 [image: University of Nottingham]

Integrated disease management of sugar beet, Beta vulgaris
Angharad Hughes
Sponsors report – 2022
[image: A picture containing grass, outdoor, tea, beverage

Description automatically generated]
Supervisors: Debbie Sparkes & Mark Stevens
Internal assessor: Erik Murchie


[image: A picture containing graphical user interface

Description automatically generated][image: Logo, company name

Description automatically generated][image: Text

Description automatically generated]



Contents

1. Introduction	4
1.2 Foliar diseases	5
1.2.1 Cercospora	5
1.2.2 Rust	5
1.2.3 Powdery mildew	5
1.3 Disease control methods	5
1.3.1 Varietal resistance/ tolerance	5
1.3.2 Alternate rows/ mixed planting	6
1.4 Fungicides	6
1.4.1 Triazoles	6
1.4.2 Strobilurins	7
1.4.3 SDHIs	7
1.4.4 Fungicide resistance	7
1.5 Remote sensing	7
1.6 Summary	8
1.7 Research questions	9
2. Polytunnel trial- Source sink manipulation	9
2.1 Introduction/ aim	9
2.3 Trial layout	9
2.4 Treatments	10
2.4.1 Control (unshaded)	10
2.4.2 Whole plant shading	10
2.4.3 Individual leaf shading (2 leaves shaded)	10
2.4.4 Individual leaf shading (4 leaves shaded)	10
2.5 Nitrogen and manganese applications	10
2.6 Measurements	10
2.6.1 Pre-treatment measurements	10
2.6.2 SPAD	11
2.6.3 Field Spec	11
2.6.4 Disease scoring	11
2.6.5 Post-harvest measurements	11
2.7 Results to date	11
2.7.1 SPAD	11
2.7.2 Disease scoring	12
2.7.3 Harvest measurements	12
2.9 Conclusion/ further work	15
3. Field trial	15
3.1 Experimental design	15
3.2 Virus yellow control	16
3.3 Measurements	16
3.3.1 Canopy cover	16
3.3.2 Disease scoring	17
3.3.3 SPAD	17
3.3.4 Remote and proximal sensing.	17
3.3.5 Harvest processing	17
3.4 Statistics	17
4. Results to date	19
4.1 Canopy cover	19
4.2 Disease scoring	20
4.2.1 Powdery mildew	20
4.2.2 Rust	21
4.2.3 Cercospora	22
4.3 SPAD	23
4.4 Remote and proximal sensing	24
5. Discussion	24
5.1 Canopy cover	24
5.2 Disease scoring	24
5.3 SPAD	25
6. Future work	25
6. References	26





[bookmark: _Toc122613744]1. Introduction 
Sugar beet, Beta vulgaris, is a globally important crop utilised for sugar production (Draycott, 2006). Between 1945 and 2000 sugar production globally from sugar beet rose from approximately 6 to 40 million tonnes, 75% of which is produced in Europe (Draycott, 2006). Sugar beet is a biennial species, harvested after one year to maximise sugar yields before resources are diverted from vegetative to reproductive growth. The sugar beet root is comprised of a series of concentric rings of secondary cambia which originate in the primary taproot pericycle. Six to seven of these rings are laid down during early seedling development and form the bulk of the harvest becoming thicker from continual cell production and cell expansion. Each sugar beet contains approximately ten of these rings in total (Schnepel and Hoffmann, 2016). On average the sugar content of a sugar beet is 17%.
1.1 Photosynthesis, light interception, and yield
The sugar accumulated in the beet root storage organ is produced through photosynthesis (Duraisam et al, 2017). In optimal conditions there is a direct, linear relationship between radiation intercepted by the canopy and sugar yield (Figure 2). Radiation use efficiency (RUE) of a crop is the dry matter increase per unit of photosynthetically active radiation absorbed. The RUE of sugar beet is estimated as 1.72g of dry matter for each MJ of intercepted radiation (Werker and Jaggard, 1998). As harvest occurs prior to productive growth in sugar beet this linear relationship is also true for yield (Cooke & Scott, 1993) (Figure 2), as accumulated resources have not yet been diverted to reproduction. 
[image: Chart, scatter chart  Description automatically generated]
Figure 2: The relationship between sugar beet yield and RUE (Cooke & Scott, 1993)

