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1. SUMMARY 

1.1. Aims  

The key objectives of this project are listed below: 

• To better quantify the risk to potato yield and quality from sulphur deficiency in potato 
crops  

• To determine an appropriate sulphur application rate in sulphur deficient circumstances  

• To provide these data and an interpretation to AHDB to enable an update of the 
Nutrient management guide.  

• To determine the effect of sulphur application on the accumulation of precursors to 
acrylamide in cooked potato products. 

1.2. Methodology 

The research program was based on series of field experiments where the effects of sulphur 
containing fertilizer were compared against untreated controls.  With the exception of 
Expt 2016-1, the experiments were done in commercial potato fields where, with the exception 
of the S fertilizer treatments, the experimental area was managed as per the surrounding crop.  
All the experiments were replicated, with the treatments allocated at random to a minimum of 6 
blocks.  Samples were taken at the start of the season to characterise soil in relation to texture 
and nutrient content.  Petiole samples were taken at about 50-55 days after emergence to 
determine the effect of the S fertilizer on key plant nutrients.  At the end of the season, plant, 
stem and tuber populations were measured as were graded yields and tuber dry matter 
concentration.  In a subset of experiments, tubers were also analysed for the concentration of 
glucose and asparagine which are associated with the formation of acrylamide in cooked food-
stuffs.  The effect of the treatments on components of yield were assessed by analysis of 
variance (ANOVA) either on individual experiments or collectively. 

1.3. Key findings 

In those experiments where it was measured, applications of S fertilizers increased petiole 
sulphate concentration showing the S fertiliser was available to the crop.  However, in the 17 
experiments reported here, application of S fertiliser had no effect on tuber FW yield or  tuber 
dry matter concentration.  There was no indication that omitting sulphur fertilisers was 
associated with an increase in tuber concentration of glucose, fructose or asparagine and 
therefore, S applications, are unlikely to reduce the concentration of acrylamide in cooked 
product.  Since there was no response to S fertiliser it was not possible to determine critical 
levels of soil or petiole sulphate below which S should be applied with any confidence.  However, 
from these results, it is possible that positive responses to S fertiliser may be seen when soil 
sulphate is less than 15 mg S/l and when petiole sulphur at 50 days after emergence is less 
than c. 45 mg/l.  However, this would need to be confirmed by experimentation. 

1.4. Practical recommendations 

On the basis of data in this report, commercial potato crops seemed to be adequately supplied 
with sulphur and there is no justification for routine applications of sulphur containing fertilisers.  
However, if soil or petiole sulphur concentration are less than the limits defined above an 
application of S could be considered however it would be worth leaving a control area to confirm 
the benefits of this application or not. 



 

5 
 

2. INTRODUCTION 

Currently about one third of the GB potato crop receives an application of sulphur (S) (British 
Survey of Fertiliser Practice 2020, Table GB 1.1).  However, a recent review and revision of the 
potato section of RB209 (Allison & Sagoo 2016) highlighted the paucity of experimental data 
that could be used to justify these applications on the basis of crop nutrition.  The most recent 
UK data were reports published in Scotland in the mid-1980s which were used to formulate the 
recommendation for 25 kg SO3/ha (10 kg S/ha) when sulphur deficiency was “expected” 
(TN633, October 2013, The Scottish Agricultural College).  As part of the review process, NIAB 
CUF supplied other (previously unpublished) data which indicated that the total S : total N ratio 
of potato tissue was more similar to that of cereals than oilseed rape.  In the absence of other 
information and cognisant that atmospheric inputs of S are still decreasing, the 2017 version of 
Agriculture and Horticulture Development Board’s (AHDB) Nutrient Management Guide brought 
English and Welsh recommendations in line with those of Scotland and make a 
recommendation of 25 kg SO3/ha in deficient situations.  However, whilst the Nutrient 
Management Guide provides some guidance in determining the probability of deficiency, it is 
not supported by a significant body of experimental evidence.  In recognition of this, in 2016 the 
Cambridge University Potato Growers Research Association (CUPGRA) financed three fully-
randomized and replicated experiments to test the effect of S-containing products on the yield 
and quality of potato crops grown at three locations in East Anglia.  Following on from this, in 
2018 AHDB funded a three-year research project with NIAB CUF to investigate responses to 
sulphur fertilisers on a wider range of soil types.  As part of the new AHDB project, the 2016 
CUPGRA-funded data were made generally available as an “in-kind” contribution and are 
presented in this report. 
 
A paper by Mottram et al. (2002) showed that acrylamide formation in processed foods was 
related to concentrations of the amino acid asparagine and of reducing sugars (glucose and 
fructose).  Other work, quoted by Muttucumaru et al. (2013), indicated that S deficiency may be 
associated with increases in asparagine and reducing sugars (and therefore have a larger 
acrylamide forming potential).  However, these experiments were done in pots under 
glasshouse conditions and may be of little relevance to field-grown commercial crops.  
Subsequent field experiments at Woburn by Muttucumaru et al. (2013) tested the combined 
effects of nitrogen (N) and S fertilisers on the acrylamide-forming potential of several processing 
varieties.  Despite the experiment being done a sandy loam soil with poor nutrient retention, 
there was no significant increase in tuber yield in response to S fertiliser.  This work also showed 
that S fertilization had no significant effect on asparagine concentration, however there was 
some indication that S application reduced glucose concentration in some varieties. A 
component of this AHDB S nutrition project is to examine the effects of S applications on tuber 
asparagine and reducing sugar concentration (i.e. a measure of acrylamide forming potential) 
on field-grown crops. 
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3. MATERIALS AND METHODS 

In total, there were 17 field experiments that tested the effects of different forms of sulphur (S) 
and rates of application of S fertiliser on tuber yield, dry matter concentration and, in some 
experiments, acrylamide forming potential of potato tubers.  The first three experiments were 
done in 2016 and were funded by the Cambridge University Potato Growers Research 
Association (CUPGRA).  The remaining 14 experiments were done in 2018 to 2020 and were 
funded by the Agricultural and Horticultural Development Board (AHDB, Project 11140048 or 
the AHDB Strategic Potato (SPot) Farm programme).  Key details of the seventeen experiments 
(labelled 2016-1 to 2020-17) are shown in Table 1 to Table 4.  The soil types at these 17 sites 
were typical of those used to produce the UK potato crop.  In general, they were relatively light-
textured (averaging 72 % sand, 18 % silt and 10 clay) and had, on average, had moderately 
low soil organic matters contents (2.9 %).  None of the sites were near large urban or industrial 
locations that might be associated with above average atmospheric sulphur deposition.  In 
consequence, sulphur availability (from soil or atmosphere) at these sites should be low to 
average. 

3.1. Crop planting and treatment application 

All the experiments were done in the UK and followed a similar protocol.  Apart from Experiment 
2016-1 which was hand-planted, all the experiments were done in commercially (machine) 
planted fields.  For the two-row bed planted crops, plots were 4 rows wide but for the three-row 
bed crops, plots were 9 rows wide.  All plots were five or six meters long.  The S treatments 
were allocated at random to blocks and each treatment was replicated 8 times except for 
Experiments 2016-1 and 2018-9 which had seven and six replicates, respectively.  For most 
experiments, the fertiliser treatments were applied by hand either at planting (Expts 2016-1, 
2018-8 and 2018-9) or between planting and crop emergence.  However, in Expt 2020-17, the 
treatments were applied c. 4 days after emergence.  Most experiments compared the effect of 
ammonium sulphate (24 % S and 21 % N) or elemental sulphur against a control (no S applied).  
The exceptions to this were Expt 2016-3, which did not test ammonium sulphate but instead 
tested two rates of elemental S and Expt 2018-9 which included Polysulphate (19 % S, ICL UK 
Sales Ltd, Cleveland, TS13 4UZ, UK) fertiliser product.  In experiments where ammonium 
sulphate was used, ammonium nitrate (34.5 % N) was applied to the control and elemental 
sulphur treated plots to ensure a standard N application in the experimental area.  The 
elemental sulphur was applied at a water rate of 1000 l ha-1 in a watering can fitted with dribble-
bars.  The water rate was larger than that commercially recommended but the larger rate 
allowed several passes, and this ensured uniform product application.  The experimental areas 
were managed the same as the surrounding commercial crop: most of the experiments received 
irrigation except Experiments 2019-12 and 2020-16 which were unirrigated, all experiments 
received fungicide and herbicide applications according to best agricultural practice.  Care was 
taken to ensure that, apart from the S treatments, the experimental areas did not receive any 
other S containing materials. 
 

