where P and K is not limiting,
any differences in yield between treatments are due to residues of inorganic N from
previous applications or from differing amounts of N being mineralised ftom lhe soil
organic matter (see next section). [iaize is a C4 plant. As such, the carbon it
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contains has a different'3C "signature'than that in the C3 plants that have been
grown previously on Broadbalk. Thus, we can dislinguish maizederived organic

matter from that of organic matter already in the soil. Over time, we will be able to
see where, within the soil structure, the maize carbon is being held and how quickly

it is being recycled.

Table 1. Broadbalk; mean yield of oat grain (2002-5) and forage maize (2001-5).

Treatment
Strip 2001-5"'

Nit
(P)KMs

N1 (P)KMg
N2 (P)KMg
N3 (P)KMs
Na (P)KMs
N5 (P)KN'g
N6 (P)KMg
FYM
FYM N2.,)

(FYM) N4

(1) See plan for details
(2) FYM N3 for maize in 2005
Note; No N fertiliser or FYM was applied for the winter oat cmps.

3
5
b
7
8
9
15
to

2.2
2.1

1

Oat grain

t ha-l
85% DM

1.9
2.2
2.7
3.3
4.0
4.7
4.9
6.3
7.2
7.2
6.6

Forage maize
t ha-1

total DM

2.2

7.2
1'1.0

12.0
11.8
11.1

11.5
11.7

14.3
15.2

The Brcadbalk expeimenl

t3

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/ROTHAMSTED-LONG-TERM-EXPERIMENTS-GUIDE-2006 pp 8

Organic matter in the Broadbalk soil
The amounts of soil organic matter
(SOM) can be determined indirectly
from the % organic carbon (Org C) (o/"

Org C is multiplied by a factor ol 1.72 to
give % SOM). Most soils have a C:N
ratio of about 10:'l; so % N can be used
as a surrogate for % Org C to calculate
SOM. Figure 3 shows the %N in topsoil
(0-23cm) on selected treatments. The N
content of some soils has changed little
in more than a century after they were
first measured in '1865. By 1865, soil in
plots receiving N3PKMgNa fertilisers
had a little more N than soil in the nil
(and minerals-only plots, not shown)
because the better-fertilised crops gave
not only more yield but more stubble,
and probably roots, to be ploughed-in.
Over the last 10-20 years there has
been a slight decline in soil N on these
plots. Soil N in plots receiving minerals
and larger amounts of fertiliser N ('192.
240 and 288 kg ha') in recent years.
and where larger crops have been
grown, is still tending to increase. On
the FYM treatments, soil N increased,
rapidly at first, then more slowly, and
now contains more than double the
concentration of lhat in the nil or
fertiliseronly soil. The decline in soil N on
because FYM was not applied in the years
weeds.

Edwin Grey, soil sampling, 1919

the FYN,1 plots in the 1920s/'1930s was
when the plots were fallowed to control

The N balance, i.?. N input minus N offtake in the crop, and N retained in soil, can
be calculated for different periods. ln the early years of the experiment, about .lOO

kg of the 225 kg N ha ' applied in the FYM could not be accounted for even though
much N was accumulating in the soil and N offtakes by the crop were small. More
recently, inputs of N in FYM (and from the atmosphere) have been greater and
although oftlakes have been larger, N accumulation in the soil has been much less
and c.200 kg N ha 1 

cannot be accounted for Much N is lost by leaching as nitrate
(see later).

1.1
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Fig.3 Broadbalk. Long-term changes in soil nitrogen
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The microbiology of Broadbalk
The microbial biomass of the FYM plots is approximately twice that of the plots given

either NPK or no fertilisers. Total numbers of miffobial cells, estimated directly by
microsmpy (around 10e cells g'1 soil), and of culturable bacteria (around 108 cells
g-1 soil), show a similar ratio. Although relative numbers of specific groups of
bacteria that can grow on particular selective media differ according to sampling

date, the differences are unpredictable at present. The recovery of cells by culture

on agar may reflect their physiological status when sampled, resulting in apparently
lower numbers at times of stress. The population of ammonia oxidizing bacteria has

been eslimated from the amount of DNA specific to this group in the soil. lt is around
104 cells g-1 unfertilised soil with 1O- to so-fold more in the soils receiving N fertilisers.

