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A B S T R A C T   

The long-term field experiments at Rothamsted in south-east England (UK) are an important resource that has 
been used extensively to study the effects of land management, atmospheric pollution and climate change on soil 
fertility and the sustainability of crop yields. However, for these and other long-term experiments around the 
world to remain useful, changes are sometimes needed. These changes may be required to ensure that the 
experiment is not compromised by e.g. acidification or weeds, but often they are needed to ensure that the 
experiment remains relevant to current agricultural practice, e.g. the introduction of new cultivars and the 
judicious use of pesticides. However, changes should not be made just for the sake of change or to investigate 
aspects of management that could be better resolved in a short-term experiment. Rather, modifications should 
only be made after carefully considered discussion, involving scientists from different disciplines. It must be 
remembered however that there are limitations to what can be achieved in one experiment. In this paper we give 
examples of why certain changes were made to the Rothamsted experiments and what the results of those 
changes have been. We also highlight the value of archiving crop and soil samples for future studies.   

1. Introduction 

Long-term experiments (LTEs) provide invaluable information, usu-
ally not obtainable by other means, for understanding and assessing the 
sustainability, or otherwise, of cropping systems and agricultural prac-
tices. This information includes trends in crop yield and in the associated 
occurrence of weeds, pests and diseases. Also, importantly, LTEs provide 
data on changes in soil properties, some of which only become apparent 
after many years or decades. These include trends in soil organic matter 
content, pH, nutrient pools, the availability of nutrients to crops, and 
some aspects of soil physics and biology. In most cases an essential 
benefit of an LTE is continuity of treatments over many years. However, 
there are situations where a change in management is either necessary 
or desirable. Some changes may be necessary to ensure the continuation 
or integrity of an experiment; examples might include situations where 
weeds become difficult to control in certain treatments or where soil 
erosion is serious. Other changes may be desirable to maintain the 
relevance of an LTE to current agricultural practice in the region or to 
address emerging scientific questions. The dilemma is how to make such 
changes without losing the long-term integrity of the experiment. 

The LTEs at Rothamsted, and its associated experimental sites, 

include the oldest continuous agronomic experiments in the world 
which were started by J B Lawes and J H Gilbert in the mid-19th Cen-
tury. Their intention was to study the effects of different combinations of 
inorganic fertilisers and organic manures on the yield of the major crops 
grown in England at that time, including e.g. winter wheat (Triticum 
aestivum), spring barley (Hordeum vulgare), turnips (Brassica rapa) and 
permanent pasture cut for hay. Lawes and Gilbert made frequent 
changes to the treatments of the Barnfield Turnip and Broadbalk Wheat 
experiments in the first few years after they were established in 1843 but 
soon realised that to gain a better understanding of seasonal effects any 
changes should kept to a minimum (Lawes, 1847; Lawes and Gilbert, 
1864). Nevertheless, they did make further important changes, some of 
which are discussed later. Following the death of Lawes and Gilbert (in 
1900 and 1901, respectively), successive Directors of Rothamsted found 
it necessary to make significant changes to the LTEs. They also started 
several new experiments in the mid-20th Century, mainly on the effects 
on yield of ley-arable cropping and organic amendments, some of which 
still continue today. But, by the 1960s, it was apparent that, if the ex-
periments started by Lawes and Gilbert and others were to continue, and 
be of scientific and agricultural relevance, then significant changes were 
needed. 
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The purpose of this paper is to give examples of some of the changes 
that have been made to the LTEs at Rothamsted, why they were thought 
necessary and what the consequences of those changes have been. We 
hope that some of these examples may help inform managers of other 
LTEs who are perhaps less experienced; a situation that arises where 
there has been less continuity in management as older staff have retired 
or where there is a lack of written records. 

2. Experiments 

A list of the experiments from which examples of significant change 
have been taken is given in Table 1. The experiments are on contrasting 
soil types in south-east England in the UK. The soil at Rothamsted 
(global coordinates: 51.8095, − 0.3730) is a flinty silty clay loam over 
Clay-with flints and is classified as a Chromic Luvisol; at Woburn (global 
coordinates: 51.9998, − 0.6160) the soil is a sandy clay loam and is 
classified as a Cambic Arenosol (IUSS Working Group WRB, 2022). The 
long-term average annual rainfall, 1870–2020, at Rothamsted is 706 
mm. The long-term average annual air temperature (1878 – 1988) was 
9.0 ◦C, but this has increased markedly since then. The 10-year average 
for 2013–2022 was 10.6 ◦C. Average rainfall and temperature were very 
similar at Woburn – the two sites are 30 km apart. 

3. Discussion 

Modifications to the Rothamsted LTEs have only been made after 
lengthy discussions between experienced scientists from different dis-
ciplines; we consider that a multidisciplinary approach is essential. Over 
the years we have avoided making changes to accommodate a line of 
research that is best answered in a short-term experiment elsewhere, 
and, as far as possible, we plan that any changes in treatment or man-
agement will remain in place for many years. An exception to this is that 
the cultivars grown on the arable experiments may be changed every 

four or five years (see 3.2.2.). Some of the changes made to Rothamsted 
experiments, and the reasoning leading to them, will be relevant to other 
LTEs. Changes fall into two broad groups, although there will be overlap 
between them. We also discuss how LTEs may be utilised to address 
unexpected issues, the value of archived samples and problems with 
assessing the impact of climate change. Our discussion is structured 
therefore on three themes:  

1. essential changes that are needed to ensure that the original purpose 
of the experiment, and/or its continuation and integrity is not 
compromised  

2. planned changes to ensure that the experiment remains relevant to 
current farming practices in that region and to address new or 
emerging scientific questions  

3. LTEs as a record of environmental and management change 

3.1. Essential changes 

The most obvious examples of essential changes that have been made 
to the LTEs at Rothamsted are those concerning acidification, weed 
control and nutrient management. Below we discuss the issues faced, the 
approach adopted, and the lessons drawn. 

3.1.1. Soil acidification 
Although the farm at Rothamsted overlies chalk, the topsoil on many 

of the fields would be acid if they were not limed. Although there was no 
clear understanding of acidity in the early-19th Century, it was well 
known that spreading chalk on some soils improved workability and 
yields and it was common practice in the area around Rothamsted for 
many years (Young, 1813; Russell, 1916). It is thought that as much as 
200 t ha− 1 of chalk was dug-out and spread, probably somewhat un-
evenly, on many of the arable fields at Rothamsted before the 

Table 1 
Details of long-term experiments at Rothamsted and Woburn referred to in this paper.  

Site and  Clay  Treatments  
Experiment Duration % Cropa include Reference 

Rothamsted, Hertfordshire, UK     
Agdell 1848 - 1990 27 - 35 Various arable crops, Rates of P, rates of K Johnston and Penny (1972) 
Rotation   grass, legumes  Johnston et al. (2013) 
Broadbalk 1843 - ongoing 20 - 38 Winter wheat, potatoes Rates of N, FYM Johnston and Garner (1969) 
Wheat   oats, beans, maize P, K, Mg, S Poulton et al. (2024) 
Broadbalk 1881 - ongoing 20 - 25 Regenerating woodland None Poulton et al. (2003) 
Wilderness      
Geescroft 1886 - ongoing 20 - 25 Regenerating woodland None Poulton et al. (2003) 
Wilderness      
Exhaustion Land 1852 - ongoing 18 - 27 Winter wheat, potatoes Rates of P, Johnston and Poulton (1977)    

spring barley K, Mg, FYM Poulton et al. (2013) 
Hoosfield 1852 - ongoing 18 - 27 Spring barley, Rates of N, FYM, Jenkinson and Johnston (1977) 
Barley    P, K, Mg Macdonald et al. (2018) 
Park Grass 1856 - ongoing 18 - 27 Permanent pasture Forms of N, chalk, Silvertown et al. (2006)     

FYM, P, K, Mg, Na, Si Storkey et al. (2015) 
Highfield 1949 - ongoing 18 - 27 Arable crops, leys All-arable rotations, Johnston (1973) 
Ley-arable   and permanent grass ley-arable rotations. Johnston et al. (2009)     