3.2. Soil sampling 

At the time of treatment application, a soil sample was taken from each experimental site for 
the determination of top-soil (0-30 cm) soil pH, texture, organic matter by loss on ignition, 
sodium bicarbonate (Olsen) extractable phosphate and ammonium nitrate exchangeable 
potassium and magnesium.  For Expts 2018-4 to 2020-17, the soils samples were also analysed 
for total sulphur and phosphate-extractable sulphate.  Each soil sample was a composite of 
several, smaller samples that represented the experimental area.  The soils were analysed by 
NRM Ltd, Bracknell, Berkshire, RG42 6NS as an “in-kind” contribution to the project. 
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3.3. Petiole sampling 

On average, petioles were sampled c. 50 days after 50 % plant emergence (DAE, see Table 1 
to Table 4).  To reduce the number of samples, petioles were sampled from only six of the eight 
replicates in each experiment, with the six replicates being selected at random.  In total, a 
minimum of 25 petioles were taken from each plot and each petiole was taken from a minimum 
of 25 individual, representative, guarded plants.  Counting from the top of the plant, the petioles 
were taken from the fifth leaf > 5 mm long and, typically, this was the first fully-expanded leaf.  
After sampling, leaflets were stripped from the petiole, and the petioles were then placed in 
plastic bags which were sealed and refrigerated whilst transported to the laboratory for analysis.  
Sampling was generally done in early to mid-morning and the interval between sampling and 
reception at the laboratory was typically 24 hours or less.  Petiole analysis was done using 
standard industry methodology as an ”in-kind” contribution to the project by Omex Agriculture 
Ltd, Estuary Road, King’s Lynn, PE30 2HH.  Petiole nitrate is expressed as mg NO3-N/l of 
petiole sap and petiole sulphur as mg S/l. 
 

3.4. Crop sampling, grading and determination of tuber dry matter 
concentration 

Immediately before the experimental fields were commercially harvested, a crop sample was 
taken from each plot to measure yield and quality.  In some instances, samples were taken in 
the interval between haulm desiccation and commercial harvest.  For the two-row production 
systems, a 3 m sample was hand dug from either the second or third row of the four-row plot, 
leaving at least a 1 m discard at either end (harvest area 2.74 m2).  For the three-row systems, 
a 2 m length of the middle bed was sampled (4.00 m2), again leaving a minimum of a 1 m 
discard at either end.  For the hand-planted experiment at NIAB (Expt 2016-1), the harvest area 
was 2.70 m2 with the samples taken from rows 2 and 3 of the four-row plot. 
 
In all experiments, the number of plants and main-stems was recorded in each harvest area 
and all tubers > 10 mm were collected and returned to the laboratory for grading.  At the time 
of sampling, any rotten tubers were replaced with sound tubers of a similar size taken from a 
plant outside the sample area.  The tubers were graded into 10 mm size bands and the number 
and weight of tubers in each grade was recorded.  Total tuber yield was defined as the tuber 
yield > 10 mm.  A sub-sample of sound tubers (c. 1 kg), was taken from the 50-70 mm grades, 
washed, and then cut longitudinally into 10 × 10 mm chips prior to drying in an oven at 95 °C 
for 48 h to determine tuber dry matter (DM) concentration.  Tuber size distribution was described 
by fitting a normal distribution to the weight of tubers in each 10 mm grade and estimating mu 
(the mean tuber size), sigma (the standard deviation of the distribution about mu) and CoV (CoV 
=(sigma/mu)*100 %), (Travis 1987). 
 

3.5. Determination of tuber reducing sugar and amino acid concentration 

For Experiments 2018-4, 2018-5, 2018-7, 2019-10, 2019-11, 2019-13, 2020-14, 2020-15 and 
2020-17 a further 1 kg sub-sample of 50-70 mm tubers was collected from each plot at the time 
of grading for the measurement of tuber glucose, fructose and sucrose and amino acid 
concentration.  The tubers were stored at ambient temperature for c. 4 weeks and then delivered 
to commercial laboratories for analysis.  In 2018, the analyses were done by Eurofins Hull 
(Sutton Fields Industrial Estate, Hull, HU7 0XW) but in 2019 and 2020, the samples were 
analysed by Curtis Analytical (Harpenden, Hertfordshire, AL5 2JQ).  The tuber samples were 
analysed using industry standard methodology.  Concentrations of asparagine are expressed 
as mmol/kg of freeze-dried tubers and sugar expressed as g/kg of freeze-dried tubers.  See the 
Appendices for more details of the analytical methods used. 
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3.6. Statistical analysis 

The effects of the sulphur treatments on variates from individual experiments were tested using 
analysis of variance with the Genstat statistical package (VSN International, 2017).  The effect 
of a treatment was assumed to be statistically significant only if the probability of it occurring by 
chance was less than 5 % (P ≤ 0.05).  The combined effects of S applications at seventeen 
locations (three CUPGRA-funded experiment in 2016 and fourteen AHDB experiments in 2018-
2020 were tested using the methods described by Cochran & Cox (1957).  In total, data from 
381 plots were analysed and for this analysis the comparison was simplified to no S application 
(127 plots) or S applied (irrespective of rate of application or form of S, 254 plots).  Interactions 
between location and treatment were assessed using the pooled variance.  This pooling 
assumes that each experiment had a similar variance.  The data from Experiment 2018-9 were 
excluded from this analysis due to it having an extra treatment and fewer replicates. 
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Table 1. Key soil and agronomic details of three CUPGRA-funded S experiments in 2016. 
Experiment 2016-1 2016-2 2016-3 

Host grower NIAB Elveden EG Harrison 
Field name Field 28 Straceys Walsham West 
Location N52.2332 E0.0981 N52.3305 E0.6061 N52.8471 E1.3670 

Planting configuration Individual rows 3 row bed 2 row bed 

Plot length (m) 3 5 5 

Plot width (m) 3 5.49 3.66 

pH 7.5 7.0 7.1 

Sand (%) 56 80 60 
Silt (%) 25 7 29 
Clay (%) 19 13 11 
Soil organic matter (LOI, %) 3.3 2.5 1.9 
Variety Maris Piper Russet Burbank Rooster 
Date of planting 21 April 30 March 14 April 
Date of 50 % emergence 29 May 16 May 21 May 
Total N application (kg N/ha) 180 260 207 
Date of S application 21 April 23 March 3 May 
Ammonium sulphate 80 kg SO3/ha as 

ammonium sulphate 
125 kg SO3/ha as 
ammonium sulphate 

n.a. 

