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Abstract: Organic wheat production systems have lower yields compared with intensive conventional
production and often do not achieve the grain protein content and quality thresholds set by millers
and bakers. In contrast, organic production methods were reported to result in higher concentrations
of nutritionally desirable micronutrients and lower concentrations of the toxic metal Cd in wheat grain
and wholegrain flour. However, although N-availability and variety characteristics are known to
affect both gain yields and bread-making quality, the exact reasons for the yield gap and differences in
grain processing and nutritional quality between organic and conventional spring wheat production
in the UK are poorly understood. The overall aim of this study was therefore to determine to what
extent changes in variety choice and fertilization regimes may reduce the yield gap and improve
processing quality without affecting nutritional quality in organic spring wheat production. To
achieve this aim, we compared crop health, yield, grain processing, and nutritional quality parameters
in spring wheat produced using (i) six contrasting spring wheat varieties grown with a standard
fertilization regime and (ii) one variety widely used by organic farmers (Paragon) with nine different
fertilization regimes in (iii) three UK sites/farms with contrasting pedoclimatic conditions. Significant
differences in foliar disease severity, grain yield, and quality parameters were detected between six
contrasting spring wheat varieties when grown under organic management regimes. Specifically,
the varieties Paragon and Tybalt were identified as the best-performing varieties with respect to
foliar disease resistance and grain yield under organic farming conditions and also produced high
processing and nutritional quality across the three UK sites. However, the highest grain yields
were obtained by Paragon at the Gilchester site and Tybalt at the Sheepdrove and Courtyard sites,
while the highest protein contents were produced by Tybalt at the Gilchester site and Paragon at the
Sheepdrove and Courtyard sites, which suggests that there is a need for site-specific wheat variety
selection in the UK organic sector. Although organic fertilizer input type and level also affected wheat
performance, differences between fertilization regimes were smaller than those observed between
the five contrasting varieties, which suggests that improvements in spring wheat breeding/selection
have a greater potential for increasing crop yield and quality in the organic sector compared with
changes to fertilization practices. Overall, results suggest it is feasible to breed/select spring wheat
varieties that combine high protein, vitamin E, and micronutrients with low toxic metal (Cd, Pb)
concentrations when produced under organic farming conditions. These findings also support the
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hypothesis that differences in variety choice by organic and conventional farmers have contributed to
the differences in nutritional quality between organic and conventional wheat products reported in
previous studies.

Keywords: organic spring wheat; disease severity; bread-making quality; nutritional quality; vitamin E;
Fe; Zn; Cd; Pb

1. Introduction

There is increasing evidence that modern bread wheat varieties developed for high-
input conventional production systems may lack many of the traits desired by organic
farmers, including competitiveness against weeds, disease resistance, and nutrient up-
take efficiency from organic fertilizer inputs [1–3]. Also, it has become clear that variety
comparisons/trials carried out in the background of conventional high-input agronomic
practices do not accurately predict the performance and ranking of varieties (in terms of
crop health, grain yield, and quality parameters) in organic production, even when carried
out in similar pedoclimatic environments [3–9].

Studies comparing modern, short-straw winter wheat varieties developed for con-
ventional farming with longer-straw traditional varieties or new varieties developed for
organic farming systems indicate that grain from modern varieties has lower concentrations
of phenolics/antioxidants and/or mineral micronutrients (e.g., Cu, Fe, Se, and Zn) [3,5,7–9].
Also, recent retail surveys in Germany and the UK demonstrated that (1) conventional
wheat flour has significantly lower antioxidant activity and concentrations of phenolics and
mineral micronutrients compared with organic wheat flour, and (2) composition differences
are greater in whole grain compared with refined flour products [3,10]. However, there is
limited information on the differences in nutritional quality between spring wheat varieties.
Also, it remains unclear to what extent contrasting (i) varieties and/or (ii) agronomic
practices used in organic and conventional wheat production systems contribute to the
differences in flour quality observed [3,5,10].

Factorial field experiments with winter wheat showed that the contrasting fertilization
regimes used in organic and conventional farming systems also have significant effects
on grain concentrations of phytochemicals, mineral micronutrients, and toxic metals (in
particular Cd) [3,7,11,12]. For example, recent studies have reported that the use of mineral
P-fertilizers (which contain Cd) in conventional farming systems results in higher Cd
concentrations in wheat grain and vegetable crops compared with organic farming systems,
which use manure as the only P-input [11–13]. Also, the use of mineral fertilizers (N or
NPK) was shown to result in lower grain Se concentrations compared with composted
cattle manure applied at the same total N-input level [8]. This is thought to be due to
(i) manure containing significant amounts of Se and other micronutrients (especially on
farms that use mineral feed supplements), while mineral N, P, and K fertilizers contain no or
very low levels of micronutrients, and/or (ii) the higher grain yields obtained with mineral
NPK fertilizers compared with FYM applied at the same total N-input level [8]. However,
studies into the effects of different fertilizer types on grain micronutrient concentrations in
spring wheat are, to our knowledge, not currently available.

It is important to note that micronutrient concentrations in organic wheat grain were
also reported to be affected by the use of Cu-fungicides, which can be used for (i) treatments
for wheat seed and/or (ii) late blight control in potato crops in the rotation. The increase
in Cu-availability in soil resulting from the use of Cu-fungicides may not only increase Cu-
uptake and incorporation into the grain but may also indirectly affect the uptake of other
micronutrients (e.g., Zn) that may compete with Cu for uptake or grain incorporation [11,12].

Results from recent factorial field experiments with winter wheat also demonstrated
highly significant interactions between climatic conditions and agronomic factors (e.g.,
rotation, irrigation, fertilizer type, crop protection regimes) for a wide range of grain yield,
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processing, and nutritional quality parameters [3–5,7,8,11,12]. Furthermore, redundancy
analyses demonstrated that climatic variation between growing seasons accounted for a
larger proportion of that total variation in grain yield and quality when compared with agro-
nomic drivers such as fertilizer type, crop protection, irrigation, or variety [3–5,7,8,11,12].

In this context, it is important to note that interactions between contrasting soil types
and (i) climatic and (ii) agronomic factors have, to our knowledge, not been studied on
organic farms, although it is well documented that changing to organic farming protocols
can have a significant effect on soil biological, chemical, and physical parameters [12,14–20].

The overall aim of the series of two-year variety and fertilization trials at three sites
with contrasting pedoclimatic background conditions was therefore to address the knowl-
edge gaps described above. Specifically, the main objective of the variety trials was to study
interactions between pedoclimatic background conditions and crop genetics on spring
wheat performance, while the main objective of the fertilizer trials was to study interactions
between pedoclimatic background conditions and contrasting organic fertilizers used in
organic farming systems on spring wheat performance. Assessments focused on (1) grain
yield, (2) disease resistance, (3) grain processing/bread-making quality (grain protein con-
tent), and (4) nutritional quality (the secondary plant metabolite phytic acid, the mineral
micronutrients Cu and Zn, and the toxic metals Cd, Ni, and Zn) parameters. In the variety
trials at Gilchester, grain concentrations of vitamin E were also assessed.

2. Materials and Methods
2.1. Trial Sites

Field experiments were established at three sites (fields on farms that had been man-
aged to organic farming standards for more than six years) with contrasting pedoclimatic
conditions. The sites included were:

• Gilchester farm is in Stamfordham, Northumberland, northeastern England
(55◦2′15.162′′ N–1◦54′7.0488′′ W), which has clay loam soils of the Brickfield and
Dunkeswick series [21]. These tend to be heavy, moisture-retentive clay loams with the
risk of damaging soil structure when the soil is wet, which limits the opportunities to
establish and cultivate cereal crops on these soils. Sowing in the spring can be delayed,
leading to a late harvest that may compromise grain quality as weather conditions
deteriorate. Temperatures are significantly lower than in the wheat production areas
in southern England, but water stress is rare, leading to an overall higher yield poten-
tial [7]. Mean monthly temperatures, rainfall, and solar radiation in the 2006 and 2007
spring wheat growing seasons are shown in Supplementary Table S1.

• Courtyard Farm is near Hunstanton, Norfolk, Eastern England (62◦35′45.9′′ S–59◦54′06.0′′ W),
which has coarse calcareous loam soils formed over chalk that belong to the Newmarket
2 series [21]. These soils are light, very well drained, and can be cultivated soon after rainfall.
Early sowing of cereals is possible in the spring, and harvest is early. Shallow rooting and low
rainfall/drought frequently restrict wheat growth and grain yields.

• Sheepdrove Farm is near Lambourn, Berkshire, southern England (51◦32′2.04′′ N–1◦29′1.32′′W),
which has silty clay loam soils formed over chalk that belong to the Andover 1 series [21]. These
soils are well-drained and dry rapidly after rain, facilitating early cultivation and sowing in
the spring. In drought conditions, the effects of water stress on crop growth and yield may be
alleviated by the available water held in the chalk.

UK Meteorological Office data collected at weather stations near the trial sites con-
firmed that the sites differed considerably in mean monthly temperature, rainfall, and solar
radiation in both growing seasons (Supplementary Table S1).

Soil samples were taken from the top soil (0–30 cm) in each trial at all three sites
prior to sowing in both 2006 and 2007. Soil analyses for mineral nutrient and toxic metal
concentrations were carried out by Sabanci University (Istanbul, Turkey) using standard
analytical protocols [13] and confirmed that sites differed considerably in total soil carbon,
macronutrient, micronutrient, and toxic metal concentrations (Supplementary Table S2).
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2.2. Experimental Design—Variety Trials

A randomized block design with four replicate blocks and six spring wheat varieties
was used at each site. Each replicate block had six variety plots (8 m × 30 m), and the size
of the plots allowed commercial drilling, mechanical weed control, and harvest machinery
to be used. The location of varieties in each block was randomized. All plots were fertilized
with farmyard manure at a rate/level equivalent to 170 kg N/ha.

2.3. Experimental Design—Fertilization Trials

At each site, a randomized block design with four replicate blocks and four fertilizer
input types was used: (1) cattle farm yard manure (FYM), (2) chicken manure pellets
(CMP), (3) FYM + CMP with 50% of N from FYM and 50% from CMP (FYM-CMP), and
(4) communal green waste compost (GWC). Organic fertilizers were applied at two input
levels equivalent to 125 and 250 kg N/ha, and a control treatment (CON) without the use
of fertilizer was also included in the design. Each replicate block (48 m × 120 m) had
four fertilizer type main plots (16 m × 30 m), and each fertilizer input type main plot
had two fertilizer input level sub-plots (8 m × 30 m), which allowed commercial drilling,
mechanical weed control, and harvest machinery to be used.

2.4. Rotational Position and Fertilizers Used in Spring Wheat Trials

The rotational positions typically used for bread-making wheat on each farm were
used for experimental plots. On all farms, spring wheat was grown after clover leys,
although there were differences in (i) the type of clover used (Gilchester farm used pure red
clover leys established from Rhizobium inoculated seed, while Courtyard and Sheepdrove
farms used rye grass/white clover leys established from non-inoculated clover seed),
(ii) the length of the ley period (two years at Gilchester and Courtyard farms, three years at
Sheepdrove farm), and (iii) clover management practices (leys were cut and mulched at
Gilchester but grazed at Courtyard and Sheepdrove farm). The crops grown before clover
leys also differed (Table 1).

Table 1. Crops grown in the four growing seasons before spring wheat trials were established at the
three sites/farms.

Years before Planting of Spring Wheat Trials

Site Soil Type 4 3 2 1

Gilchesters farm Clay loam winter wheat 1 winter-barley 1 Red clover 3 Red clover 3

Courtyard farm Coarse calcareous loam triticale 2 spring-barley 1 grass/clover 4 grass/clover 4

Sheepdrove farm Silty clay loam spring barley 1 grass/clover 4 grass/clover 4 grass/clover 4

1, fertilized with farm yard manure; 2, established without fertilizer input; 3, pure red clover ley established from
Rhizobium inoculated clover seed which was cut/topped and mulched 4 times/year; 4, white clover/ryegrass leys
established from non-inoculated seed that was used for grazing livestock.

Experiments were established after two or three years of a clover ley as the preceding
crop. There were a total of 108 plots each year. In both years, each of the organic fertilizer
types was obtained from a single, homogenous batch and, as such, was identical in com-
position in all three suites. FYM and GWC were supplied by Sheepdrove Organic Farm
(Hungerford, UK; https://sheepdrove.com/, accessed on 1 August 2023). The chicken ma-
nure pellets (CP) were a commercial product supplied by Greenvale Products Ltd. (Burnley,
Lancashire, UK; www.greenvaleproductsltd.com, accessed on 1 August 2023); they were
made from composted chicken manure formed into small, 3 mm diameter pellets and
approved for restricted use by organic farming standards.

The mineral composition and pH of the three organic fertilizers/manures were determined
by Natural Resource Management Ltd., Bracknell, Berkshire, UK (https://cawood.co.uk/nrm/,
accessed on 1 August 2023) and the results were used to adjust manure applications to the

https://sheepdrove.com/
www.greenvaleproductsltd.com
https://cawood.co.uk/nrm/
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desired N-input level. The composition and quantities of FYM, GWC, and CP applied are
shown in Table 2. FYM and GWC were applied in the spring, shortly before the leys were
plowed out in February or March for the following wheat crop.

Table 2. Dry matter content, mineral composition, and pH of organic fertilizers used and the amount
of the three organic fertilizers (farm yard manure, FYM; green waste compost, GWC; chicken manure
pellets, CP) applied to achieve N-input levels of 125, 175, and 250 kg N/ha.