Grass since 1838  
Highfield 1959 - ongoing 18 - 27 Fallow None Barre et al., 2010 
Bare Fallow     Macdonald et al. (2022) 
Highfield 2008 - ongoing 18 - 27 Fallow, grass, cereal Fallow, grass, cereal sited Redmile-Gordon et al. (2020) 
Reversion    on parts of the Ley-arable      

and Bare Fallow expts  
Woburn, Bedfordshire, UK     
Ley-arable 1938 - ongoing 11 - 16 Arable crops All-arable rotations, Johnston et al. (2017)    

and leys ley-arable rotations. Poulton et al. (2023) 
Continuous Wheat 1876 - 1966 11 - 16 Winter wheat, spring FYM, P, K, Mg, Na Johnston (1975) 
& Barley   barley   
Market Garden 1942 - ongoing 10 - 12 Market garden crops Sewage sludge, composts Johnston and Wedderburn (1975)     

FYM, fertiliser McGrath (1987) 

spring barley (Hordeum vulgare) 
a Winter wheat (Triticum aestivum), Potatoes (Solanum tuberosum), oats (Avena sativa), beans (Vicia faba), maize (Zea mays) 
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experiments started in the 1840s. Consequently, most of the LTEs had 
considerable reserves of free calcium carbonate (CaCO3), and it was not 
until many decades later, that potential problems with acidification 
became apparent (Johnston, 1997). On the Broadbalk Wheat Experi-
ment, acidifying inputs from the ammonium sulphate and other fertil-
isers that were applied meant that by 1944 there was little or no free 
CaCO3 remaining in the topsoil (0 – 23 cm) of some treatments (Fig. 1) 
and that pH was < 6 in a few areas (Poulton et al., 2024). Observations 
of the wheat confirmed that this was beginning to have an effect on the 
crop and in 1955 differential amounts of chalk were applied to the 
experiment to increase soil pH to a value such that the yield of wheat 
would not be affected. Increased rates of fertiliser N in the 1960s and 
1980s and increasing acidifying atmospheric inputs until the 1980s 
(Poulton et al., 2024), has meant that basal and/or differential 

applications of chalk have continued to the present (Glendining et al., 
2022). 

On the Agdell experiment at Rothamsted, growing a 4-course rota-
tion including root crops since 1848, there were also problems with 
acidification. From the 1920 s, club-root (Plasmodiophora brassicae) 
became more damaging to the root crops, especially on soils receiving 
nitrogen, phosphorus, potassium, magnesium and sodium (N, P, K, Mg, 
Na) which were becoming more acid (Warren, 1958). Although soil pH 
was corrected by liming, P. brassicae was still present in the soil which 
meant that root crops could no longer be grown. The experiment was 
substantially modified in the 1950 s – 1970 s (eventually creating 384 
sub-plots) to test the value of fresh and residual P and K fertiliser 
(Johnston and Penny, 1972). The experiment was stopped in 1990; but 
the data is still useful and archived crop and soil samples are available 

08 07 06 05 03 2.2 2.1

0.50 1.11 1.32 2.31 3.03 2.56 0.88

0.21 1.16 1.56 1.19 2.46 2.88 2.08

0.05 0.93 0.79 2.77 2.48 2.81 1.22

0.04 0.84 0.92 1.52 3.17 2.42 2.78

0.82 1.11 1.37 2.47 2.90 3.32 2.95

0.46 1.28 1.35 1.60 2.94 2.39 2.35

0.93 0.93 1.33 2.16 2.71 2.86 2.67

1.05 0.93 1.25 2.36 2.99 3.25 2.61

1.94 2.30 2.56 3.74 4.33 3.37 2.68

0.98 1.94 1.16 2.95 3.81 2.60 2.63

0.69 1.10 1.07 1.93 2.43 2.20 1.60

0.08 0.93 1.07 1.93 2.51 1.72 1.39

0.08 0.57 1.07 1.12 2.23 1.30 1.26

0.10 0.66 0.58 1.36 1.84 0.99 1.02

0.04 0.71 0.50 0.63 1.93 1.17 1.08

0.02 0.62 0.51 1.03 1.18 1.00 1.49

0.04 0.11 0.45 0.58 1.14 1.22 1.22

0.04 0.07 0.45 1.11 1.40 1.08 1.78

0.04 0.14 0.50 1.14 1.20 1.27 1.36

0.04 0.08 0.37 1.09 1.53 1.65 1.59
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Fig. 1. CaCO3 in topsoil, 0 – 23 cm, of the Broadbalk wheat Experiment in 1944. N applied as either ammonium sulphate (or mixed ammonium salts) or N * as 
sodium nitrate; for full details of treatments in 1944 see Poulton et al., 2024. Strips 17 and 20 not analysed. , < 0.60%; , 0.61 – 1.20%; , 1.21 – 1.80%; , 1.81 – 
2.40%; , > 2.41%. For full details of treatments in 1944 see Poulton et al., 2024. 
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(Johnston et al., 2013; Johnston et al., 2016). 
On the sandy soil at Woburn which had little or no reserve of CaCO3, 

problems with acidity became apparent within a few years of the start of 
the Continuous Wheat and Barley experiments which began in 1876. 
Liming started in 1897, but yields did not recover (Russell and Voelcker, 
1936). In retrospect, it is probable that the yields were also affected by 
cereal cyst nematodes which can be a problem when continuous cereals 
are grown on lighter textured soils. 

On all the arable experiments at Rothamsted and Woburn, basal or 
differential dressings of chalk have been applied to correct acidity. It 
was not thought desirable to incorporate a test of liming within the 
existing arable LTEs so two separate experiments were established at 
Rothamsted and Woburn in 1962, specifically to investigate the effects 
of lime on the yield of arable crops (Bolton, 1977). We have visited LTEs 
where > 50% of the plots are bare because the soil is too acidic to allow 
the growth of the intended crop. An often-quoted reason for why this 
continues year-after-year is that these were the original treatments, and 
therefore cannot be changed. This does not seem to be a valid reason to 
us. Once the serious impacts of soil acidification on crop growth have 
been established, many years of poor or virtually non-existent yields 
does not provide further useful information, so a change would seem 
vital. We submit that LTEs should not be regarded as museum exhibits 
that can never be changed. Indeed, after careful consideration, they 
should be modified, if necessary, to ensure their continued value and 
relevance. 

However, we do maintain a narrow (3 m drill width × 200 m in 
length) strip of land adjacent to the Exhaustion Land Experiment (see 
3.2.9.) which, by reason of uneven, historical applications of chalk, has 
topsoil ranging from pH 8 at one end to pH < 4.5 at the other (Rousk 
et al., 2009). Termed, the Acid Strip, wheat is usually drilled along the 
whole length every year but dies out at a pH of c. 4.5 – 5.0. It is a graphic 
illustration to visitors of the need to maintain soil pH for arable crops. It 
has been used to study the effect of pH and the lack of a crop on the 
microbial community (Rousk et al., 2009). 

In contrast to the arable LTEs, liming treatments have become an 
integral part of the Park Grass experiment at Rothamsted; possibly the 
foremost ecological experiment in the world (Silvertown et al., 2006). 
Started in 1856 on long-established pasture, its original purpose was to 
identify the best means of improving the yield of grass cut for hay. It 
tests different combinations of organic manures and inorganic fertilisers, 
with rates of N applied as either sodium nitrate or ammonium sulphate. 
Within a few years the different treatments had a very noticeable effect 
on the species composition of the sward and botanical surveys were 
started (Lawes et al., 1882). A small test of liming was conducted by 
Lawes and Gilbert in the 1880 s but in 1903 the new Director instigated 
a major change. Most of the plots were divided in 1903 or 1920 and 4 t 
ha− 1 CaCO3 was applied every fourth year to half of each plot (Glen-
dining et al., 2021). However, over the next 45 - 60 years, plots receiving 
N as ammonium sulphate became progressively more acid even where 
chalk was applied, while plots receiving N as sodium nitrate did not. 
Consequently, the effect of the different forms of N on species number 
and diversity was confounded by acidity. In 1965 most plots were 
divided again into four sub-plots. On three sub-plots (“a”, “b” and “c”), 
differential amounts of chalk were applied, where necessary, to raise 
and maintain soil pH (0 – 23 cm) at 7, 6 or 5 respectively. The “d” 
sub-plots do not receive any chalk and are essentially a continuation of 
the original treatments (Thurston et al., 1976). The effects of the various 
fertiliser, manure and liming treatments on species number, diversity 
and the stability of plant communities was discussed by Crawley et al. 
(2005). The effect on soil pH is shown in Fig. 2 while Fig. 3 shows how 
species numbers recovered on the ammonium sulphate plots when the 
soil pH was increased and maintained at pH 7. 