Elemental sulphur 80 kg SO3/ha as 
Headland Sulphur 

125 kg SO3/ha as 
Headland Sulphur 

40 kg or 80 SO3/ha as 
Omex Sulflo 

    
Petioles sample date (DAE) n.a. 5 July (50) n.a. 
Date of defoliation n.a. 6 September 12 September 
Date of harvest 5 October 27 September 15 September 
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Table 2. Key soil and agronomic details of six AHDB-funded S experiments in 2018.  Experiments 2018-4 to 2018-7 were part of 
the AHDB S nutrition project, whilst Experiments 2018-8 and 2018-9 were part of SPot East and North, respectively 
Experiment 2018-4 2018-5 2018-6 2018-7 2018-8 2018-9 

Host grower E G Harrison Strawson Farming Greenvale AP McCain SPot East Spot North 
Field name Dunham’s Roy Bowring 10 F4 Lintlaw 26 Acre Clay Breck Barn Field 
Location N52.8973 E1.2908 N53.1663 W1.0424 N55.8247 W2.2429 N52.5144 W2.2207 N52.3766 E0.6222 N53.5540 E0.3721 

Planting configuration 2 row bed 3 row bed 2 row bed 2 row bed 3 row bed 2 row bed 

Plot length (m) 5 5 5 7 5 3 

Plot width (m) 3.66 6.00 3.66 3.66 5.49 3.66 

pH 6.3 6.7 5.9 6.4 7.2 7.9 

Sand (%) 84 74 66 77 89 78 
Silt (%) 12 16 22 13 7 12 
Clay (%) 4 10 12 10 4 10 
Soil organic matter (LOI, %) 2.5 3.7 5.3 2.8 2.4 3.4 
Total sulphur (mg/kg) 193 269 322 172 166 340 
Sulphate S (mg/l) 19.9 19.8 24.0 17.4 25.7 19.5 
Variety Innovator VR808 Maris Piper Innovator Royal Maris Piper 
Date of planting 8 May 2 May 19 April 18 April 4 May 5 May 
Date of 50 % emergence 29 May 22 May 26 May 21 May 24 May 5 June 
Total N application (kg N/ha) 250 260 146 215 180 180 
Date of S application 17 May 8 May 4 May 3 May 4 May 5 May 
Ammonium sulphate 80 kg SO3/ha as 

ammonium 
sulphate 

125 kg SO3/ha as 
ammonium 
sulphate 

80 kg SO3/ha as 
ammonium 
sulphate 

80 kg SO3/ha as 
ammonium 
sulphate 

125 kg SO3/ha as 
ammonium 
sulphate 

125 kg SO3/ha as 
ammonium 
sulphate 

Elemental sulphur 80 kg SO3/ha as 
Headland Sulphur 

125 kg SO3/ha as 
Headland Sulphur 

80 kg SO3/ha as 
Headland Sulphur 

80 kg SO3/ha as 
Headland Sulphur 

125 kg SO3/ha as 
Headland Sulphur 

125 kg SO3/ha as 
Headland Sulphur 

Poly-halite sulphur n.a. n.a. n.a. n.a. n.a. 125 kg SO3/ha as 
ICL Polysulphate 

       
Petioles sample date (DAE) 11 July (43) 19 July (58) 18 July (53) 18 July (58) 3 July (40) 19 July (44) 
Date of defoliation 9 September n.a. 24 August 10 September 18 September 3 September 
Date of harvest 20 September 29 August 4 September 30 August 10 October 24 September 
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Table 3. Key soil and agronomic details of four AHDB-funded S experiments in 2019 

Experiment 2019-10 2019-11 2019-12 2019-13 

Host Grower EG Harrison Strawson Farming Greenvale AP McCain 
Field Name Middle Piece Baddiley C7 F29 Spylaw Steading Barn Piece 
Location N52.8532 E1.3622 N53.3304 W1.0854 N55.5801 W2.4502 N52.6903 E1.6814 

Planting configuration 2 row bed 3 row bed 2 row bed 2 row bed 

Plot Length (m) 5 5 5 5 

Plot width (m) 3.66 6.00 3.66 3.66 

pH 6.0 6.4 6.2 6.9 

Sand (%) 73 94 71 52 
Silt (%) 20 4 17 35 
Clay (%) 7 2 12 13 
Soil organic matter (LOI, %) 1.9 2.3 4.1 2.6 
Total sulphur (mg/kg) 136 118 226 195 
Sulphate S (mg/l) 16.0 29.1 33.3 35.0 
Variety Heraclea VR808 Cultra Innovator 
Date of planting 19 April 26 March 23 April 9 April 
Date of 50% emergence 27 May 9 May 22 May 8 May 
Total N application 
(kg N/ha) 

269 210 190 220 

Date of S application 2 May 3 April 30 April 29 April 
Ammonium sulphate 80 kg SO3/ha as 

ammonium sulphate 
80 kg SO3/ha as 
ammonium sulphate 

80 kg SO3/ha as 
ammonium sulphate 

80 kg SO3/ha as 
ammonium sulphate 

Elemental sulphur 80 kg SO3/ha as 
Headland Sulphur 

80 kg SO3/ha as 
Headland Sulphur 

80 kg SO3/ha as 
Headland Sulphur 

80 kg SO3/ha as 
Headland Sulphur 

     
Petioles sample date (DAE) 16 July (50) 26 June (48) 16 July (55) 26 June (49) 
Date of defoliation 26 August 16 August 17 September 31 August 
Date of sampling 2 September 28 August  1 October 20 August 
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Table 4. Key soil and agronomic details of four AHDB-funded S experiments in 2020 

Experiment 2020-14 2020-15 2020-16 2020-17 

Host Grower EG Harrison Strawson Farming Greenvale AP McCain 
Field Name Bradfield Jordan Sansom Wood 4 Craigswalls Lake Field 
Location N52.8480 E1.3611 N53.0558 W1.1245 N55.7955 W2.2579 N52.6722 E1.5837 

Planting configuration 2 row bed 3 row bed 2 row bed 2 row bed 

Plot Length (m) 5 5 5 5 

Plot width (m) 3.66 6.00 3.66 3.66 

pH 7.1 6.8 6.4 6.4 

Sand (%) 52 87 71 58 
Silt (%) 36 7 17 30 
Clay (%) 12 6 12 12 
Soil organic matter (LOI, %) 2.2 3.0 3.9 2.3 
Total sulphur (mg/kg) 216 269 316 207 
Sulphate S (mg/l) 22.5 28.6 16.2 16.6 
Variety Taurus VR 808 Cultra Innovator 
Date of planting 14 April 9 April 13 April 17 April 
Date of 50% emergence 14 May 12 May 21 May 15 May 
Total N application 
(kg N/ha) 

220 225 190 225 

Date of S application 30 Apr 20 23 April 5 May 21 May 
Ammonium sulphate 80 kg SO3/ha as 

ammonium sulphate 
80 kg SO3/ha as 
ammonium sulphate 

80 kg SO3/ha as 
ammonium sulphate 

80 kg SO3/ha as 
ammonium sulphate 

Elemental sulphur 80 kg SO3/ha as 
Headland Sulphur 

80 kg SO3/ha as 
Headland Sulphur 

80 kg SO3/ha as 
Headland Sulphur 

80 kg SO3/ha as 
Headland Sulphur 

     
Petioles sample date (DAE) 2 July (49) 1 July (50) 8 July (48) 8 July (54) 
Date of defoliation 14 August 20 August 27 September 8 September 
Date of sampling 1 September 2 September 7 September 27 August 



 

 . 
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4. RESULTS AND DISCUSSION 

4.1. Crop emergence 

For the seventeen experiments in 2016-2020, the range in planting dates was from 26 March 
(Experiment 2019-11) to 8 May (2018-4) with an average date of 18 April (Table 1 to Table 4)  
Dates of 50 % emergence ranged from 8 May (2019-13) to 5 June (2018-9) and averaged 
20 May.  As might be expected, the interval between planting and 50 % emergence decreased 
with later plantings due to increasing soil temperatures.  In the two experiments where crop 
emergence was monitored (2016-1 and 2016-2) there was no evidence that applications of S 
products had any statistically or agronomically significant effect on crop emergence.  Anecdotal 
evidence from growers and agronomists involved with the other experiments would support this. 
 