2006 2007

Parameter Assessed FYM GWC CP FYM GWC CP

Dry matter (%) 22.9 40.0 92.0 53.2 40.7 86.2
Total N (% w/w) 3.18 1.54 3.82 1.70 2.94 4.24
Total C (% w/w) 38.1 20.3 38.6 17.2 35.5 39.7

C:N ratio 12:1 13.1 10:1 10.1 12.1 9.5:1
Total P (g/kg) 6.7 2.6 10.2 3.2 10.6 13.6

Total potassium (K) (g/kg) 23.7 5.9 13.6 7.0 17.1 36.9
NO3

−-N (mg/kg) 305 159 404 63 1508 313
NH4

+-N (mg/kg) 298 126 5383 502 357 5579
Total Cu (mg/kg) 14.0 23.1 22.6 38.1 60.1 133.0
Total Zn (mg/kg) 90 143 71 178 300 885

pH 8.69 7.80 ND 7.35 7.31 ND
Amounts applied (t/ha FW):

125 kg N/ha 1 23.4 27.6 4.5 18.8 14.1 4.0
170 kg N/ha 2 31.8 25.6
250 kg N/ha 1 34.4 40.6 6.5 27.6 20.8 5.9

ND, not determined; 1, input levels used in fertilization trials; 2, input level used in variety trials.

A Millcreek model 57 type spreader (Millcreek Ltd., North Lelsey, Lincolnshire, UK;
www.millcreek.co.uk, accessed on 1 August 2023) was used with a tractor forward speed
of 8 km per hr (5 mph) to achieve the correct application rate and an even distribution of
FYM and GHC across the trial sites. CP was applied by hand in early to mid-May during
early vegetative growth.

In each growing season, mechanical weeding was carried out twice, 14 days apart, with
an Einböck comb-harrow (Einböck GmbH, Dorf an der Pram, Austria; www.einboeck.at,
accessed on 1 August 2023). Trials were harvested using a plot combine harvester (Claas
Dominator 38; Claas U.K. Ltd., Bury St. Edmunds, UK; www.claas.co.uk, accessed on
1 August 2023).

The dates for incorporation of clover, planting of wheat crops, soil analysis, mechanical
weed control, chlorophyll assessments, and harvest are listed in Supplementary Table S3.

2.5. Spring Wheat Varieties

All spring varieties selected for the experiments had a track record for high milling/bread
making quality in conventional and/or organic production systems in Europe. Specifically,
the following varieties were included in the trials:

• Paragon (developed by RAGT Seeds Ltd., Cambridge, UK) is a National Association
of British and Irish Millers (NABIM) Group 1 variety described as having lower yields,
very good bread-making characteristics, relatively long and stiff straw (resistance
to lodging score = 6), and good all-round disease resistance (powdery mildew = 7
or moderately resistant; yellow rust = 9 or resistant; brown rust = 7 or moderately
resistant; Septoria tritici = 6 or moderately resistant) [22].

• Tybalt (supplied by Limagrain UK Ltd., Rothwell, UK), a variety developed in the
Netherlands, is a NABIM Group 2 variety described as having high yield potential
but lower grain protein contents and specific weights, relatively weak straw with a
tendency to lodge, but good foliar disease resistance to mildew and brown rust, and
also some resistance to yellow rust [22].

www.millcreek.co.uk
www.einboeck.at
www.claas.co.uk
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• Fasan (supplied by Lochow Petkus, Bergen, Germany) is an older variety developed
for conventional high baking/bread-making quality wheat production in Germany
and is described as long-straw, competitive against weeds, and relatively tolerant to
infection by Fusarium and Septoria.

• Monsun (supplied by Lochow Petkus, Bergen, Germany) is a short-straw variety
with a relatively high yield developed for conventional, intensive farming systems
in Germany.

• Amaretto: (supplied by Saatzucht Streng–Engelen GmbH & Co. KG, Uffenheim,
Germany) is a German variety that was described as having similar quality and yield
characteristics to Paragon and good disease resistance. Some UK millers/processors
imported organic Amaretto grain for its high baking/bread-making quality.

• Zebra (developed by Svalöf Weibull AB, now part of Lantmännen Seed, Malmö,
Sweden) has been described as a long-straw variety developed for high baking/bread-
making quality wheat production that was popular with organic farmers in Scandi-
navia and in high demand by Scandinavian grain millers and bakers.

2.6. Disease Severity and Leaf Chlorophyll Assessment

Disease assessments for powdery mildew (Blumeria (Erysiphe) graminis), Septoria (Septoria
nodorum, Septoria triticii), and wheat yellow rust (Puccinia striiformis) were made using standard
assessment methods developed by the UK Agricultural Development and Advisory Service
(ADAS) [23]. Disease severity was assessed at two wheat growth stages (GS), GS37 and
GS65, using the growth stage (GS) classification system developed by Zadoks et al., 1974 [24].
At GS37, foliar disease severity was very low in all varieties. At GS65 (mid-flowering),
assessments were made on the three youngest leaves, L1 (flag leaf), L2 (second leaf), and L3
(third leaf), with 20 randomly selected tillers being assessed in each plot.

Leaf greenness was assessed to estimate leaf chlorophyll levels by single-photon
avalanche diode detection (SPAD) using a Minolta chlorophyll meter model SPAD 502
(Spectrum Technologies Inc., Plainfield, IL, USA). Ten measurements per plot were made
on randomly selected flag leaves at GS65.

2.7. Grain Yield and Quality Assessment

Crop yields were assessed using a plot-combine harvester (CLAAS Dominator 38, Ellerdorf,
Germany) with a 2.4 m wide cutter bar. Grain moisture content was determined by drying grain
at 80 ◦C for two days using a forced-draught drying oven (Genlab Ltd., Widnes, UK), with yield
data presented at 15% moisture content. From each plot, 60 kg of grain was retained for the
various quality and baking tests by Campden BRI (Chipping Campden, UK) using standard
protocols (www.campdenbri.co.uk/services/cereals-testing.php, accessed on 1 August 2023).
Only grain protein data are presented in this article as a marker for baking quality.

Grain samples from all plots were also freeze-dried immediately after harvest and then
transported to specialist laboratories for nutritional quality analyses. Tocopherol concen-
trations (α-tocopherol, α-tocotrienol, β-tocopherol, and β-tocotrienol) were measured in
samples from the variety trials at Gilchester only and analyzed by the Food Analysis Depart-
ment of the Central Food Research Institute using standard protocols (CFRI, Herman Otto
Vt 15, Budapest, Hungary; http://www.gfar.net/content/central-food-research-institute,
accessed on 1 August 2023). Grain mineral nutrients, toxic metals, and phytate analy-
ses were carried out by Sabanci University (Istanbul, Turkey; www.sabanciuniv.edu/en,
accessed on 1 August 2023) using standard protocols.

www.campdenbri.co.uk/services/cereals-testing.php
http://www.gfar.net/content/central-food-research-institute
www.sabanciuniv.edu/en
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2.8. Statistical Analysis

All analyses of variance (ANOVA) were carried out in the R statistical environment [25,26].
The effects of harvest year, site, fertilizer type, fertilizer input level, and/or variety on measured
parameters were assessed using an ANOVA derived from a linear mixed-effects model [27]. The
hierarchical nature of the experimental design was reflected in the random error structures that
were specified as block (replicate)/harvest year. The normality of the residuals of all models was
tested using QQ-plots. Differences between main effect means for varieties and fertilizer input
types and interaction means were tested using Tukey contrasts in the general linear hypothesis
testing (glht) function of the “multcomp” package [28]. A linear mixed effects model was used
for the Tukey contrasts, containing a treatment main effect and the random error term specified
as described above. Real means and standard errors of means were generated by using the
“tapply” function in R.

The relationships between climate, soil chemical content, fertilizer mineral input, and
wheat variety explanatory variables/drivers, and (i) plant health, (ii) crop performance,
and (iii) grain composition parameters as response variables were investigated using partial
redundancy analysis (pRDA), which summarizes the part of functional trait composition’s
variation that is explained by selected environmental variables after removing the effects of
other variables (block = replicate) and by using the CANOCO 5 software [29]. Automatic
forward selection of the agronomic/climatic drivers within the RDAs was used, and
their significance in explaining additional variance was calculated using Monte Carlo
permutation tests.

3. Results
3.1. Effect of Year, Site, and Variety on Disease Severity

The two main foliar diseases identified were Septoria leaf blotch and yellow rust
(Puccinia striiformes) (Table 3), while levels of powdery mildew (Blumeria (Erysiphe) graminis)
were generally very low. Lodging was not observed in any of the varieties in both years.

Table 3. Main effect means ± SE and p-values for the effects of year, site, and variety on spring wheat
disease severity (% of leaf area infected) at GS 65.

Septoria Yellow Rust

Factor Flag Leaf Leaf 2 Flag Leaf Leaf 2

Year (YR)
2006 0.3 ± 0.1 6.9 ± 1.2 6.2 ± 1.6 4.3 ± 1.5
2007 0.4 ± 0.1 7.8 ± 1.5 10.8 ± 2.6 9.2 ± 2.8

Site (ST)
Courtyard 0.2 ± 0.1 b 6.1 ± 1.3 b 1.7 ± 0.5 b 0.3 ± 0.1 b

Gilchesters 0.5 ± 0.2 a 4.8 ± 1.6 b 12.8 ± 3.5 a 10.5 ± 3.9 a

Sheepdrove 0.2 ± 0.1 b 11.1 ± 1.9 a 11.1 ± 2.7 a 9.5 ± 2.6 a

Variety (VR)
Amaretto 0.1 ± 0.1 b 3.7 ± 0.8 bc 2.9 ± 0.6 bc 1.2 ± 0.3 b

Fasan 0.5 ± 0.2 ab 12.2 ± 2.1 a 7.9 ± 1.8 b 3.0 ± 1.0 b

Monsun 0.8 ± 0.3 a 11.2 ± 3.8 a 3.2 ± 0.7 bc 2.9 ± 0.8 b

Paragon 0.1 ± 0.1 b 4.6 ± 1.0 b 0.0 ± 0.0 c 0.0 ± 0.0 b

Tybalt 0.2 ± 0.1 b 1.4 ± 0.3 c 0.0 ± 0.0 c 0.0 ± 0.0 b

Zebra 0.1 ± 0.1 b 10.9 ± 2.8 a 37.0 ± 6.2 a 33.5 ± 7.5 a

ANOVA (p-values)
Main Effects

Year (YR) NS NS 0.0283 0.0334
Site (ST) 0.0158 0.0083 <0.0001 <0.0001

Variety (VR) <0.0001 <0.0001 <0.0001 <0.0001
Interactions

YR × ST <0.0001 0.0023 0.0078 0.0005
YR × VR <0.0001 NS <0.0001 <0.0001
ST × VR <0.0001 1 0.0053 2 <0.0001 1 <0.0001 2

YR × ST × VR <0.0001 0.0002 <0.0001 <0.0001

Means labeled with the same letter within the same column are not significantly different according to Tukey’s
honestly significant difference test (p < 0.05). 1, see Supplementary Table S4 for interaction means ± SE. 2, see
Table 4 for interaction means ± SE.
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Table 4. Interaction means ±SE for effects of site and variety on Septoria and yellow rust severity (%
leaf area infected) on leaf 2 at GS65.

Parameter Factor 1 Factor 2 Site

Assessed Variety Gilchester Sheepdrove Courtyard

Septoria (%) Amaretto 2.3 ±0.8 A b 5.3 ±2.3 A bc 3.6 ±0.7 A b

on leaf 2 Fasan 4.9 ±1.3 B b 23.1 ±2.8 A a 8.6 ±2.8 B ab

Monsun 16.0 ±8.4 A a 13.4 ±7.6 AB ab 4.1 ±0.7 B b

Paragon 1.1 ±0.6 A b 8.5 ±2.3 A bc 4.3 ±0.5 A b

Tybalt 1.3 ±0.6 A b 1.4 ±0.2 A c 1.6 ±0.5 A b

Zebra 3.4 ±1.6 B b 15.0 ±4.6 A ab 14.4 ±6.3 A a

Yellow rust (%) Amaretto 2.3 ±0.6 A b 0.8 ±0.3 A b 0.5 ±0.4 A a

on leaf 2 Fasan 3.8 ±1.3 A b 5.1 ±2.5 A b 0.0 ±0.0 A a

Monsun 2.0 ±0.7 A b 6.6 ±1.4 A b 0.2 ±0.1 A a

Paragon 0.1 ±0.1 A b 0.0 ±0.0 A b 0.0 ±0.0 A a

Tybalt 0.0 ±0.0 A b 0.0 ±0.0 A b 0.0 ±0.0 A a

Zebra 55.0 ±16.4 A a 44.4 ±7.5 A a 1.0 ±0.6 B a

For each parameter, means labeled with the same capital letter within the same row and lower-case letter within
the same column are not significantly different according to Tukey’s honestly significant difference test (p < 0.05).

Just prior to full flag leaf emergence (GS 37), disease severity was low in all varieties
at all three sites. Yellow rust, but not Septoria severity, at GS 65 was significantly lower in
2006 when compared with the 2007 growing season (Table 3), which had (i) lower average
temperatures and radiation in all three sites and (ii) lower rainfall at Gilchester but higher
rainfall at Sheepdrove and Courtyard (Supplementary Table S1).

Septoria severity on the flag leaf was significantly higher at Gilchester than at Court-
yard and Sheepdrove, while Septoria severity on leaf 2 (the leaf below the flag leaf) was
significantly higher at Sheepdrove than at Courtyard and Gilchester (Table 3). In contrast,
yellow rust severity on both the flag leaf and leaf 2 was significantly higher at Gilchester
and Sheepdrove than at Courtyard (Table 3).