The potenlial for nitrification activity is likewise higher in the N fertilised soils. After
application of ammonium nitrate fertiliser, populations of ammonia oxidizers increase
'lO- to lOOJold after six weeks, then slowly decline over the rest of the year.

Currently, there are no similar direct estimates of bacterial populations responsible
for either methane oxidation or denitrilication. However, measurement of these
processes indicates lower activity of methane-oxidizing bacteria and higher activity
of denitrifying bacteria in the soils receiving N fertilisers. Both activities were much
higher in the Broadbalk Wilderness (see p.19), indicating lhat soil cultivalion may

have a major disruptive effecl on these microbial populations.

1i
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Weeds on Broadbalk
Weeds were controlled initially by hand-hoeing and fallowing but, since 1964, herbicides
have been applied to the whole experiment except Section 8. Since 1867, 130 plant
species have been recorded on Broadbalk, but many of these occur only sporadically.
Detailed weed surveys ftom '1930 to 1979 provide a unique so-year record, and were
restarted on Section I in 1991. Between 199'l and 2002, 50 plant species were
re@rded in the annual surveys. About 30 of these species were recorded every yea(
with nine species common on many plots: .,i. blackgrass (Alopecurus myosuroides),
common chickweed lStellaia medial, common poppy (Papaoer rhoeos\, common vetch
(Vicia satioa\, creeping thistle (Cirsium aruense). parsley piert (Aphanes anensis\,
scentless mayweed (Tripleurospcrnum inotlorun), shepherd'S needle (Scandix peclen-
.,e,rcrri) and Venus'slookingjlass (lrgorrsid hybrida).

Analysis of the 1991-2002 survey daia
showed cleariy how the ftequencies of
individual species are differentially
influenced by applications of inorganic N
fertiliser Common chickweed is greatly
favoured by increasing amounls of N
fertiliser from O to 288 kg N ha-1 but other
species are strongly disadvantaged (e.9.
black medick, Merliar go htpuliw, and field
horsetail, Eqxlsctrlm aruense). Some
species were only slightly disadvantaged

(cg. mmmon vetch and parsley-piert) and yet others showed litUe response to
increasing N rates (e.9. black-grass and common poppy). These striking differences in
species frequency b€tween plots in close proximity show cleady the ecological
adaptation ofspecies lo N availability. Weed seeds collected from Section I have been
used in various ecological studies, including research on herbicide resistance.

Bmadbalk also provades an invaluable reserve for seven plant species that are rare,
uncommon or declining nationally. These are: com buttercup (Rnnmculus anteusisl,
corn cleavers (Galium lricornutun), field gromwell (Lithospenmm arztense),
fine-leaved sandwort (Minwrli, hybrida), nanow-fruited comsalad (Volerianella de ata),
prickly poppy lPapat'er arganonel and shepherd's needle (Scandk rycten-tetielis). Com
cleavers deserves a special mention as it is one of Britain's rarest plants and Broadbalk
is the only site where this species has been recrrded in recent years. Between 1991
and 2002 no more than four plants were seen in any one year but Rothamsted's weed
conservation policy has meant that eight plants were seen in 2004 and 1'l in 2005.

The revised atlas of British and lrish Flora includes a list of species that have shown
the greatesl relative decreases nationally between the'l930$g and 1987-99 national
recording periods. Seven weeds on Broadbalk are among the 50 species lhat have
shown the greatest decline, and three of them are in the top 10 species in the list (com
buttercup, com cleavers and shepherd's needle).

't6

Papa,tet hoeas on Brcadbalk
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Pests and diseases on Broadbalk
The continuity of cropping and manurial treatments has made Broadbalk a valuable

experiment for studying the effects of both plant nulrilion and weather on the

incidence of wheat pests and diseases.