To further investigate the interaction between the amount and form 
of N applied, soil pH and species number, changes were made in 1989, 
prior to the herbage harvests of 1990. Two plots (each comprising four 
sub-plots) receiving PKMgNa and 96 kg N ha− 1 yr− 1 as either 

ammonium sulphate since 1856, or sodium nitrate since 1858, were 
divided and N withheld from one half. Applications of PKMgNa and 
chalk continued. Table 2 shows the effect on soil pH, yield and the 
number of species after > 20 years of withholding fertiliser N. Chalk is 
now applied every third year (if necessary) to maintain the “a”, “b” and 
“c” sub-plots at pH 7, 6 and 5 respectively; the “d” sub-plots do not 
receive chalk. Where sodium nitrate was withheld (plot 14/1), soil pH (0 
– 23 cm) declined by about 0.5 unit on the “c” and “d” sub-plots prob-
ably reflecting the input of rainfall which had a lower pH of c. 4.9 during 
that time. Mean pH of the rain was c. 4.6 in 1992–95, c. 5.2 in 2007–10 
and c. 5.7 in 2019–22 (Tony Scott, personal communication), becoming 
less acidic as emissions from heavy industry and coal-fired power sta-
tions have declined. Yields without added N are similar to those with N 
(Table 2) almost certainly because of the increase in leguminous species 
on all subplots (Macdonald et al., 2018). In contrast, where ammonium 
sulphate has been withheld (plot 9/1), soil pH on the “c” sub-plot has 
been maintained by liming at 5, but on the unlimed “d” sub-plot the pH 
has increased slightly. This is presumably a result of the absence of 
ammonium inputs that lead to acidification during nitrification of the 
applied N and because of the input of rain with a higher pH than the soil 
on this sub-plot. Although species numbers have increased on the limed 
sub-plots where N has been withheld there has not been a significant rise 
in legumes on the “d” sub-plot because it is too acidic to support most 

Fig. 2. Soil pH(in water) of topsoil, 0 – 23 cm, under selected treatments of the 
Park Grass Experiment. Solid lines, no chalk; dashed lines, plus chalk: , No 
fertiliser; , No fertiliser + chalk; , 96 kg N ha− 1 as sodium nitrate 
+ PKMgNa; , 96 kg N ha− 1 as sodium nitrate + PKMgNa + chalk; , 96 kg N 
ha− 1 as ammonium sulphate + PKMgNa; , 96 kg N ha− 1 as ammonium sul-
phate + PKMgNa + chalk. (Macdonald et al., 2018). 

Fig. 3. Changes in the number of species comprising 1% or more of the above- 
ground biomass under selected treatments of the Park Grass Experiment. Solid 
lines, no chalk; dashed lines, plus chalk: , No fertiliser; , No fertiliser 
+ chalk; , 96 kg N ha− 1 as sodium nitrate + PKMgNa; , 96 kg N ha− 1 as 
sodium nitrate + PKMgNa + chalk; , 96 kg N ha− 1 as ammonium sulphate 
+ PKMgNa; , 96 kg N ha− 1 as ammonium sulphate + PKMgNa + chalk. 
(Macdonald et al., 2018). 
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leguminous species. Consequently, yields on 9/1d are poor compared 
with those on 9/2d which, although very acid, continues to receive N. 
Storkey et al. (2015) showed that, except where there was extreme 
acidification, the proportion of legumes in the sward, species richness 
and diversity increased across the whole experiment between 1991 and 
2012 as atmospheric N deposition declined by about 50%. 

3.1.2. Weeds 
Keeping experiments free from weeds can be a major challenge. On 

the arable experiments at Rothamsted weeds were originally controlled 
by hand-hoeing and occasional bare fallows. When labour became 
scarce in the early 20th Century, it became more difficult to control 
weeds and cereal yields were reduced considerably Fig. 4 (Poulton et al., 

2024). On Broadbalk, the experiment was large enough (most treatment 
strips are 300 m in length) to allow its division into five sections; regular 
bare fallowing (one year in five) was introduced sequentially on the 
sections to control the weeds and wheat yields recovered. Herbicides 
were introduced in the 1950 s and some sections reverted to continuous 
wheat. However, half of one section (now Section 8) has never received 
herbicides. The yields of wheat are much reduced, and it needs to be 
fallowed regularly in an attempt to control weeds. There are more than 
50 arable weeds in this section, some of which are amongst the rarest in 
the UK. The weeds are a valuable source of material for scientists 
working on herbicide resistance (Hicks et al., 2018). 

3.1.3. Crop nutrients 
Nutrient management is essential in any LTE. Many are established 

to study the effect of different combinations of organic manures and/or 
inorganic fertilisers on yield. Their purpose might be to test the effect of 
e.g. applied N fertiliser on yield which would require that other nutrients 
(or weeds, pests and disease) do not limit yield. Usually this means that 
those other nutrients (P, K etc.) are applied as basal dressings. However, 
care must be taken to ensure that differential offtakes of these basal 
nutrients does not confound results. In a Ley-arable experiment that was 
established at Woburn in 1938 to compare the yields of arable “test” 
crops grown in a continuous arable rotation or as part of a ley-arable 
rotation (Poulton et al., 2023) the arable crops and the 3-year ley 
crops of grass, grass-clover or lucerne (Medicago sativa) received the 
same basal fertiliser applications. However, the lucerne leys removed far 
more K than the other crops and later measurements also showed that, 
on this sandy soil, much K was also leached, particularly on soils in 
continuous arable cropping. Soil samples taken in the 1950 s showed 
that, on some treatments, concentrations of exchangeable K in the 
topsoil were too low and might limit yield (Johnston et al., 2022). To 
overcome this problem, basal K was increased on all treatments and 
additional “corrective” K was (and still is) applied every fifth year, 
mainly to soils in continuous arable rotations which are more prone to 
losing K by leaching. The aim of the “corrective” K is to raise the con-
centration of exchangeable K in the topsoil of all plots to 250 mg kg− 1 

(Johnston et al., 2022). Fertiliser applications are now reviewed and 
updated regularly if needed (Poulton et al., 2022). Plant-available P 
(Olsen P) is maintained at > 26 mg kg− 1, and exchangeable Mg was 

Table 2 
Effect on soil pH, yield and species number on plots receiving PKMgNa and 
which either last received fertiliser N in 1989 or which continue to receive 
fertiliser N. Park Grass, Rothamsted.    