Septoria severity on flag leaves of the variety Monsun was higher compared with the
other five varieties, although the difference between Monsun and Fasan was not significant
(Table 3). Septoria severity on leaf 2 was significantly higher in Monsun, Fasan, and Zebra
compared with the other three varieties, with the lowest Septoria disease severity recoded
in Tybalt (Table 3). Yellow rust severity recorded for Zebra was more than five times
higher than that detected in the other five varieties, while no symptoms of yellow rust were
detected in Paragon or Tybalt (Table 3).

ANOVA also detected significant two- and three-way interactions between year, site,
and/or variety for both Septoria and yellow rust severity at GS65 (Table 3).

When the interaction between variety and site for Septoria on the flag leaf was further
investigated, Septoria severity was very low (≤0.5% of leaf area covered) for all varieties
except Monsun, which had significantly higher disease severity (2.1% of leaf area covered)
at Gilchester but not at the other two sites (Supplementary Table S4). When Septoria severity
on leaf 2 was compared, significant differences between varieties were detected in all three
sites, but the ranking of varieties for Septoria severity differed significantly between sites
(Table 4). Specifically, the ranking was found to be:

• Monsun ≥ Fasan ≥ Zebra ≥ Amaretto ≥ Tybalt ≥ Paragon at Gilchester,
• Fasan ≥ Zebra ≥Monsun ≥ Paragon ≥ Amaretto ≥ Tybalt at Sheepdrove and
• Zebra ≥ Fasan ≥ Paragon ≥Monsun ≥ Amaretto ≥ Tybalt at Courtyard (Table 4).

When the interaction between variety and site for yellow rust severity was further
investigated, high levels of yellow rust (>40% of leaf area covered on both the flag leaf and
leaf 2) were only detected in the variety Zebra at Gilchester and Sheepdrove, while yellow
rust severity on Zebra grown at Courtyard was significantly lower (7.4% and 1.0% on the
flag leaf and leaf 2, respectively) (Supplementary Tables S4 and S5). Yellow rust severity
on the variety Fasan was also significantly higher at Gilchester and Sheepdrove compared
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with Courtyard. No symptoms of yellow rust were detected in the varieties Paragon and
Tybalt at all three sites (Supplementary Tables S4 and S5).

Significant interactions involving the growing season were also identified (Table 3),
but they were not further investigated. Instead, redundancy analyses (RDA) were used to
investigate the relative importance of climatic, soil, and variety parameters as explanatory
variables/drivers for foliar disease severity (see Section 3.7 below).

3.2. Effect of Year, Site, and Fertilization on Disease Severity in Spring Wheat cv Paragon

Results from the unfertilized control plots could not be included in the factorial
ANOVA of data from the fertilization trials described in this section. We, therefore, used
redundancy analyses (RDA) to investigate associations between all fertilization treatments
(including no fertilizer input controls) and crop health parameters (see Section 3.7.2).

When the effect of fertilizer type and input level on disease severity in the variety
Paragon was assessed at the three sites, only Septoria leaf blotch and powdery mildew
(Blumeria (Erysiphe) graminis) symptoms were detected. Lodging was not observed.

As in the variety trials (see Section 3.1 above), Septoria severity in Paragon was low
at GS65 (<7.5% of leaf area infected) in the fertilization trials but significantly higher at
Courtyard and Sheepdrove compared with Gilchester (Supplementary Table S5). Powdery
mildew severity was very low (<2.5% of leaf area infected), but also significantly higher at
Courtyard and Sheepdrove compared with Gilchester (Supplementary Table S5).

Fertilizer type, but not input level, was found to have a significant main effect on
Septoria and powdery mildew severity, with the highest disease severity being recorded in
crops fertilized with chicken manure pellets (CP) (Supplementary Table S5), the fertilizer
with the highest water-soluble, readily-plant-available nitrogen content (Table 2).

ANOVA also detected significant interactions between site and fertilizer type (Supple-
mentary Table S5). When these interactions were further investigated, significant differences
between fertilizer types were detected in trials carried out at Sheepdrove and Courtyard
but not at Gilchester, the site with the lowest overall level of foliar disease.

Significant interactions involving the growing season were also detected but not
further investigated. Instead, redundancy analyses (RDA) were used to investigate the
relative importance of climate, soil, and nutrient inputs from fertilizers as explanatory
variables/drivers for foliar disease severity (see Section 3.7 below).

3.3. Effects of Year, Site, and Variety on Crop Performance Parameters

The main crop performance parameters assessed were grain yield, thousand grain
weight (TGW, an important yield component), plant height (as a marker of straw yield and
lodging risk), leaf chlorophyll level (SPAD, as a marker for nitrogen availability and/or
uptake), and crude protein concentration (as a marker for bread-making quality).

The growing season had a significant main effect on all five crop performance param-
eters, which were all significantly higher in 2006 when compared with 2007 (Table 5).
The growing season had (i) lower temperatures and solar radiation at all three sites
and (ii) lower rainfall at Gilchester but higher rainfall at Courtyard and Sheepdrove
(Supplementary Table S1).

Significant main effects of the site were detected for grain yield and protein content,
straw length, and leaf chlorophyll (SPAD). Grain yields and straw length at Courtyard
and Gilchester were similar but higher than those recorded at Sheepdrove, although the
difference in straw length between Sheepdrove and Courtyard was not significant (Table 5).
In contrast, the grain protein content was highest at Gilchester and lowest at Courtyard
(Table 5). Also, leaf chlorophyll levels (SPAD) were significantly lower at Courtyard and
Sheepdrove (the two farms where white clover/grass leys that are used for grazing livestock
were grown before spring wheat) compared with Gilchester (the farm where pure red clover
leys that were cut and mulched were grown before spring wheat) (Table 5).
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Table 5. Main effect means ± SE and p-values for the effects of year and variety on grain yield, straw
length, leaf chlorophyll levels (SPAD) at GS65, and grain protein content in spring wheat.

Factor Grain Yield
(t/ha) Grain Protein (%) TGW

(g)
SPAD

at GS65
Straw Length

(cm)

Year (YR)
2006 4.9 ± 0.2 12.9 ± 0.2 40.0 ± 0.1 a 47.0 ± 0.7 97 ± 1
2007 2.8 ± 0.1 13.7 ± 0.2 39.0 ± 0.6 b 39.7 ± 0.7 87 ± 1

Site (ST)
Courtyard 4.4 ± 0.1 a 11.5 ± 0.2 c 37.8 ± 0.5 42.0 ± 0.5 b 92 ± 1 ab

Gilchesters 4.2 ± 0.3 a 14.5 ± 0.1 a 41.6 ± 0.8 45.6 ± 1.4 a 94 ± 2 a

Sheepdrove 2.9 ± 0.1 b 14.0 ± 0.2 b 39.4 ± 0.6 42.3 ± 0.8 b 89 ± 2 b

Variety (VR)
Amaretto 3.8 ± 0.3 cd 12.9 ± 0.3 c 37.1 ± 0.6 c 44.7 ± 1.3 ab 92 ± 2 c

Fasan 4.1 ± 0.3 b 13.2 ± 0.3 c 39.7 ± 0.7 b 41.4 ± 1.1 c 100 ± 2 a

Monsun 3.7 ± 0.3 d 12.9 ± 0.4 c 42.5 ± 0.6 a 44.0 ± 1.0 b 90 ± 2 d

Paragon 4.1 ± 0.3 bc 13.6 ± 0.3 b 39.9 ± 0.7 b 46.3 ± 1.0 a 90 ± 2 cd

Tybalt 4.6 ± 0.3 a 13.0 ± 0.4 c 41.9 ± 0.7 a 45.9 ± 0.9 ab 81 ± 2 e

Zebra 2.8 ± 0.4 e 14.2 ± 0.4 a 36.1 ± 1.4 c 37.6 ± 1.9 d 98 ± 2 b

ANOVA (p-values)
Main Effects

Year (YR) 0.0019 0.0211 <0.0001 0.0010 0.0017
Site (ST) <0.0001 <0.0001 NS 0.0003 0.0026

Variety (VR) <0.0001 <0.0001 <0.0001 <0.0001 <0.0001
Interactions

YR × ST <0.0001 0.0339 NS <0.0001 <0.0001
YR × VR 0.002 0.0018 <0.0001 0.0135 0.0028
ST × VR <0.0001 1 <0.0001 1 NS <0.0001 1 0.0004 1

YR × ST × VR NS 0.0002 NS <0.0001 NS

Means labeled with the same letter within the same column are not significantly different according to Tukey’s
honestly significant difference test (p < 0.05). 1, see Table 6 for interaction means ± SE.

Table 6. Interaction means ±SE for effects of site and variety on grain yield, straw length, thousand-
grain weight (TGW), leaf chlorophyll levels (SPAD), and grain protein content in spring wheat.

Parameter Factor 1 Factor 2 Site

Assessed Variety Gilchester Sheepdrove Courtyard

Grain yield (t/ha) Amaretto 4.4 ± 0.9 A b 3.2 ± 0.3 A ab 3.8 ± 0.2 A c

Fasan 4.5 ± 0.7 A b 3.0 ± 0.2 B b 4.9 ± 0.3 A b

Monsun 4.1 ± 0.8 A b 2.7 ± 0.3 B b 4.3 ± 0.2 A bc

Paragon 4.8 ± 0.8 A a 3.2 ± 0.2 B ab 4.2 ± 0.3 A bc

Tybalt 4.3 ± 0.8 B b 3.9 ± 0.2 B a 5.6 ± 0.3 A a

Zebra 3.2 ± 0.9 A c 1.6 ± 0.3 B c 3.7 ± 0.4 A c

Grain protein (%) Amaretto 13.8 ± 0.2 A c 13.5 ± 0.3 A cd 11.5 ± 0.4 B b

Fasan 14.5 ± 0.3 A abc 13.9 ± 0.4 A bc 11.2 ± 0.3 B bc

Monsun 14.1 ± 0.3 A bc 14.0 ± 0.3 A b 10.6 ± 0.4 B c

Paragon 14.7 ± 0.1 A ab 14.1 ± 0.4 A b 12.3 ± 0.6 B a

Tybalt 15.0 ± 0.3 A a 13.1 ± 0.4 B d 11.0 ± 0.3 C bc

Zebra 15.1 ± 0.4 A a 15.2 ± 0.2 A a 12.3 ± 0.5 B a

Leaf chlorophyll Amaretto 48 ± 3 A a 45 ± 2 AB a 42 ± 1 B ab

(SPAD) at GS65 Fasan 43 ± 3 A b 41 ± 1 A b 40 ± 1 A b

Monsun 47 ± 2 A ab 43 ± 2 A ba 42 ± 1 B ab

Paragon 50 ± 2 A a 46 ± 1 AB a 43 ± 1 B a

Tybalt 49 ± 2 A a 45 ± 1 AB a 43 ± 1 B a

Zebra 36 ± 5 B c 34 ± 2 B c 42 ± 1 A ab

Straw length (cm) Amaretto 94 ± 3 A b 89 ± 5 A bc 93 ± 1 A c

Fasan 102 ± 3 AB a 94 ± 5 B a 104 ± 2 A a

Monsun 92 ± 2 A b 88 ± 4 A c 89 ± 2 A d

Paragon 92 ± 3 A b 88 ± 6 A c 91 ± 1 A cd

Tybalt 81 ± 3 A c 82 ± 5 A d 81 ± 1 A e

Zebra 103 ± 3 A a 93 ± 6 B ab 98 ± 2 AB b

For each parameter, means labeled with the same capital letter within the same row and lower-case letter within
the same column are not significantly different according to Tukey’s honestly significant difference test (p < 0.05).
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Very highly significant (p < 0.0001) main effects of variety were detected for all five
performance parameters. Overall (across all three sites), the variety Zebra produced
significantly lower yields but significantly higher grain protein content compared with
the other five varieties (Table 5). Also, overall, the varieties Fasan, Paragon, and Tybalt
produced both high grain yields (>4 t/ha) and high protein contents (≥13%). However,
when these three varieties were compared, Tybalt produced significantly higher grain yields
and Paragon produced significantly higher protein than the other two varieties (Table 5).

Very highly significant (p < 0.0001) interactions between variety and site were detected
for grain yield, straw length, leaf chlorophyll, and grain protein content Tables 5 and 6.
When these interactions were further investigated, the ranking of varieties differed signifi-
cantly between sites for all four performance parameters (Table 6).

Specifically, at Gilchester, Paragon produced (i) significantly higher grain yields than
the other five varieties and (ii) protein contents that were not significantly different from
those recorded for Zebra, Tybalt, and Fasan (Table 6).

At Sheepdrove, Tybalt produced the highest grain yields, although they were not
significantly different from those recorded for Paragon and Amaretto, while Zebra pro-
duced significantly higher protein contents than the other five varieties, and only Paragon
and Monsun also had protein contents ≥14% (Table 6). At Courtyard, Tybalt produced
significantly higher grain yields than the other five varieties, while Zebra and Paragon
produced significantly higher grain protein contents (12.3%) than the other four varieties,
whose protein content varied between 10.6 and 11.5% (Table 6).

Differences in chlorophyll (SPAD) levels between varieties were greatest at Gilch-
ester and lowest at Courtyard (Table 6). At Gilchester and Sheepdrove, the highest leaf
chlorophyll levels were recorded in Paragon and the lowest in Zebra (Table 6), which also
had very high levels of yellow rust in these two sites (Supplementary Tables S4 and S5).
In contrast, at Courtyard, where yellow rust severity was very low in all six varieties,
chlorophyll levels in Zebra were not significantly different from those recorded in the other
five varieties (Table 6).