4.2. Effect of S treatments on canopy development and radiation absorption 

In two of the CUPGRA-funded experiments (2016-1 and 2016-2) season-long ground cover 
development was measured.  These data are shown graphically in Figure 1 and are 
summarised in Table 5.  In both experiments, the average season-long integrated ground 
covers (the area underneath the ground cover curves) were greater than 10 000 %  days.  This 
is equivalent to maintaining complete (100 %) ground cover for 100 days and thus these crops 
able to absorb a substantial quantity of the incoming solar radiation.  There was no evidence 
that application of S fertiliser had any detectable effect on canopy development, persistence, or 
senescence.  In consequence, there were no effects of the S treatments on radiation absorption. 
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Figure 1. Effect of sulphur treatments on crop canopy development at (a) NIAB (Expt 
2016-1) and (b) Elveden (Expt 2016-2).  Key: □, ammonium nitrate; ■, ammonium 
nitrate and elemental sulphur and , ammonium sulphate.  See Table 1 for 
treatment details. 

(a) 

 
(b) 

 
 

Table 5. Effects of S containing fertilisers on season-long integrated ground cover and 
radiation absorption at NIAB and Elveden in 2016 

 NIAB Expt 2016-1  Elveden 2016-2 

 Integrated 
ground cover 

(% days) 

Radiation 
absorption 

(TJ/ha) 

 Integrated 
ground cover 

(% days) 

Radiation 
absorption 

(TJ/ha) 

Mean 10059 15.11  10999 16.24 

0 kg SO3/ha 10032 15.05  11043 16.26 

80 or 125 kg SO3/ha as AS* 10158 15.26  10970 16.22 

80 or 125 kg SO3/ha as ES* 9986 15.03  10984 16.23 
S.E. (12 or 14 D.F.)* 129.7 0.174  80.5 0.089 

*Larger application rates used at Elveden and 14 D.F. at Elveden 
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4.3. Effect of S treatments on components of yield  

The effects of the sulphur treatments on stem and tuber population > 10 mm, total tuber FW 
yield, tuber dry matter concentration and mean tuber size for the experiments done in 2016, 
2018, 2019 and 2020 are shown in Table 6 to Table 9, respectively.  Unsurprisingly, there was 
considerable variation in stem and tuber populations, yields and DM concentration between 
season, location, and varieties.  For all seventeen experiments, plant populations averaged 
36 900/ha and ranged from 28 700 (Expt 2018-9) to 44 400/ha (2016-1).  Stem populations 
averaged 121 700/ha and exhibited a two-fold range, varying from 69 800/ha (2016-2) to 
166 200/ha (2018-4).  Total tuber populations were similarly variable and ranged from 
222 800/ha (2019-13) to 605 500 (2016-1) with an average of 447 800/ha.  Total tuber FW yields 
ranged from 35.0 t/ha (2020-15) to 79. t/ha (2016-1) and, for the seventeen experiments, had a 
mean value of 58.4 t/ha.  Although it had the smallest FW yield, Expt 2020-15 had the largest 
tuber DM concentration (26.6 %).  Experiment 2020-16 had the smallest DM concentration 
(18.4 %) and the mean value for all experiment was 22.5 %.  As might be expected, potatoes 
grown for crisping tended to have higher tuber DM concentrations than those destined for the 
fresh market.  In all seventeen experiments, there was no statistically significant effect of S 
fertilisers on stem or tuber population, tuber FW yield or tuber DM concentration, mean tuber 
size or on the CoV of the tuber size distribution. 
 
Table 6. Effect of ammonium sulphate (AS) or elemental sulphur (ES) on 
components of yield at three locations in 2016 

 
 
Location and variety 

Stem 
population 
(000/ha) 

Total tuber 
population 
(000/ha) 

Total tuber 
FW yield 

(t/ha) 

Tuber DM 
concentration 

(%) 

Mean tuber 
size 
(mm) 

CoV of 
tuber size 

(%) 

2016-1 NIAB Maris Piper      
Mean 117 605 79.0 24.7 61.0 19.1 
0 kg SO3/ha 121 612 79.1 24.6 60.8 19.0 
80 kg SO3/ha as AS 113 593 81.6 25.0 62.0 19.3 
80 kg SO3/ha as ES 118 612 76.2 24.6 60.1 18.9 
S.E. (14 D.F.) 8.7 23.4 2.38 0.28 0.69 0.56 
       
2016-2 Elveden Russet Burbank      
Mean 69.8 268 64.8 21.9 64.9 16.9 
0 kg SO3/ha 70.1 278 68.5 21.8 65.1 16.7 
125 kg SO3/ha as AS 68.7 258 62.7 21.8 65.2 17.2 
125 kg SO3/ha as ES 70.7 269 63.1 22.2 64.4 16.8 
S.E. (14 D.F.) 2.15 9.5 2.02 0.28 0.97 0.93 
       
2016-3 E G Harrison Rooster      
Mean 89.2 513 60.4 23.9 54.9 16.6 
0 kg SO3/ha 87.9 538 60.7 23.9 54.1 16.5 
40 kg SO3/ha as ES 87.0 494 58.5 24.0 55.1 16.5 
80 kg SO3/ha as ES 92.5 508 62.2 23.8 55.5 16.7 
S.E. (14 D.F.) 5.00 19.3 1.84 0.23 0.76 0.45 
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Table 7. Effect of ammonium sulphate (AS), elemental sulphur (ES) or Polysulphate 
(PS, at Godfrey only) on components of yield at six locations in 2018 

 
 
Location and variety 

Stem 
population 
(000/ha) 

Total tuber 
population 
(000/ha) 

Total tuber 
FW yield 

(t/ha) 

Tuber DM 
concentration 

(%) 

Mean tuber 
size 
(mm) 

CoV of 
tuber size 

(%) 

2018-4 E G Harrison, Innovator      
Mean 166 451 56.7 21.3 55.1 15.4 
0 kg SO3/ha 179 479 53.6 20.6 54.2 16.0 
80 kg SO3/ha as AS 162 426 60.0 21.4 56.1 14.5 
80 kg SO3/ha as ES 158 447 56.6 21.0 55.0 15.6 
S.E. (14 D.F.) 9.3 20.0 2.43 0.25 0.78 0.67 

      
2018-5 Strawson Farming, VR808      
Mean 148 597 63.8 23.1 56.6 16.4 
0 kg SO3/ha 142 574 61.3 23.1 56.8 16.5 
125 kg SO3/ha as AS 150 592 62.2 23.3 56.0 16.4 
125 kg SO3/ha as ES 153 624 67.8 22.9 56.8 16.4 
S.E. (14 D.F.) 5.6 21.9 3.41 0.21 0.89 0.41 

      
2018-6 Greenvale AP, Maris Piper      
Mean 119 433 55.6 19.3 58.3 17.0 
0 kg SO3/ha 114 406 57.3 19.3 59.6 16.4 
80 kg SO3/ha as AS 121 448 55.1 19.3 57.7 17.6 
80 kg SO3/ha as ES 123 444 54.4 19.4 57.5 17.1 
S.E. (14 D.F.) 11.5 35.0 1.42 0.23 1.16 0.82 

      
2018-7 McCain, Innovator      
Mean 99 296 53.1 22.1 59.6 13.5 
0 kg SO3/ha 102 299 52.3 22.0 59.8 13.8 
80 kg SO3/ha as AS 97 305 55.2 22.3 59.8 13.9 
80 kg SO3/ha as ES 99 285 52.0 22.1 59.2 12.9 
S.E. (14 D.F.) 3.1 15.2 2.36 0.10 0.86 0.74 