Before insecticidal seed dressings were used, wheat bulb fly (Delid coorctnta\ oflen
caused severe damage to wheat after fallow. Bulb fly eggs are laid during the

summer on bare soil, and damage is caused by larvae burrowing into the young

wheat shoots in the early spring. Yield losses on Broadbalk difiered greatly with

season and were related to the ratio of number of plants lo number of larvae, to the
time of attack and to the suitability of conditions for plant groMh Plants on soils

deficient in K usually sufiered most because they were less well tillered, and damage

to the primary shoot often killed the whole plant. The damage was minimised by

sowing wheat earliet However, this has resulted in occasional problems with gout fly

(Chlorops purniliotris). Other insect pests (cereal aphids, cutworms, wheat-blossom

midges and the saddle-gall midge) have caused damage only sporadically.

Both eyespot (Oculimacula spp.) and take-all (Gaermantomyces gnnillis var tritici)
are common. and have been assessed on selected plots regularly since the
introduction of rotations. lt was on lhis field that, in 1935, eyespot was first identifled

in the UK. Comparisons of yields and of difierences in amounts of take-all between

continuous wheat on Broadbalk and wheat in other fields growing shorter
sequences of cereals culminated in the development of the hypothesis of'take-all
decline'. This phenomenon, although still inadequalely understood, has since been

shown lo be common when cereals are grown continuously Sance the introduction

of rotations. take-all decline can be demonstrated on Broadbalk where severe

symptoms are often seen in the short sequences of wheat but less commonly in the
continuous wheat.

Broadbalk drains
ln 1849, a tile drain was laid down the centre of each treatment strip. The tiles' of the
'horseshoe and sole' type, 5 cm internal diameter, were laid 60 cm below the surface,

and led to a 1O cm cross main. which took the water to a ditch. The drains were not

intended for experimental use, but in 1866 they were opened, and drainage water
cotlected and analysed. Although ammonium (NHa), K, Mg and Na salts were all

added to the soil, the biggest losses were of calcium (Ca) and these increased with

increasing amounts of NH4 salts applied. This observation in the field confirmed the

theory of ion exchange developed by Thomas Way. Losses of nitrate (NO3) were

also considerable, and also increased with the amount of NHa salts added. The

original drains were still running in the 1990s and were used to make measurements

of NOr-N and P losses. However, because the experiment had been divided into

17
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sections, and because some drains ran intermittenfly it was no longer possible to
know where the drainage water was coming from. The drains on Section 9 (nearest
the drainage ditch) were, therefore, replaced in autumn .1993. The old drains,
draaning Sections 0-8, were intercepted and taken lo waste. The ends of the old
drains on Section 9 were plugged with clay and new perforated I cm plastic pipes
installed 50 cm to one side of the old drains at 75 cm depth.
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The average amounts of NO3-N lost through the drains each year are shown in Fig
4. Even where no N fertiliser had been applied for more than .l50 years, about 1O kg
ha'1 of NO:-N is lost each year. Most N iS tosl where the amount of fertiliser N applied
exceeds that needed for "optimum" yield or where FyM has been applied for many
years. The EU limit for the maximum concentration of N allowed in polable waters
(11.3 mg N l-1) is usually exceeded where the larger amounts of fertiiiser N or FyM
have been applied. However, in years when through drainage was less than
average, the EU limit was sometimes exceeded even where litfle or no N had been
applied.

Losses of P from agricultural land to water courses can result in eutrophication.
Because many soils have the capacity to retain p, vertical movement of p through
the soil profile is generally considered to be of tit e importance. On Broadbalk, the
soil now contains between 5 and 'lOO mg kg 

r 
of available-p (Olsen p) depending on

the treatmenls. Measurements of P (mainly dissolved reactive p) in drainage
showed that the critical level, above which the p concentration in the drainage water
increased rapidly, was c.6O mg kg-1 Olsen P on this soit type.

18

Fig.4 Broadbalk. Mineral N in drainage water, mean 1g90-98
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