Significant differences in straw length between sites were only detected for the va-
rieties Fasan and Zebra, with Fasan producing significantly longer straw at Courtyard
compared with Sheepdrove and Zebra producing longer straw at Gilchester compared
with Sheepdrove (Table 6).

Significant interactions involving the growing season were also identified but not
further investigated. Instead, redundancy analyses (RDA) were used to investigate the
relative importance of climate, soil, and variety as explanatory variables/drivers for crop
performance (see Section 3.7 below).

3.4. Effects of Year, Site, and Fertilization on Performance Parameters in Spring Wheat cv Paragon

Results from the unfertilized control plots could not be included in the factorial
ANOVA of data from the fertilization trials described in this section. We, therefore, used
redundancy analyses (RDA) to investigate associations between all fertilization treatments
(including no fertilizer input controls) and crop performance parameters (see Section 3.7.2).

A four-factor ANOVA identified significant main effects of the growing season for all
four crop performance parameters (Supplementary Table S6). Grain yields, leaf chlorophyll
(SPAD) levels, and straw length were significantly higher in 2006 when compared with
2007 (Supplementary Table S6), the growing season that had (i) lower temperatures and
solar radiation at all three sites and (ii) lower rainfall at Gilchester but higher rainfall at
Courtyard and Sheepdrove (Supplementary Table S1).

Significant main effects of the site were detected for grain yield, protein content, and
leaf chlorophyll (SPAD), which were all highest at Gilchester and lowest at Courtyard,
although the difference in chlorophyll levels between Sheepdrove and Courtyard was not
significant (Supplementary Table S6).
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Significant main effects of fertilizer type, but not fertilizer input level, were detected
for grain yield and protein content (Supplementary Table S6). Specifically, overall (across
all three sites), grain yields were lowest (3.5 t/ha) when CP was used and highest (3.8 t/ha)
when green waste compost (GWC) was used as fertilizer (Supplementary Table S6). In
contrast, overall grain protein content was highest (15.6%) when CP and lowest (13.8%)
when farm yard manure (FYM) or GWC were used as fertilizer (Supplementary Table S6).

Significant main effects of both fertilizer type and input level were detected for leaf
chlorophyll levels. The higher fertilizer input level and the use of CP or a mixture of CP and
FYM (CP + FYM) resulted in significantly higher chlorophyll levels (Supplementary Table S6).

A four-factor ANOVA detected a wide range of interactions between year, site, fer-
tilizer type, and/or fertilizer input level for grain yield, grain protein content, and leaf
chlorophyll (Supplementary Table S6). These interactions were further investigated by
carrying out separate three-factor ANOVAs for data from each site (Table 7).

Table 7. Main effect means ± SE and p-values for the effects of year, fertilizer type, and input level on
grain yield in spring wheat cv. Paragon at the Gilchester (GIL), Sheepdrove (SHE), and Courtyard
(COU) trial sites.

Grain Yield

Factor (t/ha)

Year GIL SHE COU
2006 5.5 ± 0.1 3.7 ± 0.1 4.2 ± 0.1
2007 2.5 ± 0.2 2.7 ± 0.1 3.0 ± 0.1

Fertilizer type
CP 1 4.4 ± 0.4 a 2.8 ± 0.2 b 3.5 ± 0.3

FYM 2 4.5 ± 0.4 a 3.3 ± 0.1 a 3.6 ± 0.2
FYM + CP 3 3.8 ± 0.5 b 3.3 ± 0.2 a 3.6 ± 0.2

GWC 4 4.3 ± 0.4 ab 3.4 ± 0.1 a 3.8 ± 0.2
Fertilizer Input level

125 kg N ha−1 4.3 ± 0.3 3.2 ± 0.12 3.6 ± 0.1
250 kg N ha−1 4.2 ± 0.32 3.2 ± 0.11 3.6 ± 0.2

ANOVA (p-values)
Main Effects

YR 0.0005 0.0138 0.0179
FT 0.0479 <0.0001 NS
IL NS NS NS

Interactions
YR:FT NS 0.0004 NS
YR:IL NS NS 0.0164
FT:IL NS NS NS

YR:FR:FT NS NS NS
1, CP, chicken manure pellets; 2, FYM, farm yard manure; 3, FYM + CP, farm yard manure plus chicken manure
pellets; 4, GWC, Green waste compost. Means labeled with the same letter within the same column are not
significantly different according to Tukey’s honestly significant difference test (p < 0.05). NS, not significant.

For grain yield, a three-factor ANOVA detected significant main effects of (i) year at
all three sites and (ii) fertilizer input type at Gilchester and Sheepdrove (Table 8). Grain
yields were higher in 2006 compared with 2007 at all three sites. At Gilchester, the use of CP,
FYM, and GWC as fertilizers resulted in similar grain yields, while the FYM + CP fertilizer
treatment resulted in significantly lower yields compared with FYM or CP alone (Table 8).
In contrast, at Sheepdrove, the use of CP resulted in significantly lower yields compared
with the other three fertilizer types (Table 8).
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Table 8. Main effect means ± SE and p-values for the effects of year, fertilizer type, and input level
on leaf chlorophyll and grain protein content in spring wheat cv Paragon at the Gilchester (GIL),
Sheepdrove (SHE), and Courtyard (COU) trial sites.

Leaf Chlorophyll Grain Protein Content

Factor (SPAD) (%)

Year GIL SHE COU GIL SHE COU
2006 53.8 ± 0.3 50.2 ± 0.3 45.6 ± 0.6 15.0 ± 0.1 14.4 ± 0.1 11.9 ± 0.2
2007 45.8 ± 0.6 39.4 ± 0.6 42.3 ± 0.5 15.6 ± 0.3 15.6 ± 0.2 14.4 ± 0.2

Fertilizer type
CP 1 50.2 ± 1.0 46.9 ± 1.2 a 46.3 ± 0.8 a 15.6 ± 0.2 a 16.3 ± 0.4 a 14.4 ± 0.5 a

FYM 2 49.2 ± 1.1 43.2 ± 1.7 b 42.5 ± 0.6 b 14.4 ± 0.3 b 14.4 ± 0.2 c 12.5 ± 0.5 c

FYM + CP 3 50.5 ± 1.3 45.8 ± 1.3 a 44.9 ± 0.8 a 15.6 ± 0.3 a 15.6 ± 0.2 b 13.1 ± 0.4 b

GWC 4 49.4 ± 1.4 43.2 ± 1.7 b 42.0 ± 0.8 b 15.0 ± 0.3 ab 14.4 ± 0.2 c 12.5 ± 0.3 c

Fertilizer Input
level

125 kg N ha−1 49.3 ± 0.8 44.6 ± 1.1 43.1 ± 0.6 15.0 ± 0.2 15.0 ± 0.2 13.1 ± 0.3
250 kg N ha−1 50.3 ± 0.9 45.0 ± 1.1 44.8 ± 0.6 15.6 ± 0.1 15.0 ± 0.2 13.8 ± 0.3

ANOVA
(p-values)

Main Effects
YR 0.0048 0.0012 0.0440 NS 0.0018 0.0063
FT NS <0.0001 <0.0001 0.0005 <0.0001 <0.0001
IL NS NS NS NS NS 0.0037

Interactions
YR:FT NS 0.0003 NS 0.0059 <0.0001 0.0071
YR:IL NS NS NS NS NS NS
FT:IL NS 0.0245 5 NS NS NS 0.0001 6

YR:FR:FT NS NS NS 0.0197 NS NS
1, CP, chicken manure pellets; 2, FYM, farm yard manure; 3, FYM + CP, farm yard manure plus chicken manure
pellets; 4, GWC, Green waste compost. Means labeled with the same letter within the same column are not
significantly different according to Tukey’s honestly significant difference test (p < 0.05). NS, not significant; 5, see
Table 9 for interaction means ± SE; 6, see Table 10 for interaction means ± SE.

Table 9. Interaction means for effects of fertilizer type and input level on the leaf chlorophyll content
in spring wheat cv Paragon at Sheepdrove Farm.

Factor 1. Factor 2. Fertilizer Type

Fertilizer Input Level CP FM FM + CP GWC

125 kg N/ha 45.8 ± 0.3 A b 43.1 ± 0.3 B a 45.9 ± 0.3 A a 43.6 ± 0.27 B a

250 kg N/ha 48.1 ± 0.2 A a 43.4 ± 0.3 C a 45.7 ± 0.3 B a 42.7 ± 0.28 C a

Means labeled with the same capital letter within the same row and the same lower-case letter within the same
column are not significantly different according to Tukey’s honestly significant difference test (p < 0.05).

Table 10. Interaction means for effects of fertilizer type and input level on the protein content of
spring wheat cv Paragon at Courtyard Farm.

Factor 1. Factor 2. Fertilizer Type

Fertilizer Input Level CP FM FM + CP GWC

125 kg N/ha 13.3 ± 0.5 A b 12.8 ± 0.8 A a 12.9 ± 0.6 AB b 7.5 ± 0.4 B b

250 kg N/ha 15.1 ± 0.7 A a 12.7 ± 0.6 C a 13.8 ± 0.6 B a 12.6 ± 0.5 C a

Means labeled with the same capital letter within the same row and the same lower-case letter within the same
column are not significantly different according to Tukey’s honestly significant difference test (p < 0.05).
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For leaf chlorophyll (SPAD) levels, a three-factor ANOVA detected significant main
effects of (i) year at all three sites and (ii) fertilizer type at Gilchester and Courtyard (Table 8).

As with grain yield, leaf chlorophyll levels were higher in 2006 compared with 2007 at
all three sites. The use of CP and FYM + CP resulted in higher chlorophyll levels compared
with FYM and GWC at all three sites, although the differences between fertilizer types
were not significant at Gilchester (Table 8). For leaf chlorophyll, a three-factor ANOVA also
detected a significant interaction between fertilizer type and input level (Table 8). When
this interaction was further investigated, significantly higher chlorophyll levels with a high
fertilizer input level were only detected when CP was used as the fertilizer type (Table 9).

For protein content, a three-factor ANOVA detected significant main effects of (i) year
at Sheepdrove and Courtyard, (ii) fertilizer type at all three sites, and (iii) fertilizer input
level at Courtyard only (Table 8). Different from grain yield and chlorophyll levels, protein
contents were lower in 2006 compared with 2007, although the difference between years
was not significant at Gilchester (Table 8). However, as with grain yield and chlorophyll
levels, protein contents were higher with CP and FYM + CP compared with FYM and GWC
in all three sites, although the difference between FYM + CP and GWC was not significant
at Gilchester (Table 8). At Courtyard, protein contents were significantly higher when the
higher fertilizer input level was used (Table 8).

At Courtyard, a three-factor ANOVA also detected a significant interaction between
fertilizer type and input level (Table 8). When this interaction was further investigated,
the higher fertilizer input level resulted in significantly higher grain protein contents only
when CP, FM + CP, and GWC were used as fertilizers, and a protein content >14% was only
achieved at Courtyard when CP at the higher fertilizer input level was used (Table 10).

Significant interactions involving the growing season were also detected
(Supplementary Table S6 and Tables 7 and 8), but they were not further investigated. In-
stead, redundancy analyses (RDA) were used to investigate the relative importance of
climatic soil and nutrient inputs from fertilizers as explanatory variables/drivers for crop
performance (see Section 3.7 below).

3.5. Effects of Year, Site, and Variety on Grain Nutritional Quality Parameters

The nutritional quality parameters assessed in spring wheat grain were (i) phytic acid
(an anti-nutrient that reduces the absorption/bioavailability of mineral micronutrients such
as Fe and Zn), (ii) the mineral micronutrients Fe and Zn, and (iii) the toxic metals Cd, Ni,
and Pb (Table 11).

The growing season had a significant main effect on grain Fe, Zn, Cd, and Pb concen-
trations but not phytic acid and Ni concentrations (Table 11). Fe concentrations were
higher and Zn, Cd, and Pb concentrations lower in 2006 when compared with 2007
(Table 11), the growing season that had (i) lower temperatures and solar radiation at
all three sites and (ii) lower rainfall at Gilchester but higher rainfall at Courtyard and
Sheepdrove (Supplementary Table S1).

Significant main effects of the site were detected for grain Fe, Zn, Cd, and Ni concen-
trations but not phytic acid and Pb concentrations (Table 11). The highest Zn concentrations
were found in grain from Sheepdrove, while the highest Fe, Cd, and Ni concentrations
were found in grain from Gilchester, and the lowest grain Fe, Cd, Ni, and Zn concentrations
were detected in grain from Courtyard (Table 11).

Significant main effects of variety were detected for all nutritional quality param-
eters except Pb. Overall (across all three sites) analysis found the highest and lowest
concentrations of (i) phytic acid in Fasan and Tybalt, respectively, (ii) Fe in Tybalt and
Fasan, respectively, (iii) Zn in Zebra and Amaretto, respectively, (iv) Cd in Zebra and
Amaretto/Paragon, respectively and (v) Ni in Zebra and Monsun, respectively (Table 11).
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Table 11. Main effect means ± SE and p-values for the effects of year, site, and variety on phytic acid
selected grain mineral micronutrient (Fe, Zn) and toxic metal (Cd, Ni, Pb) concentrations in spring wheat.