      
2018-8 SPot East, Royal      
Mean 155 475 72.6 21.0 64.8 16.8 
0 kg SO3/ha 167 486 70.9 21.4 64.1 17.7 
125 kg SO3/ha as AS 142 454 71.6 21.0 65.1 16.2 
125 kg SO3/ha as ES 157 484 75.4 20.7 65.3 16.6 
S.E. (14 D.F.) 17.1 25.0 2.22 0.34 0.88 0.45 

      
2018-9 SPot North, Maris Piper      
Mean 111 339 43.4 24.1 59.5 14.2 
0 kg SO3/ha 124 324 41.4 24.2 58.0 13.2 
125 kg SO3/ha as AS 105 340 42.3 24.1 58.3 13.0 
125 kg SO3/ha as ES 126 396 48.1 24.2 58.5 15.9 
125 kg SO3/ha as PS 88 296 41.8 24.0 63.0 15.6 
S.E. (14 D.F.) 13.9 40.5 3.06 0.22 2.12 0.99 
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Table 8. Effect of ammonium sulphate (AS) or elemental sulphur (ES) on 
components of yield at four locations in 2019 

 
 
Location and variety 

Stem 
population 
(000/ha) 

Total tuber 
population 
(000/ha) 

Total tuber 
FW yield 

(t/ha) 

Tuber DM 
concentration 

(%) 

Mean tuber 
size 
(mm) 

CoV of 
tuber size 

(%) 

2019-10 EG Harrison, Heraclea      
Mean 153 499 49.6 23.1 52.2 15.8 
0 kg SO3/ha 151 489 48.7 23.4 52.4 16.8 
80 kg SO3/ha as AS 151 501 49.9 23.4 51.9 15.2 
80 kg SO3/ha as ES 156 507 50.2 22.5 52.2 15.3 
S.E. (14 D.F.) 9.0 18.8 1.07 0.20 0.59 0.61 
       
2019-11 Strawson Farming, VR808      
Mean 149 577 51.0 20.9 49.3 12.4 
0 kg SO3/ha 148 577 52.1 20.7 49.6 12.4 
80 kg SO3/ha as AS 158 596 50.4 21.0 48.9 12.7 
80 kg SO3/ha as ES 140 558 50.5 20.9 49.6 12.0 
S.E. (14 D.F.) 5.1 19.9 1.07 0.26 0.48 0.39 
       
2019-12 Greenvale AP, Cultra      
Mean 121 516 63.4 20.0 56.9 14.8 
0 kg SO3/ha 125 521 62.4 19.9 56.9 15.0 
80 kg SO3/ha as AS 115 486 64.5 19.9 57.4 14.2 
80 kg SO3/ha as ES 122 540 63.4 20.1 56.3 15.1 
S.E. (14 D.F.) 6.0 20.8 1.72 0.33 0.57 0.46 
       
2019-13 McCain, Innovator      
Mean 71 223 54.2 24.0 65.4 16.3 
0 kg SO3/ha 73 221 55.1 24.1 66.0 16.6 
80 kg SO3/ha as AS 68 216 53.1 23.9 65.2 16.3 
80 kg SO3/ha as ES 72 232 54.3 24.1 65.0 16.2 
S.E. (14 D.F.) 5.9 13.2 1.93 0.22 0.97 0.66 

 



 

 
© Agriculture and Horticulture Development Board 2021 

18 

Table 9. Effect of ammonium sulphate (AS) or elemental sulphur (ES) on 
components of yield at four locations in 2020 

 
 
Location and variety 

Stem 
population 
(000/ha) 

Total tuber 
population 
(000/ha) 

Total tuber 
FW yield 

(t/ha) 

Tuber DM 
concentration 

(%) 

Mean tuber 
size 
(mm) 

CoV of 
tuber size 

(%) 

2020-14 EG Harrison, Taurus      
Mean 121 396 45.6 24.1 59.5 16.0 
0 kg SO3/ha 119 408 47.0 24.0 59.6 16.3 
80 kg SO3/ha as AS 126 385 45.2 23.9 59.8 16.4 
80 kg SO3/ha as ES 120 395 44.7 24.3 59.2 15.3 
S.E. (14 D.F.) 6.7 18.1 2.06 0.27 1.25 0.55 
       
2020-15 Strawson Farming, VR808      
Mean 152 513 35.0 26.6 46.9 15.7 
0 kg SO3/ha 144 511 35.0 26.3 47.7 16.9 
80 kg SO3/ha as AS 164 508 35.7 26.6 46.7 15.3 
80 kg SO3/ha as ES 149 521 34.3 26.8 46.5 15.0 
S.E. (14 D.F.) 10.0 14.0 1.55 0.36 0.74 1.11 
       
2020-16 Greenvale AP, Cultra      
Mean 121 527 74.1 18.4 62.3 15.1 
0 kg SO3/ha 119 520 73.5 18.6 61.8 15.1 
80 kg SO3/ha as AS 118 524 73.9 18.2 62.3 15.1 
80 kg SO3/ha as ES 126 537 75.1 18.5 62.8 15.2 
S.E. (14 D.F.) 6.0 29.0 0.97 0.14 0.92 0.54 
       
2020-17 McCain, Innovator      
Mean 111 405 72.3 23.7 62.1 15.5 
0 kg SO3/ha 114 422 71.8 23.5 61.6 15.5 
80 kg SO3/ha as AS 113 407 72.4 23.5 62.2 15.5 
80 kg SO3/ha as ES 107 385 72.6 24.2 62.6 15.6 
S.E. (14 D.F.) 5.4 12.6 1.85 0.60 0.54 0.43 

 
 

4.4. Multi-location analysis of effects of S treatments on tuber yield and dry 
matter concentration 

The multi-location analysis of the effects of S application on yield and tuber DM concentration 
is shown in Table 10.  For the sixteen experiments (Experiment 2018-9 was excluded ), the 
overall average yield and tuber DM concentration were 59.3 t/ha and 22.4 %, respectively.  
Collectively, applying some S fertiliser (irrespective of rate of application or form) was 
associated with a very small, numeric increase in yield of 0.2 t/ha, but this increase was not 
statistically significant.  There was no evidence that responses to S fertiliser varied from location 
to location.  There was no evidence that tuber DM concentration was affected by use of S 
fertiliser and averaged 22.4 %. 
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Table 10. Multi-location analysis of the effect of sulphur fertiliser on total fresh weigh 
yield and tuber dry matter concentration 2016-2020 
 Total tuber FW yield (t/ha) Tuber dry matter concentration (%) 

Overall Mean 59.3 22.4 
No sulphur 59.2 22.3 
With sulphur 59.4 22.4 
S.E. (349 D.F.) 0.52 0.07 
       
  

Mean 
No 

sulphur 
With 

sulphur 
 

Mean 
No 

sulphur 
With 

sulphur 

2016-1 79.0 79.1 78.9 24.7 24.6 24.8 
2016-2 64.8 68.6 62.9 21.9 21.8 22.0 
2016-3 60.4 60.7 60.3 23.9 23.9 23.9 
2018-4 56.7 53.6 58.3 21.0 20.6 21.2 
2018-5 63.8 61.3 65.0 23.1 23.1 23.1 
2018-6 55.6 57.4 54.7 19.3 19.3 19.4 
2018-7 53.1 52.3 53.6 22.1 22.0 22.2 
2018-8 72.6 70.9 73.5 21.0 21.4 20.9 
2019-10 49.6 48.7 50.0 23.1 23.4 23.0 
2019-11 51.0 52.1 50.5 20.9 20.7 21.0 
2019-12 63.4 62.4 63.9 20.0 19.9 20.0 
2019-13 54.2 55.1 53.7 24.0 24.1 24.0 
2020-14 45.7 47.0 45.0 24.1 24.0 24.1 
2020-15 35.0 34.9 35.0 26.6 26.3 26.7 
2020-16 74.1 73.5 74.5 18.4 18.6 18.4 
2020-17 72.3 71.8 72.5 23.7 23.5 23.9 
S.E. (349 D.F.) 1.27 1.45 or 2.19* 0.18 0.20 or 0.31* 