Mean dry   Mean dry    
matter 
yieldb 

Total  matter 
yieldb 

Total 

Sub- 
plot 

pHa t ha− 1 yr− 1 Species 
No.c 

pHa t ha− 1 yr− 1 Species 
No.c  

Ammonium sulphate (plot 9)  
N withheld since 1990 (plot 9/1) 96 kg N ha− 1 yr− 1 (plot 9/2) 

a 7.1 6.4 30 (6) 7.1 7.1 23 (7) 
b 6.4 6.9 34 (6) 6.2 7.0 24 (8) 
c 5.2 5.2 31 (10) 5.1 5.7 28 (8) 
d 4.1 1.5 11 (2) 3.7 4.6 3 (2)  

Sodium nitrate (plot 14)  
N withheld since 1990 (plot 14/1) 96 kg N ha− 1 yr− 1 (plot 14/2) 

a 6.9 6.5 29 (8) 7.0 6.5 25 (7) 
b 6.0 6.9 29 (8) 6.2 7.0 28 (8) 
c 5.3 7.2 31 (12) 5.9 6.8 25 (9) 
d 5.4 7.0 26 (11) 6.0 6.3 22 (8) 

number of species comprising 5% or more of the herbage (Adapted from Mac-
donald et al., 2018) 

a Soil pH(in H2O) in 0 - 23 cm soil layer, 2011. 
b Mean total dry matter 2010 - 2012; 2 cuts each year. 
c Total number of species; mean of botanical surveys 2010 - 2012. Figures in 

brackets are the 

Fig. 4. Mean yields of wheat grain, t ha− 1 at 85% dry matter on selected treatments of the Broadbalk Wheat Experiment for 1844–2018, showing changes in cultivar 
and management. Continuous wheat (mean of Section 1 and 9 after division into 10 sections): , Nil; , (P)KMg+ 144 kg N ha− 1; , largest yield with (P)KMg+N 
(max. 288 kg N ha− 1); , FYM. 1st wheat in rotation: , largest yield with (P)KMg+N (max. 288 kg N ha− 1; , FYM+96 kg N ha− 1 (+144 kg N ha− 1 since 
2005).1852–2018. Current treatments given. (Adapted from (Perryman et al., 2023)). 
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increased by the use of magnesian limestone as a liming agent. Because 
of the need to maintain adequate nutrients and problems in the 1950 s 
and 1960 s with soil-borne pests such as stem eelworm (Ditylenchus 
dipsaci) and potato cyst nematodes (Globodera rostochiensis, G. pallida) 
which necessitated changes in the crops being grown, it was not until 
many years after the experiment started that its original purpose, i.e. to 
look at the effects of continuous arable or ley-arable rotations on the 
yield of two following “test” crops could be realised (Johnston et al., 
2022), and incidentally to look at the effect on soil organic matter 
(Johnston et al., 2017). 

3.2. Planned changes 

Because the Classical experiments at Rothamsted have been running 
for so long there have been many changes which we now take for 
granted but which would have been subject to much discussion at the 
time. Some of these changes may be relevant to more recently estab-
lished experiments around the world. Many of the examples cited below 
reflect the continued development of agriculture from the 19th Century 
to the present. Not incorporating (or at least acknowledging) such de-
velopments into the Rothamsted experiments would have diminished 
their continued relevance to contemporary agriculture. We again discuss 
the issues faced, the approach adopted, and the lessons drawn. 

3.2.1. Mechanisation 
The older arable experiments at Rothamsted were originally 

ploughed by oxen and horses, probably to a depth of about 10 – 15 cm. 
Tractors were introduced in the early 20th Century and plough depth 
increased to about 20 cm. With more powerful tractors, plough depth 
has still been limited to < 23 cm. This is important because almost all of 
the topsoil samples have been taken to a depth of 23 cm (9 in.), and soils 
taken now are directly comparable with soils taken 100 or 150 years 
ago. Where there is a chance that the depth of ploughing may be 
increased, great care must be taken to ensure that soils sampled before 
or after any change are comparable, possibly by taking soils immediately 
before any change to a depth which exceeds the likely new plough 
depth. 

Another obvious change has been in the harvesting method used. 
Arable crops were originally cut by hand with a scythe; a reaper-binder 
was first used on Broadbalk in 1902, but sheaves were still stooked in the 
field before transfer to a threshing barn. A combine harvester was first 
used on Broadbalk in 1957. 

On Park Grass the plots were originally cut by hand and mowing 
machines were first used in the 1880 s. The first cut was always made 
into hay and weighed as such until 1959; the second cut is weighed 
green. In 1959 a flail-type forage harvester (taking two or four cuts per 
sub-plot) was compared with the usual cutter-bar machine for the first 
cut. The cut herbage from the forage harvester was weighed green. A 
sample for analysis and archiving was then taken but the remainder of 
the cut herbage and the rest of the plot was made into hay in the usual 
way, i.e. continuing what had been standard practice in the preceding 
100 + years. Since 1960 a forage harvester has been used for both cuts. 
In 1992–94 further comparisons were made between yields obtained by 
forage harvester and those of hay which will be subject to some losses 
during the hay-making process in the field. These comparisons have 
allowed us to derive a conversion factor which can be used to compare 
yields pre- and post-1960. It is important to monitor and record such 
changes, ideally over several years. 

3.2.2. Changes in crop varieties and rotations 
For an experiment to remain relevant to farming practice in the re-

gion, changes to the cropping may be necessary. In the 1950 s/1960 s a 
fundamental, world-wide change saw the introduction of short-strawed 
wheat cultivars as part of the “Green Revolution”. In the UK most 
farmers were using the newer varieties by the 1960 s and, at Roth-
amsted, all the cereals grown on the LTEs were changed to short-strawed 

cereal cultivars. On the Broadbalk Wheat experiment (Fig. 4) this was 
accompanied by other major changes (Poulton et al., 2024). The 
experiment was further divided into 10 sections and while some sections 
reverted to continuous wheat (after the fallowing regime which had 
been introduced to control weeds) others grew a rotation of crops; the 
rotations have changed several times. The short-strawed cultivars 
allowed the maximum rate of fertiliser N to be increased to 192 kg ha− 1 

with less chance that the crop would “lodge” (fall over) in heavy rain. 
The main form of N tested was changed from ammonium sulphate to 
calcium ammonium nitrate and later to straight ammonium nitrate. The 
introduction of summer fungicides in 1979 meant that the higher grain 
yielding potential of the modern cultivars could be exploited by further 
increasing the maximum rate of N tested to 288 kg ha− 1 (Poulton et al., 
2024). Lawes and Gilbert changed cultivars occasionally, presumably 
choosing varieties that were being grown locally. We change cultivars 
regularly and consider that this is essential to maintain the relevance of 
the experiment. We choose varieties that are expected to stay on the 
national recommended lists for at least five years (five of the 10 Sections 
on Broadbalk being in a 5-course rotation), thus providing a degree of 
continuity. Bread-making varieties rather than feed wheats are usually 
chosen. Very occasionally, poor weather in the autumn has meant that a 
spring sown wheat has been grown instead. Interestingly, this has 
occurred twice in the last decade. 

The inclusion of other crops in rotations with wheat on Broadbalk 
from 1968 allowed us to compare the yields of continuous wheat with 
those of the 1st wheat after two break crops, where the effects of take-all 
(Gaeumannomyces graminis vaer. tritici) were minimised. This change has 
been a major benefit which allows us to compare yields of continuous 
wheat with the more commercially common growth of wheat in a 
rotation and providing data on the yield potential of wheat grown under 
more conducive conditions. Table 3 gives the yield of a modern cultivar, 
c.v. Crusoe, grown either continuously or as the 1st wheat crop after a 2- 
year break, with either FYM or adequate P, K, Mg, and rates of N. It also 
gives the yields of the 2nd and 3rd wheat after a 2-year break where 
take-all limits yield. Yields of the 1st wheat after a 2-yr break were 
greater than those of continuous wheat or of the 2nd and 3rd wheat 
crop. For example, for treatments receiving N, yields in the 1st year after 
a break crop were 43 – 75% greater than from continuous wheat. 

Table 3 
Yields of winter wheat grain, t ha− 1 at 85% dry matter, grown continuously or as 
the 1st, 2nd or 3rd wheat after a 2-year break from cereals; with combinations of 
FYM, P, K, Mg and N given as single or split dressings; c.v. Crusoe, 2013–2018 
(excluding spring wheat in 2015). Broadbalk Wheat Experiment.    