Phytic Micronutrients Toxic Metals

Acid Fe Zn Cd Ni Pb

Factor (g/kg) (mg/kg) (mg/kg) (µg/kg) (µg/kg) (µg/kg)

Year (YR)
2006 9.5 ± 0.2 34.8 ± 0.7 32.3 ± 1.0 36 ± 2 146 ± 11 57 ± 5
2007 10.0 ± 0.2 31.1 ± 0.8 36.1 ± 1.1 45 ± 2 137 ± 4 110 ± 7

Site (ST)
Courtyard 9.7 ± 0.2 27.2 ± 0.7 b 25.6 ± 0.6 c 35 ± 3 b 95 ± 6 c 88 ± 7
Gilchesters 9.6 ± 0.1 38.1 ± 0.8 a 33.4 ± 0.7 b 44 ± 2 a 202 ± 11 a 91 ± 9
Sheepdrove 9.8 ± 0.2 33.9 ± 0.4 c 43.5 ± 0.8 a 43 ± 2 a 130 ± 5 b 70 ± 8
Variety (VR)

Amaretto 9.3 ± 0.2 c 32.5 ± 1.3 b 32.2 ± 1.7 c 36 ± 3 b 137 ± 13 b 82 ± 12
Fasan 10.9 ± 0.2 a 30.5 ± 1.3 c 32.4 ± 1.8 bc 37 ± 3 b 132 ± 12 b 89 ± 12

Monsun 9.6 ± 0.3 c 33.8 ± 1.4 b 35.4 ± 1.9 b 48 ± 3 a 131 ± 13 b 76 ± 11
Paragon 9.8 ± 0.3 bc 33.0 ± 1.1 b 33.9 ± 1.5 bc 36 ± 3 b 133 ± 12 b 79 ± 10
Tybalt 8.8 ± 0.2 d 35.7 ± 1.3 a 34.0 ± 1.9 b 38 ± 4 b 154 ± 18 ab 84 ± 13
Zebra 9.9 ± 0.3 b 33.4 ± 1.1 b 37.1 ± 2.1 a 50 ± 4 a 162 ± 16 a 86 ± 13

ANOVA (p-values)
Main Effects

Year (YR) NS 0.0263 0.0436 0.0087 NS 0.0100
Site (ST) NS <0.0001 <0.0001 0.0002 <0.0001 NS

Variety (VR) <0.0001 <0.0001 <0.0001 <0.0001 0.0390 NS
Interactions

YR × ST 0.0001 0.0005 <0.0001 <0.0001 <0.0001 0.0087
YR × VR NS <0.0001 0.0001 NS NS NS
ST × VR 0.0008 1 0.0145 1 <0.0001 1 0.0008 1 NS NS

YR × ST × VR NS 0.0002 0.0097 0.0091 NS NS

Means labeled with the same letter within the same column are not significantly different according to Tukey’s
honestly significant difference test (p < 0.05). NS, not significant; 1, see Table 12 for interaction means ± SE.

Table 12. Interaction means ±SE for effects of site and variety on phytic acid, Fe, Zn and Cd
concentrations in spring wheat.

Parameter Factor 1 Factor 2 Site

Assessed Variety Gilchester Sheepdrove Courtyard

Phytic acid (g/kg) Amaretto 9.5 ± 0.4 A bc 9.0 ± 0.2 A c 9.4 ± 0.4 A bcd

Fasan 10.6 ± 0.3 B a 10.4 ± 0.3 B a 11.8 ± 0.4 A a

Monsun 9.3 ± 0.6 B c 9.3 ± 0.3 B c 10.2 ± 0.4 A b

Paragon 10.1 ± 0.6 A ab 10.2 ± 0.3 A ab 9.1 ± 0.4 A cd

Tybalt 9.0 ± 0.5 A c 9.2 ± 0.2 A c 8.4 ± 0.4 A d

Zebra 10.0 ± 0.5 A ab 9.5 ± 0.5 A bc 10.0 ± 0.4 A bc

Fe (mg/kg) Amaretto 37 ± 2 A b 33 ± 1 B bc 27 ± 2 C bc

Fasan 36 ± 2 A b 31 ± 1 B d 25 ± 2 C c

Monsun 38 ± 2 A b 35 ± 1 A ab 25 ± 1 B c

Paragon 38 ± 2 A b 33 ± 1 B c 29 ± 2 C a

Tybalt 42 ± 2 A a 36 ± 1 B a 29 ± 1 C a

Zebra 38 ± 1 A b 35 ± 1 A a 27 ± 1 B ab

Zn (mg/kg) Amaretto 32 ± 1 B b 41 ± 1 A b 24 ± 1 C b

Fasan 32 ± 2 B b 42 ± 2 A b 24 ± 1 C b

Monsun 34 ± 2 B ab 46 ± 2 A a 26 ± 1 C a

Paragon 32 ± 1 B b 42 ± 2 A b 28 ± 1 C a

Tybalt 36 ± 2 B a 42 ± 2 A b 24 ± 2 C b

Zebra 35 ± 1 B a 48 ± 2 A a 28 ± 2 C a

Cd (µg/kg) Amaretto 39 ± 6 A a 37 ± 5 A b 32 ± 6 A ab

Fasan 41 ± 4 A a 35 ± 4 A b 34 ± 6 A ab

Monsun 51 ± 6 A a 54 ± 5 A a 39 ± 5 A ab

Paragon 37 ± 5 A a 37 ± 5 A b 34 ± 4 A ab

Tybalt 46 ± 6 A a 41 ± 4 AB ab 27 ± 7 B b

Zebra 50 ± 6 A a 55 ± 4 A a 44 ± 8 A a

For each parameter, means labeled with the same capital letter within the same row and lower case letter within
the same column are not significantly different according to Tukey’s honestly significant difference test (p < 0.05).
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ANOVA also detected significant two-way interactions between site and variety for
phytic acid, Fe, Zn, and Cd (Tables 11 and 12). When these interactions were further
investigated, significant differences between sites were detected for grain concentrations
of (i) phytic acid in the varieties Fasan and Monsun (both higher at Courtyard than the
other two sites) only, (ii) Fe in all varieties (highest at Gilchester and lowest at Courtyard,
although differences between Gilchester and Sheepdrove were not significant for the
varieties Monsun and Zebra), (iii) Zn in all varieties (highest at Sheepdrove and lowest at
Courtyard, although the ranking of varieties for grain Zn was different at each site), and
(iv) Cd in the variety Tybalt only (highest at Gilchester and lowest at Courtyard) (Table 12).

Significant interactions involving the growing season were also identified but not
further investigated. Instead, redundancy analyses (RDA) were used to investigate the
relative importance of climatic soil and variety as explanatory variables/drivers for grain
quality (see Section 3.7 below).

3.6. Effects of Year, Site, and Fertililization on Grain Nutritional Quality Parameters in Spring
Wheat cv Paragon

Results from the unfertilized control plots could not be included in the factorial
ANOVA of data from the fertilization trials described in this section. We, therefore, used
redundancy analyses (RDA) to investigate associations between all fertilization treat-
ments (including no fertilizer input controls) and grain nutritional quality parameters
(see Section 3.7.2).

A four-factor ANOVA identified significant main effects of the growing season for
Fe, Zn, Cd, Ni, and Pb, but not phytic acid concentrations in wheat grain (Supplementary
Table S7). Grain Fe concentrations were significantly higher and grain Zn, Cd, Ni, and Pb
concentrations were lower in 2006 when compared with 2007 (Supplementary Table S7),
the growing season that had (i) lower temperatures and solar radiation in all three sites
and (ii) lower rainfall at Gilchester but higher rainfall at Courtyard and Sheepdrove
(Supplementary Table S1).

A four-factor ANOVA detected significant main effects of the site for Fe, Zn, Cd, and
Ni, but not phytic acid and Pb concentrations in wheat grain (Supplementary Table S7). Fe,
Cd, and Ni concentrations were highest at Gilchester, while Zn concentrations were highest
at Sheepdrove. Fe and Zn concentrations were lowest at Courtyard, and Cd and Ni concen-
trations were lowest at Sheepdrove, although the differences in Cd and Ni concentrations
between Sheepdrove and Courtyard were not significant (Supplementary Table S7).

A four-factor ANOVA detected significant main effects of fertilizer type for grain Fe,
Zn, and Cd concentrations but not phytic acid, Ni, or Pb concentrations, and there were
no significant main effects of fertilizer input level (Supplementary Table S7). Fe, Zn, and
Cd concentrations were significantly higher in grain produced with CMP or FYM + CMP
as fertilizer compared with grain produced with FYM and GWC, although the difference
in Cd concentration between grain produced with FYM + CMP, FYM, and GWC was not
significantly different.

A four-factor ANOVA detected a wide range of interactions between year, site, fertil-
izer type, and/or fertilizer input level for Fe, Zn, Cd, and Pb, but not Ni concentrations
in wheat grain (Supplementary Table S7). These interactions were further investigated by
carrying out separate three-factor ANOVAs for data from each site (Tables 13 and 14).

For grain Fe concentrations, a three-factor ANOVA detected significant main effects of
(i) year at Sheepdrove only, (ii) fertilizer type at all three sites, and fertilizer input level at
Courtyard only (Table 13).

As with grain yield and leaf chlorophyll levels, grain Fe concentrations were higher
in 2006 compared with 2007 at all three sites, but the difference between years was only
significant at Sheepdrove (Table 13).
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Table 13. Main effect means ± SE and p-values for the effects of year, fertilizer type, and input
level on iron (Fe) and zinc (Zn) concentrations in spring wheat cv Paragon at the Courtyard (COU),
Gilchester (GIL), and Sheepdrove (SHE) trial sites.

Fe Zn

Factor (mg/kg) (mg/kg)

Year COU GIL SHE COU GIL SHE
2006 31.6 ± 0.73 37.8 ± 0.35 35.1 ± 0.5 23.3 ± 0.45 30.3 ± 0.45 36.1 ± 0.39
2007 27.7 ± 0.39 36.1 ± 0.75 32.2 ± 0.42 32.1 ± 0.38 31 ± 0.41 40.7 ± 0.47

Fertilizer type
CP 32 ± 1.07 a 36.7 ± 0.52 b 36.8 ± 0.62 a 28.3 ± 1.41 a 30.7 ± 0.33 39.9 ± 1.09 a

FYM 27.9 ± 0.65 c 35.8 ± 0.75 b 31.9 ± 0.39 c 28.1 ± 1.15 a 29.4 ± 0.36 38 ± 0.61 b

FYM + CP 30.2 ± 0.87 b 38.5 ± 0.84 a 33.6 ± 0.66 b 27.8 ± 1.41 ab 31.7 ± 0.88 38.3 ± 0.9 b

GWC 28.5 ± 0.92 c 37 ± 0.9 ab 32.3 ± 0.64 c 26.6 ± 1.1 b 30.4 ± 0.61 37.4 ± 0.55 b

Fertilizer Input level
125 kg N ha−1 29.1 ± 0.67 37.1 ± 0.52 34 ± 0.59 27.4 ± 0.8 30.7 ± 0.5 38.2 ± 0.63
250 kg N ha−1 30.1 ± 0.69 37 ± 0.6 33.3 ± 0.47 28 ± 0.98 30.5 ± 0.36 38.6 ± 0.55

ANOVA (p-values)
Main Effects

Year (YR) NS NS 0.0103 0.0059 NS 0.0046
Fertilizer type (FT) <0.0001 0.0041 <0.0001 0.0137 NS 0.0090

Fertilizer input level (IL) 0.0497 NS NS NS NS NS
Interactions

YR:FT 0.0075 0.0082 NS NS NS 0.0087
YR:IL NS NS NS NS NS NS
FT:IL 0.0127 1 0.0234 1 NS NS NS NS

YR:FT:IL NS 0.0261 NS NS NS NS

Means labeled with the same letter within the same column are not significantly different according to Tukey’s
honestly significant difference test (p < 0.05). NS, not significant; 1, see Table 14 for interaction means ± SE.

Table 14. Interaction means for effects of fertilizer type and input level on grain iron (Fe) concentration
in spring wheat cv Paragon at Courtyard and Gilchester farms.

Factor 1. Factor 2. Fertilizer Type

Site Fertilizer Input
Level CP FM FM + CP GWC

Courtyard 125 kg N/ha 30.5 ± 1.7 A b 28.3 ± 0.9 AB a 29.4 ± 1.3 AB a 28.4 ± 1.3 B a

250 kg N/ha 33.5 ± 1.1 A a 27.5 ± 1.0 C a 31.0 ± 1.1 B a 28.6 ± 1.4 C a

Gilchester 125 kg N/ha 36.9 ± 0.7 AB a 36.6 ± 1.2 B a 38.8 ± 0.9 AB a 35.8 ± 1.2 A a

250 kg N/ha 36.6 ± 0.8 AB a 35.1 ± 0.9 B a 38.1 ± 1.5 A a 38.4 ± 1.3 A a

Means labeled with the same capital letter within the same row and the same lower case letter within the same
column are not significantly different according to Tukey’s honestly significant difference test (p < 0.05).

Fe concentrations were highest when CP was used as fertilizer, and both CP and
FYM + CP resulted in significantly higher grain Fe concentrations compared with FYM
and GWC at Courtyard and Sheepdrove (Table 13). In contrast, at Gilchester, the use
of FYM + CP resulted in higher grain Fe compared with the other three fertilizer types,
although the difference between FYM + CP and GWC was not significant (Table 13).