*Larger S.E. for comparisons with no sulphur 
 

4.5. Effect of S treatments on petiole nutrient concentration 

An experimental objective was to test whether measurement of petiole sulphate could be used 
as reliable diagnostic of sulphur deficiency and a predictor of a positive response to application 
of S containing fertilisers.  In total the concentration of key nutrients in petioles was measured 
in fifteen experiments.  On average, petiole samples were taken 50 days after 50 % plant 
emergence (DAE) but this ranged from 40 DAE (Expt 2018-8) to 58 DAE (Expt 2018-7 and 
2018-5).  A feature of the petiole nutrient data was their variability, and this is summarised in 
Table 11.  The coefficient of variation was particularly large for petiole calcium (161 %) whilst 
for nitrate, magnesium and phosphate the coefficient was c. 65-70%.  With the exception of 
petiole nitrate, the distributions of petiole concentrations were non-normal as indicated by the 
large differences between the mean and median values.   
 
Table 11. Summary statistics for concentration of nutrients in petioles sampled c. 50 
days after emergence 
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Number of samples 281 281 281 281 281 281 
Mean 655 394 215 6309 93 128 
Standard error of mean 25.6 37.8 8.6 123.7 3.6 2.9 
Standard deviation 447 634 143 2074 60 49 
Coefficient of variation (%) 68 161 67 33 65 38 
Median 690 146 165 5894 83 120 
Lower quartile 239 19 129 5102 54 94 
Upper quartile 1008 345 251 7456 121 157 
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Table 12 to Table 14 show the effects of application of S containing fertilisers on petiole 
concentrations of nitrate, calcium, magnesium, potassium, phosphate, and sulphur.  In general, 
there was little effect of the S fertilisers on petiole nitrate concentration. Petiole nitrate was 
significantly affected by S fertiliser in Expts 2019-11 and 2019-13.  Petiole magnesium was 
increased in Expt 2020-15.  Petiole sulphate was significantly increased by S fertiliser in Expts 
2016-2, 2019-10, 2019-12 and 2020-16.  However, there was an indication that application of 
S fertilisers increased petiole S at most sites even though this was not always statistically 
significant. 
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Table 12. Effect of ammonium sulphate (AS), elemental sulphur (ES) or polyhalite 
sulphate (PS) on petiole concentration of nitrate, calcium, magnesium, potassium, 
phosphate, and sulphate at one location in 2016 and six locations in 2018 
Location and variety Nitrate-N 

(mg/l) 
Calcium 
(mg Ca/l) 

Magnesium 
(mg Mg/l) 

Potassium 
(mg K/l) 

Phosphate 
(mg P/l) 

Sulphur 
(mg S/l) 

2016-2 Elveden, Russet Burbank      

Mean 61 1590 484 4836 63.7 192 

0 kg SO3/ha 56 1340 453 4868 65.9 136 

125 kg SO3/ha as AS 72 1728 511 4879 66.0 251 

125 kg SO3/ha as ES 75 1702 489 4760 59.3 189 

S.E. (14 D.F.) 17.8 124.5 22.6 83.9 2.34 20.9 

       

2018-4 E G Harrison, Innovator      

Mean 955 294 130 9042 9.0 123 

0 kg SO3/ha 1017 310 130 9115 8.8 115 

80 kg SO3/ha as AS 962 291 125 9008 8.6 129 

80 kg SO3/ha as ES 886 282 133 9001 9.6 124 

S.E. (10 D.F.) 35.6 37.6 6.8 260.4 0.49 8.2 

       

2018-5 Strawson Farming, VR808      

Mean 22 101 143 2553 36 68 

0 kg SO3/ha 25 84 128 2512 39 56 

125 kg SO3/ha as AS 4 110 147 2593 31 75 

125 kg SO3/ha as ES 38 109 145 2554 38 73 

S.E. (10 D.F.) 14.3 22.2 12.8 223.4 5.4 6.7 

       

2018-6 Greenvale AP, Maris Piper      

Mean 331 19 144 7642 228 138 

0 kg SO3/ha 348 24 148 7657 232 130 

80 kg SO3/ha as AS 366 16 140 7557 239 138 

80 kg SO3/ha as ES 280 17 145 7711 214 148 

S.E. (10 D.F.) 55.1 4.8 6.3 250.5 12.3 7.6 

       

2018-7 McCain, Innovator      

Mean 1168 2100 535 5143 74 160 

0 kg SO3/ha 1285 2136 545 4855 78 145 

80 kg SO3/ha as AS 1074 2036 539 5079 72 173 

80 kg SO3/ha as ES 1145 2127 522 5495 73 163 

S.E. (10 D.F.) 162.3 182.2 89.9 667.5 5.9 17.8 

       

2018-8 SPot East, Royal      

Mean 582 34 252 11253 14 98 

0 kg SO3/ha 556 31 256 11527 14 93 

125 kg SO3/ha as AS 591 34 247 11387 13 106 

125 kg SO3/ha as ES 598 38 254 10846 15 96 

S.E. (10 D.F.) 70.8 8.6 11.2 213.1 0.9 4.4 

       

2018-9 SPot North, Maris Piper      

Mean 981 338 260 8204 94 170 

0 kg SO3/ha 894 325 259 7947 92 164 

125 kg SO3/ha as AS 1054 366 259 8250 96 173 

125 kg SO3/ha as ES 935 295 258 8310 95 167 

125 kg SO3/ha as PS 1043 365 265 8307 93 177 

S.E. (15 D.F.) 57.9 37.9 16.7 208.9 8.5 8.8 
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Table 13. Effect of ammonium sulphate (AS) or elemental sulphur (ES) on petiole 
concentration of nitrate, calcium, magnesium, potassium, phosphate, and sulphate at 
four locations in 2019 

Location and variety Nitrate-N 
(mg N/l) 

Calcium 
(mg Ca/l) 

Magnesium 
(mg Mg/l) 

Potassium 
(mg K/l) 

Phosphate 
(mg P/l) 

Sulphur 
(mg S/l) 

2019-10 EG Harrison, Heraclea      

Mean 951 298 167 5448 87 175 

0 kg SO3/ha 1022 296 158 5475 89 153 

80 kg SO3/ha as AS 897 304 166 5275 82 174 

80 kg SO3/ha as ES 933 294 176 5596 89 199 

S.E. (10 D.F.) 74.7 28.0 9.1 129.3 2.80 6.2 

       

2019-11 Strawson Farming, VR808     

Mean 314 13.1 126 6362 165 74 

0 kg SO3/ha 267 13.8 126 6505 157 70 

80 kg SO3/ha as AS 328 11.7 114 6215 176 73 

80 kg SO3/ha as ES 347 13.8 138 6367 163 79 

S.E. (10 D.F.) 17.1 1.43 8.7 166 9.8 3.4 

      

2019-12 Greenvale AP, Cultra      

Mean 672 13.5 178 5984 110 109 

0 kg SO3/ha 722 13.8 188 5933 114 83 

80 kg SO3/ha as AS 666 13.2 173 6013 109 118 

80 kg SO3/ha as ES 627 13.5 174 6006 106 125 

S.E. (10 D.F.) 31.2 0.86 4.3 94.8 4.0 4.3 

      