Continuous 1st 2nd 3rd 

Treatmenta Section 1 wheat wheat wheat 
FYM  4.89 7.00 5.63 5.28 
FYM N3  6.95 10.35 10.03 8.65 
Nil  1.01 1.89 0.90 1.01 
(P)KMg 1.24 1.72 1.02 1.15 
N1 (P)KMg 2.80 4.35 3.12 3.05 
N2 (P)KMg 4.38 6.69 4.85 4.37 
N3 (P)KMg 5.14 8.61 5.96 5.72 
N4 (P)KMg 5.86 9.40 7.16 6.55 
N5 (P)KMg 6.53 9.92 7.09 6.56 
N6 (P)KMg 6.48 10.25 8.40 7.53 
N1 + 2 + 1 PKMg 5.81 9.44 8.11 7.44 
N1 + 3 + 1 (P)KMg2 6.71 10.01 8.57 7.50 
N1 + 4 + 1 PKMg 6.76 10.54 9.32 8.41 

N1, N2, N3, N4, N5, N6: 48, 96, 144, 192, 240, 288 kg N ha− 1 

Split N applications in mid-March, mid-April, mid-May. 
N1 + 2 + 1: 48 + 96 + 48 kg N ha− 1 

N1 + 3 + 1: 48 + 144 + 48 kg N ha− 1 

N1 + 4 + 1: 48 + 192 + 48 kg N ha− 1 

For full details of treatments see Poulton et al. (2024) 
a Single N applications in mid-April. 
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3.2.3. Timing of N fertiliser applications 
In 2000, further changes were made on the Broadbalk experiment as 

some of the treatments no longer reflected common practice. Since 
1968, all spring applied N was given as a single application at the time of 
stem extension, regardless of the amount being applied. However, by the 
1980 s, farmers were recommended to apply spring N as two or three 
split applications for amounts over 100 kg N ha− 1 (RB209 (5th Edition), 
1988) as this was intended to decrease N losses and increase crop uti-
lisation of N. After much discussion it was therefore decided that four 
treatments that were considered less useful would be changed so that the 
four highest rates of N (144, 192, 240 and 288 kg ha− 1) given as three 
split dressings could be compared with the same amounts given as single 
applications. Surprisingly, on this soil type, for continuous wheat and 
the 1st wheat after a 2-year break there was no significant difference in 

yield between single and split applications (Table 3). However, for the 
2nd and 3rd wheats after a 2-yr break there were, on average, large 
benefits in favour of the split applications. Because of take-all these 
crops had a poorer root system which meant that they could, in some 
years, make better use of split rather than single applications of N 
(Poulton et al., 2024). Note that, in Table 3 yields on plots given 
144 kg ha− 1 as three split dressings are not shown as, for this particular 
treatment, they are now limited by lack of P; Olsen P on this treatment 
ranged from 16–30 mg kg− 1 in 2000 and some plots are now as low as 
11 mg kg− 1 (the intention is that this will become a low P treatment; see 
3.2.4.). Meaned over just three years of the most recent variety (c.v. 
Zyatt) there has also been a benefit from the split applications for both 
continuous and 1st wheats, although it has been very variable. 

Fig. 5. Decline in Olsen P in topsoil, 0 – 23 cm, on selected treatments of the Broadbalk Wheat Experiment from which fertiliser P has been withheld since 2000. 
Different symbols/colours represent different treatment strips. The dashed line represents the top of P Index 2 (RB 209 (5th Edition), 1988). 
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3.2.4. P fertiliser applications 
In 2000, after more than 150 years, it was decided that P fertiliser 

would no longer be applied on some plots of the Broadbalk experiment. 
The reason was that, in 2000, the concentrations of plant-available P 
(Olsen et al., 1954) in the topsoil ranged from 65 - 100 mg kg− 1, well 
above the value at which farmers at that time were being advised to 
maintain their soils, typically P Index 2 (16 - 25 mg kg − 1 Olsen P) in the 
UK advisory system (RB 209 5th edition, 1988). At these high concen-
trations of Olsen P in the topsoil there is also a risk of phosphate being 
leached into drainage ditches where it might lead to eutrophication of 
surface waters (Heckrath et al., 1995). This situation had occurred 
because, since the start of the experiment, P offtake in the crop was often 
much lower than the 35 kg P ha− 1 that was applied; Lawes had know-
ingly applied more fertiliser P than the crop removed, presumably to 
ensure that lack of P did not limit yield (Lawes and Gilbert, 1873). In 
2000, it was therefore decided that P applications should be withheld on 
some plots until Olsen P declined to a more sensible agronomic value, i.e. 
about 30 mg kg− 1 Olsen P. Fig. 5 shows the decline in Olsen P over c. 20 
years since fertiliser P was withheld on plots that had been receiving P, K 
and Mg and different amounts of N. Previous work (Johnston et al., 
2016) has shown that the rate of decline will slow, and it will take 
perhaps another 20 years before more acceptable values are reached on 
those plots in this group which currently contain the least Olsen P, at 
which point they will all start to receive applications of P fertiliser again, 
possibly at a lower rate. But, for some years to come, we are confident 
that withholding fertiliser P applications will not adversely affect crop 
growth and yield. 

3.2.5. Sulphur (S) from air pollution or fertiliser 
In the 1980 s, air pollution in the UK from coal-fired power stations, 

heavy industry and domestic central heating meant that atmospheric 
inputs of S were as high as 65 kg ha− 1; the only positive benefit of this 
level of pollution was that the amount of S was more than sufficient to 
meet the needs of arable crops. By 2000, this input had declined to about 
5 kg S ha− 1 and was no longer enough to fully meet the needs of a higher 
yielding cereal crop (Zhao et al., 2003). On Broadbalk, S was applied by 
default as part of the K and Mg fertiliser dressings as these were applied 
as sulphates. In 2001, in order to enable a comparison of yields with and 
without S fertiliser, but with other nutrients being non-limiting, the 
usual form of K fertiliser, K2SO4 was replaced by KCl and previous large 
inputs of MgSO4 were stopped on one treatment strip. Yields without S 
(but with N, K and adequate concentrations of Olsen P and exchangeable 
Mg) can now be compared with plots receiving S and N, K, P and Mg. 
Since 2000, the benefit to grain yield has been modest at about 0.5 t 
ha− 1 (mean of continuous wheat and 1st wheat after a 2-year break). 
However, it is known from other work that lack of S can have more 
significant effects on wheat grain composition with implications for 
bread making quality (Poulton et al., 2024). 

3.2.6. Land-use change: removing land from arable cropping 
Major changes were made to parts of the Broadbalk Wheat and 

Geescroft Bean experiments in the 1880 s. On Broadbalk, a small 
unfertilised area across the top (western) end of the experiment was 
fenced off and abandoned. Lawes was interested in seeing how long the 
unharvested wheat would survive. A few years later a larger area, pre-
viously in continuous beans in Geescroft field, was also abandoned 
(Lawes, 1895). Both are now maturing woodland. Although these two 
“Wilderness” areas are not experiments in the true sense, they are 
nonetheless, informative. Botanical surveys have been carried out 
regularly (Brenchley and Adam, 1915; Harmer et al., 2001) and soils 
have been sampled occasionally (Hall, 1905; Jenkinson, 1971). Unlike 
Broadbalk, the Geescroft site had not received large inputs of chalk 
before the experiment began; the topsoils of both now have a soil pH of 
7.7 and 4.4 respectively (Poulton et al., 2003). Both sites accumulated 
significant amounts of soil organic carbon (SOC), with mean rates of 
0.54 and 0.38 t SOC ha− 1 yr− 1 in Broadbalk and Geescroft respectively 

over > 100 years, but much more, c. 2.85 and 1.62 t SOC ha− 1 yr− 1 

respectively, has been accumulated in the above-ground biomass (i.e. 
the trees) (Poulton et al., 2003; Poulton et al., 2018). Although these 
sites were not established as experiments to measure changes in C stock, 
and they have limitations, especially because Broadbalk Wilderness is a 
small area, they are nevertheless valuable because there are relatively 
few sites globally where such data is available. One important aspect of 
this work is the change in bulk density/soil weight over the 100 + years 
since the change was made. Prior to the sites being abandoned in the 
1880 s, the topsoil, 0 – 23 cm, weighed 2.87 and 2.73 M kg ha− 1 on 
Broadbalk and Geescroft respectively. In 1999, the topsoil weight to the 
same depth had declined to 2.05 and 2.19 M kg ha− 1 respectively. If one 
wants to calculate the change over time in the amount (i.e. stock) of SOC 
or N in the soil (as opposed to their concentration), the same mass of soil 
needs to be considered both before and after the change in management. 
If the soil has been sampled to depth on each occasion, and the weight 
measured, then the SOC in the extra soil that should have been sampled 
can be calculated. This is illustrated graphically in Fig. 6 which shows, 
for Broadbalk Wilderness, the cumulative soil weight down to a depth of 
69 cm in 1881 and 1999. By referencing the 0 − 23 cm soil weight 
measured in 1881 to the same weight in 1999 and then referencing 
across to the depth (“y”) axis shows that, to account for the same mass of 
soil in 1999, an extra 8.5 cm depth of soil needs to be considered. The 
same correction needs to be made where soils have changed from 
continuous arable to ley-arable cropping or permanent grass or where 
large amounts of organic manure are applied. The reverse correction 
needs to be made where soils have been cleared from woodland or 
ploughed out of long-term grass and the bulk density has increased 
(Poulton et al., 2018). 