At Courtyard and Gilchester, a three-factor ANOVA also detected a significant interac-
tion between fertilizer type and input level for grain Fe concentration (Tables 13 and 14).
When this interaction was further investigated, significantly higher grain Fe concentrations
were detected with the high fertilizer input level when CP was used as the fertilizer type at
Courtyard (Table 14). In contrast, at Gilchester, no significant difference between fertilizer
input levels was detected for all four fertilizer types, although it should be noted that the
greatest difference between fertilizer input levels was detected when GWC was used as the
fertilizer input (Table 14).
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For grain Zn concentrations, a three-factor ANOVA detected significant main effects
of year and fertilizer type at Courtyard and Sheepdrove only, and there were no significant
main effects of fertilizer input level or significant interactions between fertilizer type and
input level (Table 13). Grain Zn concentrations were lower in 2006 compared with 2007
at all three sites, but the difference between years was only significant at Courtyard and
Sheepdrove. At both Courtyard and Sheepdrove, grain Zn concentrations were highest
when CM was used as fertilizer and lowest when GWC was used as fertilizer. However,
at Courtyard, the differences between CP, FYM, and FYM + CP were not significant,
while at Sheepdrove, the use of CP as fertilizer resulted in significantly higher grain Zn
concentrations when compared with the other fertilizer types (Table 13).

For grain Cd and Pb concentrations, a three-factor ANOVA detected significant main
effects of the year at all three sites (Table 15). As with grain yield and leaf chlorophyll
levels, grain Cd and Pb concentrations were higher in 2006 compared with 2007 in all
three sites (Table 15). For grain Cd concentrations, a three-factor ANOVA also detected
significant main effects of fertilizer type, but only at Courtyard and Gilchester (Table 15).
At Courtyard, Cd concentrations were highest when CP, and lowest when GWC was used
as fertilizer (Table 15). In contrast, at Gilchester, Cd concentrations were highest when
GWC was used as fertilizer and lowest when FYM was used as fertilizer (Table 15). For
Pb, a three-factor ANOVA also detected a significant main effect of fertilizer input type,
but only at Courtyard, with the higher fertilizer input level resulting in higher grain Pb
concentrations (Table 15).

Table 15. Main effect means ± SE and p-values for the effects of year, fertilizer type, and input level
on grain cadmium (Cd) and lead (Pb) concentrations in spring wheat cv Paragon at the Courtyard
(COU), Gilchester (GIL), and Sheepdrove (SHE) trial sites.

Cd Pb

Factor (mg/kg) (mg/kg)

Year COU GIL SHE COU GIL SHE
2006 19 ± 1 45 ± 1 26 ± 1 36 ± 4 39 ± 5 48 ± 7
2007 48 ± 2 26 ± 2 36 ± 1 119 ± 10 116 ± 10 110 ± 9

Fertilizer type
CP 40 ± 5 a 37 ± 3 b 33 ± 2 70 ± 12 82 ± 14 79 ± 15

FYM 32 ± 4 ab 33 ± 4 c 31 ± 2 71 ± 12 72 ± 14 72 ± 14
FYM + CP 34 ± 4 ab 37 ± 3 b 30 ± 3 103 ± 19 84 ± 15 77 ± 15

GWC 30 ± 4 b 40 ± 3 a 29 ± 2 65 ± 14 48 ± 13 88 ± 12
Fertilizer Input level

125 kg N ha−1 33 ± 3 37 ± 2 32 ± 2 69 ± 10 72 ± 10 75 ± 9
250 kg N ha−1 35 ± 3 37 ± 2 30 ± 2 85 ± 11 72 ± 10 82 ± 10

ANOVA (p-values)
Main Effects

YR 0.0005 0.0151 0.0144 0.0026 0.0035 0.0159
FT 0.0008 0.0245 NS NS NS NS
IL NS NS NS 0.0196 NS NS

Interactions
YR:FT NS NS NS 0.0062 NS NS
YR:IL NS NS NS NS NS NS
FT:IL NS NS NS NS 0.0157 1 NS

YR:FT:IL NS NS NS NS NS 0.0216

Means labeled with the same letter within the same column are not significantly different according to Tukey’s
honestly significant difference test (p < 0.05). NS, not significant; 1, see Table 16 for interaction means ± SE.

A significant interaction between fertilizer type and input level was detected for
grain Pb concentrations at Gilchester only (Table 15). When this interaction was further
investigated, a significant difference between the two fertilizer input levels was only
detected when GWC was used as fertilizer, with the higher fertilizer input level resulting
in higher grain Pb concentrations (Table 16).
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Table 16. Interaction means for effects of fertilizer type and input level on grain lead (Pb) concentra-
tion in spring wheat cv Paragon at Gilchester farm.

Factor 1. Factor 2. Fertilizer Type

Fertilizer Input Level CP FM FM + CP GWC

125 kg N/ha 75 ± 10 AB a 65 ± 12 B a 95 ± 12 A a 51 ± 10 B a

250 kg N/ha 78 ± 12 A a 78 ± 10 A a 81 ± 15 A a 86 ± 11 A b

Means labeled with the same capital letter within the same row and the same lower case letter within the same
column are not significantly different according to Tukey’s honestly significant difference test (p < 0.05).

Significant interactions involving the growing season were also detected but not
further investigated. Instead, redundancy analyses (RDA) were used to investigate the
relative importance of climatic soil and nutrient inputs from fertilizers as explanatory
variables/drivers for grain quality (see Section 3.7 below).

3.7. Redundancy Analyses

Associations between climate, soil mineral content, variety, and/or fertilizer mineral
input explanatory variables/drivers and (i) foliar disease severity, (ii) crop performance
parameters, and (iii) grain phytic acid, mineral nutrient, and toxic metal concentrations
were investigated using redundancy analyses (RDA). Although the growing periods and
fields used for the variety and fertilizer trials were the same at all three farms (to generate
the same soil and climatic background conditions at each site), the data from the variety
and fertilizer trials were analyzed separately (Table 17). This allowed the relative strength
(based on the % variation explained and F-value) of climate and soil mineral content drivers
to be compared in the context of two contrasting agronomic innovation strategies (variety
choice and fertilization regime) available to organic farmers (Table 17).

Table 17. Proportion of variation explained and pseudo-F-values and p-values for the climatic,
soil mineral content, and variety or fertilizer mineral input explanatory variables included in the
redundancy analyses of the variety and fertilizer trial data.

p-Value Pseudo F-Value % Variation Explained

Explanatory Variety Fertilizer Variety Fertilizer Variety Fertilizer
Variables Trials Trials Trials Trials Trials Trials

Climate
Radiation (RAD) 0.002 0.002 12.6 39.4 6.3 13.6

Precipitation (PRE) 0.002 0.002 7.3 6.5 2.7 1.7
Temperature (TEMP) 0.002 0.002 5.3 48.5 1.8 20.1

Total climate 25.2 94.4 10.8 35.4
Soil mineral content

Carbon (sC) 0.348 0.002 1.1 9.2 0.4 2.3
Nitrogen (sN) 0.094 0.150 2.0 1.5 0.6 0.4

Phosphorus (sP) 0.002 0.002 5.0 20.3 1.6 5.7
Potassium (sK) 0.928 0.222 0.3 1.4 0.1 0.3

Sulphur (sS) 0.002 NC 16.6 NC 9.1 NC
Calcium (sCa) 0.500 NC 0.9 NC 0.3 NC

Magnesium (sMg) 0.002 NC 12.2 NC 5.6 NC
Copper (sCu) 0.484 0.014 0.9 3.0 0.3 0.7

Iron (sFe) 0.002 NC 8.8 NC 3.0 NC
Zinc (sZn) 0.646 0.002 0.7 23.8 0.2 7.4

Cadmium (Cd) 0.428 NC 1.0 NC 0.3 NC
Total soil minerals 49.5 59.2 21.5 16.8

Variety
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Table 17. Cont.

p-Value Pseudo F-Value % Variation Explained

Explanatory Variety Fertilizer Variety Fertilizer Variety Fertilizer
Variables Trials Trials Trials Trials Trials Trials

Amaretto (AMA) 0.002 7.3 2.8
Fasan (FAS) 0.002 12.8 5.5

Paragon (PAR) 0.018 2.8 0.9
Tybalt (TYB) NC 2.8 0.9
Zebra (ZEB) 0.002 17.9 17.9
Total variety 43.6 28

Fertilizer mineral input
Total Nitrogen (N) 0.002 10.3 2.8

NH4/NO3-nitrogen (fN) 0.004 1.0 1.0
Phosphorus (fP) 0.006 4.3 1.0
Potassium (fK) 0.050 2.5 0.6
Copper (fCu) 0.038 2.6 0.6

Zinc (fZn) 0.472 0.9 0.2
Total fertilizer minerals 21.6 6.2

Total variation explained: 62.7 58.3

NC, not computed.

Different from the factorial ANOVA, data from all fertilizer input levels (includ-
ing the non-fertilized control treatment) could be included in the main RDA (Table 17,
Figures 1 and 2). In addition, a supplementary RDA was carried out in which the seven
different fertilizer treatments were included as fixed explanatory variables/drivers to
investigate associations between all fertilization treatments (including no fertilizer in-
put controls) and crop health and performance and grain nutritional quality parameters
(Supplementary Table S10 and Figure S1).

3.7.1. Variety Trials

Climate, soil mineral content, and a variety of explanatory variables/drivers accounted
for 58.3% of the variation (Table 17). The contrasting varieties explained 29% of the variation
(F-value = 43.6) and soil mineral contents explained 21.5% of the variation (F-value = 49.5)
and were stronger explanatory variables/drivers than climate, which only accounted
for 10.8% of the variation (F-value: 25.2) (Table 17). RDA identified all three climate
parameters (radiation, precipitation, and temperature) as highly significant explanatory
variables/drivers (p = 0.002) in the variety trials (Table 17).

When the strength of individual climatic drivers was compared, radiation was the
strongest (F-value = 12.6) and temperature was the weakest (F-value = 5.3) driver. RDA
identified four of the soil minerals (Fe, Mg, P, and S) as significant (p < 0.05) explanatory
variables/drivers, but the list of significant drivers and their relative strength differed
between the variety and fertilization trials (Table 17). Specifically, in the variety trial, soil S
(F-value = 16.6) was identified as the strongest driver, followed by soil Mg (F-value = 12.2),
soil Fe (F-value = 8.8), and soil P (F-value = 5.0) concentrations (Table 17).

In the biplot resulting from the RDA of variety trial data, the horizontal axis 1 account
for 36.0% of the variation and the vertical axis 2 for a further 9.8% (Figure 1). Specifically, the
biplot shows that grain yield, leaf chlorophyll, and thousand grain weight (tgw) were most
closely positively associated with the varieties Tybalt and Paragon and soil P concentrations
and irradiation, but negatively associated with the varieties Zebra and Fasan, soil C, N, K,
S, Ca, Mg, Cu, Zn, and Cd content, and to a lesser extent precipitation and temperature
along axis 1 (Figure 1). In contrast, stem length and grain phytic acid, N, NO3, Mg, Cu, Mn,
Zn, Cd, and Ni concentrations were all positively associated with the varieties Zebra and
Fasan, soil C, N, K, S, Ca, Mg, Cu, Zn, and Cd content, and to a lesser extent precipitation
and temperature along the positive axis 1 (Figure 1).
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Figure 1. Biplot derived from redundancy analysis shows the relationship between climate, soil
chemical content, and wheat variety explanatory variables/drivers, and plant health, crop perfor-
mance, and grain composition parameters as response variables. F- and p-values and the proportions
of variation explained by different explanatory variables/drivers and F are shown in Table 17. Con-
tinuous explanatory variables/drivers are shown as arrows and include the (i) climatic parameters
total radiation (RAD), total precipitation (PRE), and average daily temperature (TEMP) during the
growing period, and (ii) total topsoil concentrations of C (sC), N (sIN), P (sP), K (sK), S (sS), Ca
(sCa), Mg (sMg), Cu (sCu), Fe (sFe), Zn (sZn), and Cd (sCd). Fixed explanatory variables/drivers
are shown as black triangles (N) and include the five contrasting spring wheat varieties: Amaretto
(AMA), Fasan (FAS), Paragon (PAR), Tybalt (TYB), and Zebra (ZEB). Response variables are shown
as red arrow tips and include the (i) crop health parameters Septoria disease severity on the flag
leaf (SL1) and the 2nd leaf (SL2), yellow rust on the flag leaf (YRL1) and 2nd leaf (YRL2), (ii) crop
performance parameters grain yield (yield) (ii) grain protein content (pr), straw length (sl), thousand
grain weight (tgw), (iii) grain concentrations of phytic acid (PhytAcid), the minerals N (N), P (P), K
(K), S (S), Ca (Ca), Mg (Mg), Fe (Fe), Cu (Cu), Mn (Mn), Zn (Zn), B (B), and Mo (Mo), and the toxic
metals Cd (Cd), Ni (Ni) and Pb (Pb).

Yellow rust was most closely associated with the variety Amaretto along the posi-
tive axis 1, while Septoria severity, stem length, and grain P and Ca concentrations were
positively associated with temperature, radiation, soil P and Ca content, and the varieties
Monsun and Fasan along the negative axis 2 (Figure 1). Also, grain N, S, Fe, Cd, and Ni
concentrations were positively associated with soil Fe and Mg concentrations along the
positive axis 1 (Figure 1).
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Figure 2. Biplot derived from redundancy analysis shows the relationship between climate, soil
chemical content, and fertilizer mineral input explanatory variables/drivers, and plant health, crop
performance, and grain composition parameters as response variables. F- and p-values and the
proportions of variation explained by different explanatory variables/drivers and F are shown in
Table 17. Continuous explanatory variables/drivers are shown as arrows and include the (i) climatic
parameters total radiation (RAD), total precipitation (PRE), and average daily temperature (TEMP)
during the growing period (ii) total topsoil concentrations of C (sC), N (sN), P (sP), K (sK), S (sS),
Ca (sCa), Mg (sMg), Cu (sCu), Fe (sFe), Zn (sZn), Cd (sCd); and (iii) fertilizer inputs of total N (Nt),
available NO3/NH4-N (fN), P (fP), K (fK), Cu (fCu), and Zn (fZn). Response variables are shown
as red arrow tips and include the (i) crop health parameters. Septoria disease severity on the flag
leaf (SL1) and the 2nd leaf (SL2), yellow rust on the flag leaf (YRL1) and 2nd leaf (YRL2), (ii) crop
performance parameters grain yield, (yield) (ii) grain protein content (pr), straw length (sl), thousand
grain weight (tgw), (iii) grain concentrations of phytic acid (PhytAcid), the minerals N (N), P (P), K
(K), S (S), Ca (Ca), Mg (Mg), Fe (Fe), Cu (Cu), Mn (Mn), Zn (Zn), B (B), and Mo (Mo), and the toxic
metal Cd (Cd), Ni (Ni), and Pb (Pb).