2019-13 McCain, Innovator      

Mean 994 113 81 6034 132 107 

0 kg SO3/ha 1007 115 79 5978 127 101 

80 kg SO3/ha as AS 910 105 75 5673 121 102 

80 kg SO3/ha as ES 1064 118 90 6449 147 117 

S.E. (10 D.F.) 38.4 7.0 5.3 201.8 7.6 7.4 
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Table 14. Effect of ammonium sulphate (AS) or elemental sulphur (ES) on petiole 
concentration of nitrate, calcium, magnesium, potassium, phosphate, and sulphate at 
four locations in 2020 

Location and variety Nitrate-N 
(mg N/l) 

Calcium 
(mg Ca/l) 

Magnesium 
(mg Mg/l) 

Potassium 
(mg K/l) 

Phosphate 
(mg P/l) 

Sulphur 
(mg S/l) 

2020-14 EG Harrison, Heraclea      

Mean 1226 270 221 5610 53.4 159 

0 kg SO3/ha 1291 272 217 5703 52.9 155 

80 kg SO3/ha as AS 1203 274 218 5628 54.2 162 

80 kg SO3/ha as ES 1185 266 227 5500 53.0 160 

S.E. (10 D.F.) 83.9 15.1 25.1 235.3 3.11 8.2 

       

2020-15 Strawson Farming, VR808     

Mean 48.2 22.5 168 5493 178 123 

0 kg SO3/ha 47.1 23.7 157 5529 183 116 

80 kg SO3/ha as AS 68.4 21.3 179 5587 177 123 

80 kg SO3/ha as ES 29.0 22.5 168 5363 174 130 

S.E. (10 D.F.) 11.18 3.24 5.3 149.3 15.1 4.9 

      

2020-16 Greenvale AP, Cultra      

Mean 1082 18.1 93.1 6002 79.8 78.1 

0 kg SO3/ha 1163 19.7 94.7 6145 82.6 55.4 

80 kg SO3/ha as AS 1005 18.3 89.5 5750 76.8 85.2 

80 kg SO3/ha as ES 1080 16.4 95.2 6112 80.1 93.7 

S.E. (10 D.F.) 45.6 1.80 4.58 272.1 2.25 5.27 

      

2020-17 McCain, Innovator      

Mean 500 289 143 4860 82.9 102 

0 kg SO3/ha 477 297 145 4798 83.5 102 

80 kg SO3/ha as AS 521 290 150 5096 85.2 107 

80 kg SO3/ha as ES 502 281 134 4687 80.0 98 

S.E. (10 D.F.) 53.4 25.3 7.3 135.5 2.88 5.1 

 
Using the multi-location analysis described above (again omitting the SPot North (2018-9), the 
average petiole sulphate concentration was 109 mg/l when no S was applied and 131 mg/l when 
S was applied as either ammonium sulphate or elemental sulphur (Table 15) and the effect of 
S was statistically significant.  In these experiments there was no evidence that elemental S 
was more or less effective than ammonium sulphate in increasing petiole sulphate 
concentration.  The only experiment where application of S did not result in a numeric increase 
in petiole sulphate was the McCain site in 2020 where the S treatment were applied about one 
week after crop emergence.  Collectively, these data suggest that whilst applying S containing 
fertilisers increased petiole sulphate, this increase was not translated into an increase in tuber 
FW yield. 
 
An objective of this project was to define petiole sulphur concentrations below which responses 
to sulphur might be expected.  Since, no significant responses to S fertiliser were seen in this 
series of experiments it was not possible to complete this objective.  To confirm this, 
Regressions of response to S fertiliser against control plot petiole sulphur and control plot soil 
sulphate are shown in Figure 2a and b, respectively.  In both cases, the regressions were non-
significant (P=0.545 and P=0.200, respectively) indicating that, in these experiments, “critical” 
concentration of sulphur in petiole and sulphate in soil was probably less than c. 45 mg/l and 
c. 15 mg/l, respectively, 
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Figure 2. Relationship between percentage change in yield in response to applying 
sulphur fertiliser and (a) petiole sulphur concentration of control plots c. 50 
days after emergence and (b) soil sulphate concentration in control plots 
between planting and emergence. 
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Table 15. Multi-location analysis of the effect of sulphur fertiliser on petiole sulphur 
and nitrate concentration. 
 Petiole sulphur (mg S/l)  Petiole nitrate-N (mg/l) 

Overall Mean 124  623 
    
No sulphur 109  649 
With sulphur 131  609 
S.E. 2.9  18.6 
  

Mean 
No 

sulphur 
With 

sulphur 
  

Mean 
No 

sulphur 
With 

sulphur 

2016-2 192 136 220  61 56 63 
2018-4 123 115 126  955 1017 923 
2018-5 68 56 74  22 25 21 
2018-6 138 130 143  331 348 323 
2018-7 160 145 168  1168 1285 1110 
2018-8 98 93 101  582 556 594 
2019-10 175 153 186  95 1022 915 
2019-11 74 70 76  314 267 337 
2019-12 109 83 122  672 722 646 
2019-13 107 101 110  994 1007 987 
2020-14 159 155 161  1226 1291 1194 
2020-15 123 116 127  47 47 47 
2020-16 78 55 89  1082 1163 1042 
2020-17 102 102 102  500 477 511 
S.E. 6.4 6.8 or 11.1*  40.7 43.2 or 70.5* 

* Larger S.E. used for comparisons involving no sulphur treatments 
 
There are few recent data that allow the petiole sulphur data in shown in Table 15 to be put into 
context.  A review by Walworth and Muniz (1995) found relatively little information relating 
petiole S to sulphur deficiency but petiole S was thought to sufficient when petiole S 
concentrations were c. 0.2 to 0.5 %  A slightly more recent review (Lang et al. 1999) reported 
sufficiency ranges of 0.22 to 0.25 % sulphate-S at tuber initiation (c. 20 DAE), decreasing to 
0.20 to 0.22 % sulphate-S at c. 50 DAE.   
 

4.6. Effect of S fertiliser on precursors to acrylamide formation 

An objective of the project was to test the effects of S fertilisers on the concentration of 
compounds known to be precursors to acrylamide formation during high-temperature cooking 
(e.g. frying) of potato tubers.  The effect of application S, as ammonium sulphate or as elemental 
S, tuber concentrations of asparagine, glucose, fructose and sucrose for the experiments done 
in 2018, 2019 and 2020 are shown in Table 16, Table 17 and Table 18, respectively.  In 2018, 
this analysis was limited by the poor sensitivity of the analytical methods for the quantification 
of glucose and fructose.  However, there was no evidence that application of S fertilisers 
affected the concentrations of either asparagine or sucrose.  In 2019 and 2020, more sensitive 
technology was used and the limits of quantification (LOQ) for asparagine, glucose and fructose 
were estimated to be c. 0.05 mmol/kg, 0.042 g/kg and 0.012 g/kg of fresh potato, respectively.  
In the 2019 experiments (Table 17), levels of asparagine and glucose were within ranges 
published in refereed papers and reports (e.g. Brunton et al. (2006), Burch et al. (2008), 
Muttucumaru et al. (2013) and Vivanti et al. (2006)).  However, despite, increased sensitivity, 
fructose was not detectable in any sample.  In 2020, concentrations of asparagine and glucose 
tended to be larger than those found in 2019.  Fructose was detected in the 2020 samples but 
at a much lower concentration than glucose.  On average, sucrose concentrations were lower 
in 2020 than in 2019.  As might be expected, there was some site/variety difference in 
concentrations, however there was no significant effect of S fertiliser on asparagine, glucose, 
fructose or sucrose in any experiment.  These data show that routine applications of S 
containing fertilisers to potato crops is unlikely to improve processing quality by reducing the 
concentration of acrylamide precursors in harvested tubers. 
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Table 16. Effect of ammonium sulphate (AS), elemental sulphur (ES) or polyhalite 
sulphate (PS) on concentration of asparagine, glucose, fructose, and sucrose in potato 
tubers at three locations in 2018 