3.2.7. Effects of old and new manure applications on spring barley yields 
and soil properties 

On the Hoosfield Barley experiment which started in 1852, one of the 
treatments received 35 t FYM ha− 1 yr− 1. After 20 years, Lawes and 
Gilbert decided that they would stop the FYM application on one half of 
the original treatment so that they could measure the residual effect of 
the manure on the yield of spring-sown barley. They knew that > 4 t N 
ha− 1 had been applied in the manure during the previous 20 years, that 
about 15% had been removed in the crop, that soil N had increased by 
about 50% (Dyer, 1902) and that much N would have been lost by 
leaching. In a publication marking 50 years of experiments at Roth-
amsted, Lawes and Gilbert (1895) showed that more than 20 years after 
applications stopped the yields with FYM residues were about half of 
those achieved where applications continued but were still more than 
double those on the Nil plot with no inputs. Fig. 7 shows that 150 years 
after applications stopped the FYM residues plot still yields almost 2 t 
ha− 1 more than the Nil. This is almost certainly because of the P that was 
applied in the FYM; the topsoil of the FYM residues and the Nil plots 
contained 9 and 3 kg ha− 1 Olsen P respectively in 2018. 

For about 30 years after the experiment was modified in the 1960s 
yields on plots receiving PKMg + sufficient N often matched those 
receiving FYM. However, since the mid-1990s, this has not been the 
case; plots receiving PKMg + N have not always given the same yield as 
those on the FYM treatment. The differences in yield were almost 
certainly due to the large difference in SOC on the two treatments; 1% 
and 3.5% SOC on the PKMg and FYM plots respectively. With a short 
growing season compared to winter wheat, we hypothesise that the 
spring barley benefitted from the better soil structure, improved water- 
holding capacity and from the extra N that was mineralised and made 
available to the growing crop during the growing season, and in parts of 
the soil profile that were not mimicked from spring applied N fertiliser. 
The spring barley variety grown has been changed several times since 
the 1960s (usually every four or eight years to tie-in with a 4-year cycle 
of rotating N rates) and the newer, higher yielding cultivars were able to 
exploit these conditions. The question is, which factor is more impor-
tant, the improved structure or the extra mineralised N? To help answer 
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this question a new FYM treatment was started in 2001 (Macdonald 
et al., 2018). The idea was to see how quickly yields on the new FYM 
treatment increased to match those of the long-established FYM treat-
ment. If the increase was rapid, say within five years, it could be argued 
that this was due mainly to the extra N available to the crop; if the in-
crease was slower, say 10 years or more, then it is more likely to be 
structural. It is also possible that a relatively small increase in SOC 
within a few years may result in a proportionately larger increase in a 
fraction within the total soil C important for soil structure. Within 2 – 3 
years there was a clear benefit of the new FYM treatment compared with 
the NPKMg treatment, which could be assumed to be mainly an N effect. 
Fig. 7 shows the grain yield with the long continued and the “new” FYM 
treatments for c.v. Tipple grown between 2008–2015. After 16 + years 
yields on the new FYM treatments were still about 10% less than on the 
plots that have received FYM since 1852, which implies that there is also 
an underlying structural effect which has yet to be fully realised. By 
2013 the topsoil on the new FYM treatment contained 0.18% N while 

the long continued FYM soil contained 0.34% N. In contrast, the NPK 
soils contained about 0.10% N. A highly significant downside of the 
large manure applications is that there will be considerably more nitrate 
leached from the FYM soils than from those receiving fertiliser N 
(Powlson et al., 1989). Large nitrate leaching losses where the high rate 
of FYM has been applied annually have also been observed in the 
Broadbalk experiment (Goulding et al., 2000). 

3.2.8. Reversing long-term cropping treatments: 1) the Highfield Ley-arable 
Reversion Experiment 

The Highfield Ley-arable experiment, started in 1949, compared 
crop performance and soil properties in different rotations comprising 
continuous grass, various ley/arable rotations, and continuous arable. 
The experiment was established on an area that had been in continuous 
grass since 1838, so, inevitably, ploughing the grass to start the arable 
treatments, led to a decline in SOC content. In addition to the ley-arable 
experiment, an adjacent area of the old grassland was ploughed in 1959 

Fig. 6. Changes in cumulative soil weight with depth over time in Broadbalk Wilderness. Assuming that there has been a significant decline in bulk density over time 
the graph shows how to calculate how much deeper the soil should have been sampled so that the same mass of soil is considered on each occasion. , cumulative soil 
weight in 1881; , cumulative soil weight in 1999. (Poulton et al., 2003). 
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and has since been kept bare of all vegetation by regular tillage; as ex-
pected, the decline in SOC was even greater than in the treatments under 
arable crops. Results from this experiment, and another established at 
the same time but on an old arable field (the Fosters Ley-arable exper-
iment), clearly demonstrated SOC changes on a decadal time scale 
resulting from different management practices and are frequently cited 
as examples for teaching purposes and used for testing SOM models. 
(Johnston, 1997; Macdonald et al., 2018). The comparison of the same 
soil under grass, arable or bare fallow for several decades has also 
proved valuable as a testbed for many studies on organic matter effects 
on soil properties. A recent example is a microbial study demonstrating, 
among many other results, that methods commonly used to assess 

microbial diversity in soil do not adequately capture important facets of 
community adaptation to stresses (Hirsch, 2009; Neal et al., 2020, 
2021). Data and soil from the Bare Fallow area has been used, in 
conjunction with similar bare fallow sites in several other European 
countries, in studies to quantify the most stable fractions of soil organic 
matter and to test models that include this fraction (Barré et al., 2010) 
and to investigate the chemical nature of strongly stabilised fractions 
and the microbial and chemical factors contributing to stability (Barré 
et al., 2018). 

In 2008, more than 50 years after the Highfield Ley-arable and Bare 
Fallow experiments were started, it was decided to reverse the treat-
ments within specific plots or areas of the experiments. New arable 

Fig. 7. Mean yields on selected treatments of the Hoosfield Barley Experiment in 2008 – 2015 of spring barley grain (cv. Tipple), given N fertiliser and: , Nil; , K 
only; , P only; , PKMg; , FYM, 1852–1871 only; , FYM since 2001; , FYM since 1852. (Macdonald et al., 2018). 
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(wheat), grass and bare fallow treatments were superimposed on plots or 
areas previously under long-term arable, grass or fallow (i.e. plots or 
areas were split in three with the continuation of the long-term treat-
ment and the imposition of the two other treatments). After 2.5 years of 
the altered treatments measurements were made of soil aggregate sta-
bility using wet sieving to determine mean weight diameter (MWD) of 
stable aggregates (Redmile-Gordon et al., 2020). In the fallow-to-grass 
transition, total SOC increased by 64% during this period but aggre-
gate stability as measured by MWD increased by 125%. The opposite 
trend was apparent in the grass-to-fallow transition: SOC decreased by 
37% but MWD decreased by 78%. The changes in aggregate stability 
were much more strongly correlated with changes in extracellular 
polymetric substances (EPS), especially EPS-protein, than with the 
changes in total SOC. The organic materials measured as EPS are 
considered to represent microbial metabolites, so the results confirm the 
importance of microbial activity, and the resulting metabolites, as 
influential in modifying soil physical properties. By comparison, the 
“legacy” effect of old organic matter derived from the previous grass was 
small. 

In contrast to the results for aggregate stability, soil structure as 
revealed by X-ray computed tomography based on > 2 mm aggregates 
showed that changes in soil porosity mostly required 7–10 years to 
become apparent after land use change. One exception was that con-
version from bare fallow to grass led to a change in the distribution of 
pore sizes within 2 years (Bacq-Labreuil et al., 2021). 