3.7.2. Fertilizer Trials

In the fertilizer trials, climate, soil mineral content, and fertilizer mineral input explana-
tory variables/drivers accounted for 62.7% of the variation. In contrast to the variety trials,
climate accounted for 35.4% of variation (F-value = 94.4) and was a stronger driver than
soil mineral content, which accounted for 16.8% of variation (F-value = 59.2), and fertilizer
mineral input, which accounted for only 6.2% of variation (F-value = 21.6) (Table 17).

Similar to the variety trials, RDA identified all three climate parameters (radiation, pre-
cipitation, and temperature) as highly significant explanatory variables/drivers (p = 0.002)
(Table 17). However, in the fertilizer trials, the relative strength of climatic drivers was dif-
ferent when compared to the variety trials, which were carried out in the same climatic back-
ground conditions (Table 14). Specifically, temperature was the strongest (F-value = 48.5),
and precipitation the weakest (F-value = 6.5) driver (Table 17).

In the fertilizer trial, RDA identified four of the soil minerals (C, Cu, P, and Zn) as
significant (p < 0.05) explanatory variables/drivers, but the list of significant soil mineral
drivers differed from those identified in the variety trial (Table 17). Specifically, in the
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fertilizer trials, soil Zn (F-value = 23.8) was identified as the strongest driver, followed by
soil P (F-value = 20.3), soil C (F-value = 9.2), and soil Cu (F-value = 3.0) (Table 17).

In the biplot derived from the RDA of fertilizer trial data, the horizontal axis 1 accounts
for 24.5% of the variation and the vertical axis 2 for a further 17.1% (Figure 2). Specifically,
the biplot shows that (i) grain yield and chlorophyll content were closely positively as-
sociated with fertilizer P and K inputs along both the positive axis 1 and negative axis 2,
but negatively associated with temperature, precipitation, soil N content, and both total
and available (NO3/NH4) N-inputs from fertilizer along the negative axis 1 and positive
axis 2 (Figure 2). Also, grain yield, leaf chlorophyll content, and both powdery mildew and
Septoria severity on the flag leaf were positively associated with radiation and soil C, P, and
K content (Figure 2). However, mildew and Septoria severity were positively associated
with radiation, precipitation, and temperature along axis 1.

It is also interesting to note that grain P-concentrations were more closely positively
associated with precipitation and temperature (along both the negative axis 1 and positive
axis 2) than (i) soil P-concentration and P-inputs from fertilizer. In contrast, for grain
K-concentrations, a weak positive association was detected with K-inputs from fertilizer
(along the positive axis 1) and a negative association with soil K content (along the negative
axes 1 and 2). The TGW and grain protein, N, K, S, Mg, Na, and Cd concentrations were all
positively associated with soil N content and both total and available (NO3/NH4) N-inputs
from fertilizer (along the positive axis 1) but negatively associated with radiation and soil
C, P, and K concentrations (along the negative axes 1 and 2) (Figure 2).

Grain Cu concentrations were positively associated with both soil Cu content and
fertilizer Cu inputs along the positive axes 1 and/or 2, while grain Zn concentrations were
positively associated with both soil Zn content and fertilizer Zn inputs along the negative
axis 1 and positive axis 2 (Figure 2).

When the soil mineral inputs from fertilizers were replaced with the different fertilizer
treatments as explanatory variables/drivers in the RDA, climate accounted for 35.4% of
the variation (F-value = 94.6) and was a stronger driver than soil mineral content, which
accounted for 16.8% of the variation (F-value = 59.2), and fertilizer input treatment, which
accounted for 8.6% of the variation (F-value = 34.9) (Supplementary Table S10).

In the biplot derived from the RDA, which used fertilizer treatments as fixed response
variables (Supplementary Figure S1), the horizontal axis 1 explained 24.5% of the variation
and the vertical axis 2 explained a further 17.5%, and associations with (i) climate and
(ii) soil mineral content were similar to those observed when mineral inputs from fertilizers
were used as variable response variables (Supplementary Figure S1).

When fertilizer treatments were used as fixed response variables, Septoria and powdery
mildew severity, stem length, and grain NO3, P, Mn, Zn, B, Mo, and Pb were positively
associated with the higher fertilizer input level (250 kg N/ha) of FYM, CP, and FYM + CP
along the negative axis 1 (Supplementary Figure S1).

In contrast, grain yields and Fe concentrations were positively associated with the use
of GWC and to a lesser extent FYM at the lower (125 kg N/ha) input level along both the
positive axes 1 and 2, while the thousand grain weight and grain protein, N, K, S, Ca, Mg,
Cu, and S concentrations were positively associated with the use of GWC at the higher
input level and CP or FYM + CP at the lower input level (Supplementary Figure S1). It
is also important to note that the higher input levels of CP, FYM, and CP + FYM treat-
ments were negatively associated with grain yield along both the negative axes 1 and 2
(Supplementary Figure S1).

4. Discussion

Since the introduction of legally binding EU standards in the early 2000s, organic wheat
cultivation in the UK and other countries in northern Europe has expanded rapidly [3,6,7,12],
and in 2022, a total of 15,000 ha in the UK and 165,000 ha in Germany were used for or-
ganic wheat production [30,31]. Although spring wheat is estimated to only account for
10–20% of total organic wheat production in the UK and Germany, the area of spring wheat
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production has increased in both countries in recent years [31,32]. In contrast, in Sweden
and the Netherlands (NL), a larger proportion (~40% and ~65% in Sweden and the NL,
respectively, in 2009) of the total organic wheat production area (~25,000 and ~2000 ha in
Sweden and the NL, respectively, in 2009) is used for spring-sown crops [33].

Overall, spring wheat is thought to be of greater importance in organic farming systems
(especially in regions with light, sandy soils) because it can utilize a larger proportion of N
applied with green and animal manures prior to planting (by avoiding large N losses due
to run-off and leaching from manure inputs in autumn over the winter period that often
limit yields and protein content in winter wheat) and thereby more reliably achieve high
protein contents and bread-making quality [3,6,7,12]. Also, different from winter wheat,
spring cereals can be (i) established after late-harvested field vegetable crops (e.g., potatoes,
brassicas), which are more frequently grown in organic compared with conventional arable
rotations, and (ii) undersown with grass-clover in order to minimize nutrient losses and
optimize N-fixation by grass-legume leys, which are an essential component in organic
crop rotations [3,6,7,12].

Yields in organic cereal production were reported to be ~25% lower than those
achieved in conventional production [34], and the organic farmers participating in this
study also estimated that their spring wheat yields were around ~25% lower than those of
neighboring conventional farms (Melchett, P. (Courtyard farm, Hunstanton, Norfolk, UK),
Kindersley, P. (Sheepdrove farm, Lambourn, Berkshire, UK) and Wilkinson, A. (Gilchester
farm, Stamfordham, Northumberland, UK), personal communication 2006).

Results from recently published factorial field experiments with winter wheat vari-
eties of both common (T. aestivum) and spelt (T. spelta) wheat showed that both crop
breeding/selection and fertilization innovations may increase grain yields, processing, and
nutritional quality in organic bread-making wheat production systems [3–5,7–9,12,35–37].
These studies also suggested that (i) the use of longer-straw varieties can improve crop
yield and quality in organic production systems compared with modern short-straw vari-
eties [3–5,7–9,35–37], (ii) the use of organic fertilizers results in higher mineral micronutrient
concentrations but lower Cd concentrations in wheat grain compared with crops grown
with mineral NPK fertilizers [3,5,7,9,11,12], and (iii) there are highly significant interactions
between pedo-climatic, variety and fertilization regimes (organic fertilizer input types and
levels) factors for grain yield, quality, and safety parameters in organic production sys-
tems [3,11,12,35–40]. However, there is limited information on the effects of pedo-climatic,
crop genetics, and fertilization regimes on the performance of spring wheat in organic
production systems, although spring wheat is thought to be more suitable for obtaining
bread-making quality in many northern European regions and especially areas with light
sandy soils [3,6,12,37].

While winter wheat is typically sown in October and harvested in August, spring
wheat is typically sown in March/April and harvested in September in the UK [37,41,42].
Nutrient (especially N) losses from fertilizers applied before sowing are known to be
substantially higher in winter compared with spring crops, and this makes it difficult to
obtain grain protein contents required for bread-making quality in organic winter wheat
production, where spring applications of mineral N-fertilizers (which are widely used in
conventional wheat production) are not permitted [3,7,37]. As a result, winter and spring
wheat crops have contrasting (i) climatic background conditions, (ii) nutrient availability,
and (iii) shoot and root growth patterns during the growing season, especially between crop
emergence and tillering [37,41–43]. This also partially explains differences in (i) disease
and pest pressure/incidence and (ii) crop responses to agronomic parameters (e.g., tillage
and fertilization) between winter and spring wheat crops [37,41–43].

This study, uniquely, compared the effects of (i) different spring wheat varieties
(Amaretto, Fasan, Monsun, Paragon, Tybalt, and Zebra) and (ii) contrasting organic fertilizer
types and input levels used by organic farmers on the performance of spring wheat in
three pedoclimatic environments/sites in the UK. Variety and fertilization trials were
carried out in the same two growing seasons, thus providing the same climatic background
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conditions at each site. This allowed the relative importance of climatic, soil, variety, and
fertilization explanatory variables/drivers to be compared by RDA across the variety and
fertilization trials.

Overall, both ANOVA and RDA results indicate that improvements in spring wheat
breeding/selection have a greater potential for increasing crop yield and quality parameters
in the organic sector compared with optimization of fertilization practices.

RDA also showed that climatic explanatory variables/drivers (radiation, precipitation,
and temperature during the growing season) explained a substantially larger proportion of
the variation in fertilization (35.4%) compared with the variety (10.8%) trials. This suggests
that climatic conditions during the growing season may augment crop yield and quality
improvements resulting from changes in fertilization methods to a greater extent than yield
and quality gains resulting from innovative breeding/selection programs for the organic
spring wheat sector. It may also indicate that increases in crop yield and quality parameters
resulting from genetic improvements may be affected to a lesser extent by climate change
compared with improvements resulting from the optimization of fertilization regimes.

In contrast, RDA showed that soil explanatory variables/drivers (soil C, N, P, K, S, Ca,
Mg, Cu, Fe, Zn, and Cd concentrations) explained a similar proportion of the variation in
the variety (21.5%) and fertilization (16.8%) trials.

Overall, results from the ANOVA and RDA provide further evidence for the hypoth-
esis that there is a greater need to focus on site-specific optimization of variety breed-
ing/selection and agronomic practices in organic production systems compared with
conventional wheat production systems [1–3,12,30,31].

Results obtained in the variety and fertilization trials are discussed in detail in separate
sections below.

4.1. Effects of Variety in Contrasting Pedoclimatic Environments

Similar to results obtained in organic winter-wheat variety trials [3–5,7–9,12,35–37],
significant variation in foliar disease severity, grain yield, and quality parameters was
detected when the performance of six contrasting spring-wheat varieties (developed for
the bread-making sector in different northern European countries) was compared at three
UK sites with contrasting pedo-climatic conditions.

Results from winter wheat variety trials indicated that there may be positive associ-
ations between straw length and (i) disease resistance, (ii) grain protein content, and/or
(iii) mineral micronutrient concentrations [3–5,9,35–37]. This hypothesis is not supported
by the results obtained with the six spring wheat varieties compared in this study. Specif-
ically, across all three sites, the shorter-straw varieties Paragon and Tybalt produced the
highest yields and protein contents and had higher Fe and Zn concentrations compared
with the variety Fasan, which produced the longest straw. However, similar results to
those reported in this study were obtained in previous field experiments that compared the
performance of spring wheat varieties in organic production backgrounds in both Canada
and the UK [6,37]. This supports the hypothesis that the traits and trait combinations
prioritized in breeding/selection programs for the organic spring wheat sector may be
different from those targeted for organic winter wheat [3]. It has been suggested that the
introduction of semi-dwarfing genes into modern wheat varieties has not only affected
straw length but also root system parameters such as (i) rooting depth and root distribution
patterns in soil, (ii) mycorrhizal colonization and function, (iii) root exudates and organic
matter mineralization in the rhizosphere, and (iv) nutrient uptake capacity/efficiency from
organic fertilizers [3,7,12,35–40]. Since the ability to take up nitrogen that has leached down
the soil profile as nitrate over the winter period is more important for winter wheat (where
fertilizer is applied in autumn) compared with spring wheat (where fertilizer is applied in
late winter), this may, for example, explain correlations between straw length and grain
yield and/or protein content in winter but not in spring wheat varieties. This should be
investigated in future studies.
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Results from the variety trials also support the conclusion of recent reviews on wheat
breeding for the organic sector [2,3] that it is important to carry out final stage selection
and variety adaptation (i) on organic farms and (ii) in a wide range of pedo-climatic envi-
ronmental backgrounds representative of the main wheat growing areas in the UK [3]. For
example, the need for region/site specific variety selection is supported by the finding that
the highest grain yields were obtained by Paragon at the Gilchester site but by Tybald at
the Sheepdrove and Courtyard sites, while the highest protein contents were produced by
Tybalt at Gilchester and Paragon at the Sheepdrove and Courtyard sites. Also, Paragon
produced higher grain Fe and similar Zn concentrations at Courtyard, while Tybalt pro-
duced higher Fe concentrations at Gilchester and Sheepdrove and higher Zn concentrations
at Gilchester.