 
Location and variety 

Asparagine 

(mmol/kg DW) 

Glucose 
(g/kg DW) 

Fructose 
(g/kg DW) 

Sucrose 
(g/kg DW) 

2018-4 EG Harrison, Innovator    

Mean 23.7 1.0 1.0 1.7 

0 kg SO3/ha 24.0 1.0 1.0 1.8 

80 kg SO3/ha as AS 22.2 1.0 1.0 1.7 

80 kg SO3/ha as ES 25.0 1.0 1.0 1.5 

S.E. (10 D.F.) 1.40 n.a. n.a. 0.22 

     

2018-5 Strawson Farming, VR808    

Mean 16.3 1.0 1.0 1.1 

0 kg SO3/ha 17.0 1.0 1.0 1.0 

80 kg SO3/ha as AS 15.4 1.0 1.0 1.0 

80 kg SO3/ha as ES 16.4 1.0 1.0 1.3 

S.E. (10 D.F.) 1.21 n.a. n.a. 0.12 

     

2018-7 McCain, Innovator     

Mean 21.3 1.0 1.0 1.7 

0 kg SO3/ha 21.4 1.0 1.0 1.7 

80 kg SO3/ha as AS 19.9 1.0 1.0 1.8 

80 kg SO3/ha as ES 22.6 1.0 1.0 1.7 

S.E. (10 D.F.) 2.04 n.a. n.a. 0.23 

 
Table 17. Effect of ammonium sulphate (AS) or elemental sulphur (ES) on 
concentrations of asparagine, glucose, fructose, and sucrose in potato tubers at three 
locations in 2019 
 
Location and variety 

Asparagine 

(mmol/kg DW) 

Glucose 
(g/kg DW) 

Fructose 
(g/kg DW) 

Sucrose 
(g/kg DW) 

2019-10 EG Harrison, Heraclea    

Mean 27.4 0.18 0.00 15.0 

0 kg SO3/ha 28.3 0.02 0.00 15.0 

80 kg SO3/ha as AS 27.8 0.04 0.00 15.5 

80 kg SO3/ha as ES 25.9 0.48 0.00 14.6 

S.E. (10 D.F.) 1.04 0.237 - 0.33 

     

2019-11 Strawson Farming, VR808    

Mean 20.1 0.10 0.00 13.9 

0 kg SO3/ha 19.5 0.06 0.00 14.2 

80 kg SO3/ha as AS 20.8 0.13 0.00 14.0 

80 kg SO3/ha as ES 19.9 0.10 0.00 13.6 

S.E. (10 D.F.) 1.76 0.036 - 0.39 

     

2019-13 McCain, Innovator     

Mean 15.1 1.79 0.00 20.4 

0 kg SO3/ha 14.8 1.98 0.00 20.5 

80 kg SO3/ha as AS 15.2 1.67 0.00 21.0 

80 kg SO3/ha as ES 15.2 1.71 0.00 19.9 

S.E. (10 D.F.) 0.62 0.350 - 0.54 
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Table 18. Effect of ammonium sulphate (AS) or elemental sulphur (ES) on concentrations 
of asparagine, glucose, fructose, and sucrose in potato tubers at three 
locations in 2020 

 
Location and variety 

Asparagine 

(mmol/kg DW) 

Glucose 
(g/kg DW) 

Fructose 
(g/kg DW) 

Sucrose 
(g/kg DW) 

2020-14 EG Harrison, Taurus    

Mean 36.4 1.45 0.21 10.8 

0 kg SO3/ha 33.0 1.41 0.20 11.0 

80 kg SO3/ha as AS 41.5 1.45 0.22 10.2 

80 kg SO3/ha as ES 34.9 1.51 0.21 11.1 

S.E. (10 D.F.) 2.72 0.124 0.018 0.61 

     

2020-15 Strawson Farming, VR808    

Mean 18.0 0.90 0.11 9.6 

0 kg SO3/ha 16.8 1.04 0.15 9.7 

80 kg SO3/ha as AS 20.3 0.87 0.11 9.4 

80 kg SO3/ha as ES 17.0 0.78 0.07 9.8 

S.E. (10 D.F.) 2.06 0.092 0.035 0.36 

     

2020-17 McCain, Innovator     

Mean 29.4 1.75 0.49 12.8 

0 kg SO3/ha 31.4 1.68 0.44 13.2 

80 kg SO3/ha as AS 26.4 1.85 0.55 12.5 

80 kg SO3/ha as ES 30.4 1.73 0.50 12.6 

S.E. (10 D.F.) 2.57 0.196 0.084 0.67 
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5. CONCLUSIONS 

Collectively, the fourteen AHDB-funded experiments between 2018 and 2020 and the three 
CUPGRA-funded experiments in 2016 were done on soil types and locations typical of UK 
potato production.  On average, total yields in the experiments were substantially larger than 
the long-term average yield (for example, provisional estimates of 2020 yields are 46.3 t/ha, 
(AHDB 2021)).  Individually and collectively, these experiments showed that potato crops are 
not responsive to applications of S fertiliser.  Since petiole concentrations were increased by 
application of S containing fertilisers (irrespective of form) the lack of yield response is unlikely 
to be a consequence of lack of availability.  There was no evidence that withholding S fertiliser 
had any significant effect on tuber dry matter concentration.  Furthermore, there was no 
evidence that the concentrations of key precursors to acrylamide formation when potato is 
cooked (asparagine and reducing sugars) were increased in the absence of S fertilisers. 
In the absence of any yield or quality responses, it is not possible to set thresholds for diagnostic 
tests (e.g. for soil sulphate or petiole S) that predict the probability of a positive response to an 
application of sulphur fertiliser. 
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8. APPENDIX MEASUREMENT OF FREE ASPARAGINE, GLUCOSE, FRUCTOSE AND 

SUCROSE IN POTATO TUBERS. 

In 2018, potato tubers (c. 500 g FW/plot) were sent to Eurofins (Hull) for analysis.  Sugars were 
extracted in water and the extract clarified and filtered.  The aqueous extract was then analysed 
using high-pressure liquid chromatography (HPLC) using pulsed amperometric detection.  The 
limits of quantification (LOQ) were estimated to be 0.1 g/100 FW tuber for fructose, glucose, 
and sucrose.  Free asparagine was determined in freeze dried tubers using an enzymatic 
method (Megazyme, K-ASNAM 07/17) and then ultraviolet/visible (UV/VIS) spectrophotometry 
after centrifugation.  The LOQ for free asparagine was estimated to be c. 0.02-0.05 g/100 DW.  
In 2019 and 2020, potato samples were analysed by Curtis Analytical (Harpenden, 
Hertfordshire).  Potato tubers (c. 1000 g FW/plot) were chipped, freeze-dried for five-days and 
then milled to a fine powder in food-processor.  Amino acids and sugars were then extracted 
with 0.01N HCl and then centrifuged.  Amino acids were analysed after derivatisation following 
the method of Curtis et al. (2018) and sugars were analysed using ion-chromatography following 
the method of Elmore et al (2005).  The LOQs for glucose, fructose and sucrose were estimated 
to be 0.042, 0.012 and 0.027 g/kg, respectively.  The LOQ for free asparagine was estimated 
to be c. 0.5 mmol/kg. 