The changed management in this experiment has also allowed other 
studies on the rate of change of soil physical properties at different 
spatial scales after land use change. Jensen et al. (2020) estimated pore 
size distribution using soil cores subjected to different matric potentials 
under laboratory conditions. Comparing the fallow-to-grass conversion 
with grass-to-fallow it was concluded that it was faster to degrade than 
to restore a complex soil structure; a finding of great significance when 
considering land management practices. 

Hirsch et al. (2017) used the site to quantify changes in microbial and 
mesofauna populations after land use change. It was found that meso-
fauna populations changed rapidly after conversion, responding to 
either increased or decreased plant inputs. DNA- and 16sRNA-based 
methods were used to characterise changes in the population size and 
diversity of bacteria, archaea and fungi during the 3 years following 
conversion. With several of the microbial groups studied, recent man-
agement was more significant than previous history. 

3.2.9. Reversing long-term cropping treatments: 2) the “Exhaustion Land” 
experiment – several reincarnations to address different questions 

Most of the LTEs at Rothamsted have evolved gradually over time, 
sometimes with minor and occasionally with major modifications. Like 
the Highfield experiment described above, the “Exhaustion Land” 
experiment on Hoosfield, has had several distinct phases. Between 1856 
– 1875 the influence of various combinations of N, P, K, Mg and Na on 
the yields of continuous winter wheat were tested (Johnston and Poul-
ton, 1977). In the mid-19th Century devastating potato famines in 
Europe, particularly in Ireland, resulted in the deaths of millions of 
people. After another severe attack of potato late blight (caused by 
Phytophthora infestans) in 1873 the Council of the Royal Agricultural 
Society in the UK initiated investigations on the potato crop (Jenkins, 
1874). One aspect that obviously interested Lawes and Gilbert was how 
fertilisers and manures might influence the severity of the disease. 
Consequently, in 1876, extra land was incorporated into the experiment, 
existing plots were divided, and the resulting 10 plots tested Nil, N, P, K, 
Mg, Na and FYM on the yield of potatoes and on the incidence of disease 
(Gilbert, 1888). Potatoes were grown continuously until 1901 with best 
yields obtained with full NPKMgNa applications or FYM (after several 
years application). Overall, yields declined in the later years (Warren 
and Johnston, 1960). Of interest is that for the susceptible cultivar 
grown between 1876 and 1879, Lawes and Gilbert recorded whether the 
harvested tubers were “good”, “small”, “bad” or “diseased” and dried, 

ground, labelled and archived samples in the Rothamsted Sample 
Archive. In the early 21st Century, Ristaino et al. (2012), analysed 
archived samples of potato and was able to identify the Ia mtDNA 
haplotype of P. infestans in diseased tubers from the 1870s. Real-time 
PCR assays were used to detect and quantify P. infestans in the tubers. 
The level of pathogen DNA was greatest in tubers from higher yielding 
plots receiving NPKMgNa and least in FYM plots. 

The potato experiment was stopped in 1901 and from 1902 - 1940, 
no further treatments were applied, cereals, mainly barley, were grown 
and the residual effects of the previous fertiliser and manure applica-
tions were measured. It is from this period that the Exhaustion Land 
name is derived because nutrients in the soil declined due to lack of 
inputs. Crucially, the site was not used for other experiments. In the 
1930s, the effects of the previous treatments were still apparent, and, to 
exaggerate the differences, basal fertiliser N was applied from 1941.  
Fig. 8 shows that by 1981, plant available P (Olsen P) in the topsoil (0 – 
23 cm) had declined markedly from the maximum measured values in 
1903, but that there were still differences between soils that had 
received no P since 1852 and those that had received fertilisers or FYM 
between 1856 and 1901 (Johnston and Poulton, 1977). 

To gain further information on the effect of P and K residues each of 
the 10 plots were divided to test four rates of N. However, in 1986, after 
> 80 years measuring the effect of residues in a situation where con-
centrations of plant-available P and K were declining, it was decided that 
there was little more to be gained by continuing this course of action and 
that it would be more useful to see how quickly Olsen P (and later 
exchangeable K) could be increased such that yields were not restricted. 
Therefore, from 1986, half of the experiment (20 sub-plots) started to 
receive basal K and N and tested four rates of fresh P fertiliser. Fig. 9 
shows that within three years, concentrations of Olsen P on some sub- 
plots were such that the yields of spring barley were not further 
increased by adding more fertiliser P (Poulton et al., 2013). Five of the 
sub-plots did not receive fresh P and continue to measure the decline in 
Olsen P where no fertiliser P or FYM had been applied since 1856 or 
1901 (the dark blue diamond symbols in Fig. 9). 

3.3. LTEs as a record of environmental and management changes 

3.3.1. An unexpected use of an LTE to investigate a European-wide issue 
The Market Garden Experiment at Woburn was established in 1942 

to test the effects on the yield of market garden crops of various organic 
manures at a time when it was becoming more difficult to import fer-
tilisers (Johnston and Wedderburn, 1975). Compost, sewage sludge, 
sludge compost and vegetable compost were compared with FYM and 
fertilisers and were applied for 20 + years. Residual effects on arable 

Fig. 8. Decline in Olsen P in topsoil, 0 – 23 cm, of the Exhaustion Land 
Experiment from 1903 – 1981. , No P since 1856; , P fertiliser, 1856 – 1901; 

, 35 t ha− 1 FYM, 1876 – 1901. (Updated from Johnston and Poulton, 1977). 
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crops were measured until 1973 (Johnston and Wedderburn, 1975). 
From 1974 – 1982 the site was grassed over but not used for other trials. 
In the 1970s the UK government decided that the wholesale dumping of 
sewage in the sea was no longer acceptable and that, after treatment, it 
could be made available to farmers as an organic manure (UK Statutory 
Instrument, 1989). However, at that time in the UK, wastewater from 
industrial factories was not kept separate from domestic sewage and 
there was concern that the treated sewage would contain heavy metal 
contaminants and that these might be harmful to health particularly if 
root crops or leafy vegetables were being grown for human consump-
tion. It was realised that the Market Garden experiment, which had 
received sewage sludge for many years, could be used to gain a better 
understanding of the accumulation and persistence of metal pollutants 
applied in the sewage sludge some 20 - 40 years earlier. Samples of the 
manures that had been applied, of the soil and of the crops that had been 
grown had been dried and archived. Cropping resumed which, together 
with the archived samples, were analysed for their heavy metal content 
to see how much was taken up by the crops and how much remained in 
the soil (McGrath, 1987). The metal pollutants had a severe effect on the 
microbial community. McGrath et al. (1988) found that when white 
clover (Trifolium repens) was grown, toxic metals remaining in the soil 
had a disastrous effect on N fixation which was due to the extinction of 
Rhizobium leguminosarum biovar trifolii in the soil. This would have a 
very damaging effect in cropping systems which relied on the use of 
biological fixation to supply N to crops. Chaudri et al. (1993) showed 
that zinc was responsible for this effect at concentrations in soil treated 
with sewage sludge which were lower than those permitted at that time. 
After considerable discussion and argument, this led to a decrease in the 
amount of Zn that was allowed in soils in the UK (DEFRA/EA, 2018). 
Very little of the heavy metals were taken up by the crops and only 1% 
was found immediately below plough depth, i.e. below 23 cm. Allowing 
for any dispersion by ploughing and other cultivations, about 80% of the 
metal load could be accounted for in the topsoil (McGrath and Lane, 
1989). It was concluded that most of the metals will remain in the 
plough layer for a very long time. This information helped draft EU 
legislation which set limits on the concentrations of heavy metals that 
were permitted in sewage sludge that was to be spread on farmland. 
Other long-term sludge trials were established at Woburn as part of a 
nationwide network of experiments (Chaudri et al., 1993). 

An interesting postscript to this work is that in the early-2000s the 
integrity of the Market Garden Experiment was threatened by a local 
road widening scheme which would affect two of the four blocks of the 
experiment. It was decided that soil from the 40 plots (each 5 m x 8 m) 
would be physically moved. In 2005 an equivalent area on the other side 
of the experiment was excavated to a depth of 25 cm and soil from each 
of the 40 plots, to a depth of 25 cm was then moved individually to their 
new location. More than 800 t of soil was moved (Steve McGrath, 

personal communication). 