Overall, results suggest that it is possible to select spring wheat varieties that deliver
both (i) high grain yields and foliar disease resistance (an important trait associated with
yield stability in the UK) and (ii) the high processing and nutritional quality traits demanded
by organic farmers and consumers [3]. Specifically, the two varieties with the highest grain
yields in both growing seasons (Paragon and Tybalt) showed good levels of resistance
against powdery mildew, yellow rust, and Septoria leaf blotch, which are the main yield-
affecting foliar diseases in northern Britain [7,10,19]. It is important to note that lodging
(which is a major yield-limiting factor in autumn-sown conventional cereal production
in northern Britain) was not detected in any of the varieties in both seasons. This may
have been due to (i) a lower lodging risk in spring compared with autumn-sown cereals
and/or (ii) the organic crop management protocols used, since previous studies with
winter wheat showed that lodging severity is significantly lower in organic compared with
conventional crops (especially linked to reduced amounts of readily available N) [3,7,39,40].
In conventional production systems with high inputs of mineral N fertilizers, farmers
use both fungicides and plant growth regulators (e.g., chlormequat) to reduce the risk of
lodging [3,7,39–43].

This study also, for the first time, assessed the effect of variety on concentrations of
the toxic metals Cd and Pb in organically produced spring wheat grain. Results show that
there are significant differences in Cd but not Pb concentrations between varieties. Also,
there appears to be no correlation between concentrations of the toxic metal Cd and the
nutritionally desirable minerals Zn and Fe. For example, Paragon grain had relatively
high Zn and Fe concentrations but the lowest Cd concentrations when compared to the
other five varieties. In contrast, Monsun grain had the highest Cd but relatively low Zn
and Fe concentrations. In this context, it is important to note that Zn and Fe are known
to be mainly located in the bran and germ, while Cd (and also Se) were reported to be
more evenly distributed throughout the cereal grain [3,9–11]. These results suggest that it
is possible to breed/select wheat varieties for higher mineral nutrients and low Cd uptake
capacity, which may be particularly important in regions with high soil cadmium levels
due to pollution and/or (over-)use of phosphorus fertilizers with a high Cd content [44,45].

It is important to note that differences in climatic conditions between the two growing
seasons had a greater relative impact on grain yield and most processing and nutritional
quality parameters than variety choice. These findings should be considered in the context
of the more extreme weather events predicted for the UK as a result of global climate
change. For example, if extremely high or low rainfall events in June/July become more
frequent (as predicted by many climate change models), this could have significant negative
impacts on both spring wheat yields and quality in Northern Britain and will have to be
considered when designing future wheat breeding programs [3,46].

In the variety trials at Gilchester, grain concentrations of vitamin E-isomers were also
analyzed [47], because whole-grain cereal products are an important source of vitamin E,
especially for individuals with a vegan diet [48]. Vit E is a fat-soluble antioxidant that is
mainly present in the germ fraction of cereal grains, and refining of cereal grains removes
most of the grain Vit E [47–49]. Results suggest that there is significant variation in Vit
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E content and that it may also be possible to breed or select varieties with higher Vit E
content [47].

4.2. Effects of Fertilization Regimes in Contrasting Pedo-Climatic Environments

Several factorial field experiments [3–5,7,9,11,12,35–40] have demonstrated that both
differences in variety choice and agronomic practices (e.g., contrasting rotation, fertiliza-
tion, and crop protection regimes) contribute to the (i) lower grain yields reported for
organic compared with conventional cereal production systems [34] and (ii) lower protein
and Cd concentrations but higher phenolic/antioxidant and mineral micronutrient (e.g.,
Cu, Fe, Se, Zn) concentrations found in inorganic compared with conventional wheat
grain/products [9,10,50,51].

Previous studies also suggest that the main challenge for producing bread-making
quality wheat in organic farming systems is the provision of a high enough N-supply (espe-
cially during the later stages of crop development, e.g., grain filling) [3,12,35–37,47,52]. This
is mainly because (i) permitted organic N-inputs (green and animal manures, waste-based
composts, dried legume biomass pellets) are applied before sowing, and (ii) water-soluble,
immediately plant-available, mineral N inputs (which can be applied to conventional
spring wheat crops later in the growing season to increase protein content/bread making
quality) are not permitted in organic farming systems [3,12,52]. Also, EU environmental
legislation limits annual manure input to 170 kg N/ha, which is significantly lower than the
N required by modern spring wheat varieties for high yield and protein contents, especially
when considering that only ~50% of the N from manure inputs becomes plant available
in the first growing season after application [3,12]. However, the limit of 170 kg N/ha
operates as an average at the farm level, and organic farmers are permitted and often do use
higher manure input levels for crops with a high N-demand, such as wheat and potatoes,
and balance this by using lower or no manure inputs in crops such as forage and grain
legumes [3,12].

Strategies available to increase N-availability in organic spring wheat crops include
(i) growing wheat crops after legume leys, (ii) using organic fertilizers with a higher
available N-content, such as chicken manure pellets (CMP), or (iii) applying half the
total manure-based N-input to the growing crop later in the growing season. However,
there is limited information on the effect of implementing these strategies (especially
strategies ii and iii) on organic spring wheat performance [3,12,37].

The fertilizer trials reported here were all carried out with (i) the variety Paragon
(which was one of the two best-performing varieties in the variety trials) and (ii) grass/clover
or clover leys as the preceding crop to provide optimum residual soil N levels. Results from
the fertilizer trials confirmed that compared with farm yard manure (FYM) or greenhouse
waste compost (GWC), the use of CMP or a combination of FYM and CMP (CMP + FYM)
will increase the N-supply (estimated from chlorophyll concentration/SPAD) and grain
protein content of spring wheat. However, it is important to consider that (i) SPAD as-
sessments are not a very accurate indirect marker/indicator for N-supply and should be
supplemented with plant tissue analyses in future studies as previously recommended [53]
and (ii) the effect of different fertilizer types on grain yields differed significantly between
sites. Also, the finding that the CMP and CMP + FYM treatments also resulted in the
lowest yields at Sheepdrove and Gilchester, respectively, may suggest that in these sites,
the effect of these treatments on grain protein concentrations was at least partially due to a
concentration effect resulting from the lower grain yields.

Overall, results suggest that similar to variety selection, there is a need for site-specific
optimization of fertilization regimes for bread-making spring wheat production. For exam-
ple, the highest yields were obtained with FYM at Gilchester but GWC at Courtyard and
Sheepdrove. Also, although the RDA results suggest that the lower (125 kg N/ha) fertilizer
input level (especially GWC and FYM) resulted in an increase in grain yield compared to
unfertilized controls, ANOVA detected no effect of increasing fertilizer input levels from
125 kg to 250 kg N/ha on crop yields, while RDA identified a negative association between
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grain yield and CP, FYM, and CP + FYM applied at the higher input levels (250 kg/ha).
The fact that optimum yields were achieved with the lower fertilizer input level was not
unexpected because wheat was grown after N-fixing in grass-clover leys in all three sites;
this will have increased the amount of available N in soils, which is recognized as the main
growth/yield limiting factor in organic wheat production systems [52].

In contrast, increasing the fertilizer input level significantly increased protein contents
in all three sites, and at Sheepdrove, only the higher fertilizer input level achieved the mini-
mum protein contents (≥12.5%) demanded by UK millers/processors for bread-making
quality organic wheat [3].

Previous factorial field experiments with winter wheat reported that fertilizer type
and input level also affect concentrations of nutritionally relevant mineral micronutrients
and/or toxic metals in wheat grain and other crops [5,9,11–13]. Most importantly, the
use of mineral NPK fertilizers resulted in lower concentrations of micronutrients (Cu, Fe,
Se, and/or Zn) but higher concentrations of the toxic metal Cd in wheat grain in several
studies [5,9,11–13,51].

In the study reported here, only organic fertilizers widely used by organic farmers
were compared, but uniquely, comparisons were made in three different soil types and six
different climatic background conditions. Across all three sites, the use of the CMP resulted
in higher Fe, Zn, Cd, Ni, and Pb concentrations, but both ANOVA and RDA results suggest
that there are significant interactions between site-specific pedo-climatic conditions and
fertilizer type for both the concentrations of mineral micronutrients and toxic metals. Also,
the RDA showed that climatic variables explained a substantially larger proportion of the
total variation (35.4%) than both the soil (16.8%) and fertilizer mineral (6.2%) concentrations.
This suggests that climate change is likely to have a greater impact on concentrations of
micronutrients and toxic metals in spring wheat grain than site-specific soil conditions and
the organic fertilizer type used by organic farmers.

Compared with the sandy loam/clay loam soils at Gilchester Farm, the content and/or
bioavailability of micronutrients are known to be lower in light and calcareous soils such as those
found at Courtyard and Sheepdrove Farm, respectively [54,55]. In some light and calcareous
UK soils, certain micronutrients (e.g., Cu, Mn, and Zn) may become growth/yield limiting in
wheat crops, and this may be addressed by the use of micronutrient fertilizer inputs and/or
the build-up of soil organic matter [54,55]. This may therefore also, at least partially, explain the
differences in grain yield and micronutrient concentrations between the three sites.

One strategy to further improve yields and quality in organic spring wheat production
may be the use of bioinoculants or biostimulant products [56–60]. These products may
contain a wide range of different materials, including plant growth-promoting microbes,
humic acids, fulvic acid extracts, plant hormones, vitamins, enzymes, sea kelp, and fish
emulsion, and some (e.g., fulvic acid-based products) were reported to increase wheat
yields, N-use efficiency, and/or grain quality parameters [59]. However, since these prod-
ucts are currently not widely used in UK organic production, they were not included in the
crop management protocols used in the trials reported here.

5. Conclusions

Overall, this study indicates that the development of organic farming spring wheat
breeding/selection programs has a greater potential to improve organic spring wheat
grain yields, processing, and nutritional quality compared with efforts to further optimize
fertilization regimes.

Results from the variety trials also suggest it is feasible to breed/select spring wheat
varieties that combine high protein, vitamin E, and mineral micronutrients with low toxic
metal (Cd, Pb) concentrations when produced under organic farming conditions. However,
results also indicate that the traits targeted in spring wheat breeding/selection programs
may have to be different from those targeted for winter wheat.

The strategic use of CMP (an organic fertilizer with a high water-soluble N content) was
also confirmed as a suitable method to increase the protein content and also increase grain
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Fe and Zn concentrations. However, the use of CMP also increased grain concentrations of
the toxic metal Cd. The study also suggests that only moderate (equivalent to 125 kg N/ha)
organic fertilizer inputs are required to obtain optimum grain yields in organic spring
wheat grown after grass/clover or clover leys, even on sandy and calcareous soils.

The study provided further evidence that both variety choice and fertilization regimes
used in organic farming contribute to the lower yields and higher nutritional quality of
organic compared with conventional spring wheat grain.

Results provided further evidence that the impacts of climate change should be taken
into consideration when designing crop breeding/selection and agronomic innovation-
focused R&D programs.
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60. Drobek, M.; Frąc, M.; Cybulska, J. Plant Biostimulants: Importance of the Quality and Yield of Horticultural Crops and the
Improvement of Plant Tolerance to Abiotic Stress—A Review. Agronomy 2019, 9, 335. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1079/SUM2002129
https://doi.org/10.1007/s42106-019-00068-2
https://doi.org/10.1016/j.indic.2019.100007
https://projectblue.blob.core.windows.net/media/Default/Research%20Papers/Cereals%20and%20Oilseed/pr518-final-project-report.pdf
https://projectblue.blob.core.windows.net/media/Default/Research%20Papers/Cereals%20and%20Oilseed/pr518-final-project-report.pdf
https://doi.org/10.1007/s11104-014-2131-8
https://doi.org/10.1186/s40538-017-0089-5
https://doi.org/10.3390/plants10030456
https://www.ncbi.nlm.nih.gov/pubmed/33670931
https://doi.org/10.3390/agronomy9060335

	Introduction 
	Materials and Methods 
	Trial Sites 
	Experimental Design—Variety Trials 
	Experimental Design—Fertilization Trials 
	Rotational Position and Fertilizers Used in Spring Wheat Trials 
	Spring Wheat Varieties 
	Disease Severity and Leaf Chlorophyll Assessment 
	Grain Yield and Quality Assessment 
	Statistical Analysis 

	Results 
	Effect of Year, Site, and Variety on Disease Severity 
	Effect of Year, Site, and Fertilization on Disease Severity in Spring Wheat cv Paragon 
	Effects of Year, Site, and Variety on Crop Performance Parameters 
	Effects of Year, Site, and Fertilization on Performance Parameters in Spring Wheat cv Paragon 
	Effects of Year, Site, and Variety on Grain Nutritional Quality Parameters 
	Effects of Year, Site, and Fertililization on Grain Nutritional Quality Parameters in Spring Wheat cv Paragon 
	Redundancy Analyses 
	Variety Trials 
	Fertilizer Trials 


	Discussion 
	Effects of Variety in Contrasting Pedoclimatic Environments 
	Effects of Fertilization Regimes in Contrasting Pedo-Climatic Environments 

	Conclusions 
	References