3.3.2. The value of archived samples and long-term datasets 
Although not strictly within the remit of a paper dealing with 

changes which might be needed to maintain the relevance of LTEs, it is 
worth highlighting the value of archived material. From the very earliest 
years of the experiments at Rothamsted, Lawes and Gilbert had the 
foresight to retain crop and soil samples. They anticipated that the rapid 
advances that were being made in chemistry at that time (the mid-19th 
Century) would mean that, in the future, archived samples would be a 
valuable resource. In the 1860s they said “…if our knowledge of the 
chemistry of soils should progress as rapidly as it has in the last twenty 
years, the analysis of a soil will ere long become much more significant 
than it is at present.” (Lawes and Gilbert, 1864). Thus, the Rothamsted 
Sample Archive (RSA) was initiated with grain, straw and herbage 
samples from every year since the start of the Broadbalk Wheat, Hoos-
field Barley, Park Grass and many other experiments together with soils 
which were sampled less frequently, and samples of the inputs (e.g. 
fertilisers and organic manures). Overall, the RSA now contains > 300, 
000 samples. This means that, as analytical techniques change over the 
course of a very long-term experiment, it is possible to re-analyse 
archived samples using current methods. Thus, soils on which organic 
C has previously been measured by Walkley-Black and Tinsley methods 
and total N which were analysed by Soda Lime and Kjeldahl methods 
have now been re-analysed by modern combustion techniques. Simi-
larly, plant-available P in current and earlier soils has been analysed by 
Olsen’s method since the 1950s. Archived samples also allow us to look 
back over > 180 years at many aspects of plant nutrition, soil fertility 
and atmospheric pollution that could not have been imagined by Lawes 
and Gilbert. The analysis of archived samples from the Woburn Market 
Garden and Exhaustion Land experiments discussed above are just two 
examples; there are many others. These have included work on organic 
pollutants deposited on land from the atmosphere (Jones et al., 1994) 
and the analysis of soils for their organic C and 14C content to construct 
and validate a computer model, RothC, to simulate the turnover of 
organic matter in soil (Jenkinson, 1990). 

The RSA remains a key resource of the Rothamsted LTE project along 
with the electronic Rothamsted Archive (e-RA) which provides access to 
historic datasets, associated experimental details and meteorological 
records (http://www.era.rothamsted.ac.uk). Information about access 
to archived samples is available through e-RA. 

3.3.3. Climate change 
By far the most important changes which might affect the sustain-

ability of cropping systems around the world are those caused by climate 
change. Increasing concentrations of CO2, and other greenhouse gases in 
the atmosphere has led to increased temperatures, droughts, wildfires, 
more extreme rainfall events and resultant flooding which has affected 
all continents, often with devastating results. All LTEs are being con-
ducted against the background of increased CO2 and temperature, some 
might even have been directly affected by fire and flood. At Rothamsted 
the average annual temperature for 2013–2022 was > 1.5 ◦C above the 
long-term average of 9.0 ◦C for 1878–1988. However, any impact of 
climate change on the experiments at Rothamsted and Woburn has been 
confounded by the increase and subsequent decline in atmospheric in-
puts of N and S and, on the arable experiments by the regular intro-
duction of new cultivars. However, on the Park Grass Experiment, 
Köhler et al. (2010), using archived herbage samples to examine C 
isotope discrimination within the plant showed that water-use efficiency 
has increased since 1857. More recently, Addy et al. (2022) used so-
phisticated modelling techniques to show that warmer and drier years in 
the 20th and 21st Centuries reduced hay yield. The model suggested that 
hay yields might decline by as much as 50% by 2080. 

The archived samples and long-term datasets relating to the Roth-
amsted LTEs exist as a record of both management and environmental 
change. This allows us to contribute to the global societal challenges of 

Fig. 9. Yield of spring barley grain v Olsen P in topsoil, 0 – 23 cm, of the 
Exhaustion Land Experiment, showing how a plateau had developed after three 
years of applying 0 ( ), 44 ( ), 87 ( ) or 137 ( ) kg P ha− 1 as triple super-
phosphate fertiliser. (Poulton et al., 2013). 
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sustainable agriculture, food security and climate change. 

4. Conclusions 

Long-term experiments globally continue to provide unique infor-
mation on the sustainability of cropping systems and agricultural prac-
tices. They also act as research platforms, providing the basis for a wide 
range of scientific investigations connected with soils and crops. In most 
respects continuity of treatments and management is key to the value of 
an LTE but for very long-running experiments this is virtually impossible 
to achieve. On Broadbalk for example, FYM has been applied every year 
since autumn 1843 (except when sections were fallowed), 48, 96 and 
144 kg N ha− 1 has been applied since 1852, 192 kg ha− 1 since 1968, 
240 and 288 kg ha− 1 since 1985, but, since the experiment began, 
ploughing, drilling and harvesting techniques have changed, chalk has 
been added, and pesticides used, rotations have been included on part of 
the experiment and up-to-date cultivars have been introduced regularly. 
Despite all of these changes the experiment is still recognizably the same 
and still serving its original purpose i.e. to identify those factors affecting 
crop growth. We have concluded from 180 years of experience at 
Rothamsted that carefully thought-out changes can be extremely bene-
ficial. We have learned that LTEs should not be regarded as static 
museum exhibits that should never be altered. 

As discussed above, some changes are essential to secure the 
continued value of the experiments. By contrast, some are responses to 
emerging scientific or agricultural issues that facilitate new research 
that builds on the foundations provided by the experiments. However, 
managers of LTEs must be careful to avoid the temptation to include 
treatments to address every conceivable issue; some questions are better 
answered by setting up separate shorter-term experiments. Some new 
uses of LTEs are essentially extensions of the experiments’ original aims 
concerning crop production, efficiency of use of inputs, or environ-
mental impacts but some are totally unexpected and could not have been 
envisaged by the LTEs’ initiators. LTEs frequently provide a platform to 
test hypotheses or evaluate new techniques. Such uses benefit from the 
existence of contrasting treatments but with other factors held constant. 
For example, soils having differing organic matter content or nutrient 
status but with the same mineral composition or differing soil pH but 
with other aspects the same. Whilst continuity of treatments is vital for 
such uses, in some circumstances measuring how soil properties alter in 
response to a change in management following a long period of conti-
nuity can also be extremely informative. 

Whilst LTEs are one vital means of investigating agricultural prac-
tices and determining their sustainability, or lack of sustainability due to 
production or environmental reasons, their limitations must also be 
recognised. The maintenance of crop production in small, well-managed 
field plots is no guarantee that the practices used will be equally robust 
when applied by farmers at large scale in a wide range of environments 
with differing soil types. Some processes such as soil erosion, water 
movement or pathogen spread operate at landscape scale and are not 
easily reproduced in small plots. Edge effects and soil movement be-
tween plots can occur within LTEs and must be minimised and/or taken 
into account. From a sustainability perspective, economic, social, and 
local infrastructure factors are important and cannot be directly 
addressed within an LTE. But, despite these limitations, LTEs provide a 
unique source of information on the functioning of agricultural systems. 
Our experience with the LTEs at Rothamsted provides evidence that this 
value is greatly enhanced when a degree of flexibility is introduced and 
some changes in treatments or practices made. But these must be done 
carefully and be based on interdisciplinary consultations to avoid un-
intended consequences and to ensure the essential continuity of the 
experiment. A complementary approach that was initiated at Roth-
amsted sites 5–6 years ago is to design agricultural systems experiments 
that are planned from the outset to have more flexible treatments (Li 
et al., 2023). Such new experiments are easier to adjust to address new 
agricultural practices but inevitably lack the benefit of continuity within 

a traditional LTE. Nevertheless, the intention from the outset is for these 
new system-based experiments to be long-term platforms and to be 
incorporated into Rothamsted’s general LTE “portfolio”. The two styles 
of experiment each have their own advantages and limitations, and each 
is strengthened by the existence of the other. 
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