The relationship between light interception and yield which causes particular concern in relation to foliar diseases. Leaf spots and necrosis caused by disease reduce healthy leaf area thereby limiting the crops’ ability to absorb solar radiation, reducing potential yields. Additionally, photosynthetic processes may also be disrupted by disease infection thus reducing RUE.
[bookmark: _Toc122613745]1.2 Foliar diseases
There are number of fungal foliar diseases which pose a threat to UK beet crop and yield. 13% of samples sent to the BBRO 2021/2022 plant clinic (BBRO,2022c) were identified as foliar disease (Figure 3). The most significant in the UK are rust, powdery mildew  and cercospora
[bookmark: _Toc122613746]1.2.1 Cercospora
Although historically not a major risk in the UK, in recent years, as the climate warms, cercospora has become a major concern to the UK beet industry. Cercospora is a threat between mid-July to October in hot humid conditions (Steddom et al, 2005). Symptoms appear as tan/light brown spots with darker edges and often a central black dot which coalesce resulting in defoliation (Asher & Hanson, 2006). Conidia may persist in leaf debris for 1-2 months however, pseudostromata can survive up to 2 years. Possible control methods include crop debris removal, 3-year rotations, resistant cultivars, cultural measures (Asher & Hanson, 2006) and fungicide usage. Yield loss is attributed to defoliation reducing photosynthetic capacity and energy expenditure from leaf replacement, sugar impurities like sodium and potassium may increase (Holtschulte, 2000).
[bookmark: _Toc122613747]1.2.2 Rust
Rust, caused by Uromyces beticola (Kristoffersen et al, 2018), occurs in damp conditions between 15-22oC from mid-July causing losses of 10-14% (BBRO, 2022b). 1-2mm orange/brown pustules often with a yellow halo resulting in epidermis rupture (Asher & Hanson, 2006) arise on seed stalks, petioles and leaf surfaces. Teliospores persist on leaf detritus and weeds in spring spreading sporidia onto young plants (Asher & Hanson, 2006). Control methods include resistant cultivars and fungicides.
[bookmark: _Toc122613748]1.2.3 Powdery mildew
Powdery mildew (Erysiphe betae) is a grey mould which appears first on older leaves and rapidly spreads across leaf surfaces from July in dry warm conditions (BBRO, 2022b). It gives a dusty appearance causing chlorosis. It’s considered as one of the most potentially damaging foliar diseases to UK beet accounting for 20% reductions in yield of infected crops (BBRO, 2022b). Partially resistant cultivars and fungicide application are current control methods (BBRO, 2022b). 
[bookmark: _Toc122613749]1.3 Disease control methods
[bookmark: _Toc122613750]1.3.1 Varietal resistance/ tolerance 
Disease susceptibility is where a variety shows full disease symptoms and consequent yield loss when infected, whereas tolerance is a plant’s ability to maintain performance under disease pressure (Ney et al, 2013), in sugar beet this would be seen by a lower-than-expected yield losses. Resistance may vary from partial to complete resistance whereby a variety is unaffected by a pathogen (BBRO, 2022b).  In some cases, resistance may have been bred into a variety at the cost of agronomic traits such as yield (Vyska et al, 2016). Whilst resistant varieties may outyield their susceptible counterparts in high disease years, there is often a yield penalty in low pressure years where resistant varieties are outperformed (Vyska et al, 2016). For instance, many root and crown rot resistant beet cultivars have a yield penalty under low disease pressure and a higher bolting risk (Buhre et al, 2009). Consequently, growers must balance the cost of each variety with disease risk and potential yields.  
[bookmark: _Toc122613751]1.3.2 Alternate rows/ mixed planting
The advantages of growing mixed varieties or species for disease control have been recognised in several species including wheat (Cox et al, 2004) potatoes (Phillips et al, 2005) winter triticale (Boligłowa et al, 2018), and rice (Mundt, 2002). For example, an 87% reduction in potato late blight severity was found in the susceptible cultivar Cara when grown with the resistant cultivar Appel rather than as monocrop (Philips et al, 2005). Mixed cropping prevents disease through; resistance induction, where avirulent spores delay or block the spread of virulent spores, barrier effects where resistant plants block spread and dilution, which decreases the distance between susceptible individuals delaying spread (Phillips et al, 2005).
Despite successes in disease control through cultivar mixing very little research has been done in sugar beet. Harveson and Rush (2002) investigated cultivar mixing for control of soil borne pathogens but found no benefit compared with monocrop. This is possibly due to the difference in spread mechanisms between soil and air borne pathogens. The only foliar diseases investigated with beet cultivar mixing were curly top and cercospora (Finkner, 1976; Harveson and Rush, 2002). The results indicated a reduction in disease incidence, but this was not consistent, possibly due to small sample sizes, and further research on a larger scale is needed (Finkner, 1976). 
A higher importance is sometimes placed on susceptible varieties with agronomically important traits such as drought resistance or high yield potential than resistant varieties which may have yield penalties (Mundt, 2002). Mixed planting therefore allows grower to take advantage of desirable traits in both varieties. Furthermore, where there is pressure from multiple diseases, for example rust and cercospora in sugar beet, it may be possible to have a mixed crop with two varieties each resistant to one disease giving the overall crop improved resistance to both. 
[bookmark: _Toc122613752]1.4 Fungicides
Fungicide usage protects sugar beet from many diseases that are detrimental to yield, however, continual research and development is needed to ensure that fungicides remain an effective control measure. In the UK, triazoles and strobilurins are used on sugar beet, SDHIs used on other crops are currently being evaluated for sugar beet usage.  
[bookmark: _Toc122613753]1.4.1 Triazoles 
Triazoles are 14-demethylase inhibitors (DMIs) a key component in ergosterol biosynthesis (Kristoffersen et al, 2018). Ergosterol is required for cell wall development and membrane structural components, consequently, ergosterol inhibition results in abnormal growth and fungal death (Mueller, 2006). 
[bookmark: _Toc122613754]1.4.2 Strobilurins
Strobilurins function through inhibition of mitochondrial respiration by binding to the Qo site of cytochrome b located in the mitochondrial membrane (Bartlett et al, 2002). This halts electron transfer within the cytochrome bc1 complex limiting ATP production (Bartlett et al, 2002).
[bookmark: _Toc122613755]1.4.3 SDHIs
SDHIs are succinate dehydrogenase inhibitors which disrupt fungal respiration and energy production through disruption of the mitochondrial complex II by blocking Ubiquinone-binding sites (McKay et al, 2011).
[bookmark: _Toc122613756]1.4.4 Fungicide resistance
Though fungicides are an effective tool against disease, fungal pathogens are able to develop resistance, thereby reducing efficacy. In cercospora, triazoles target the Cyp51 gene. Muellender et al (2021) identified three resistant C.beticola strains which had a nucleotide 1391-point mutation of Cyp51 resulting in the production of a serine rather than tyrosine, thus decreasing the binding affinity of the triazole. Additionally, upregulation of the Cyp51 gene was identified in these strains in the presence of fungicide which combined provides increased resistance. However, resistance has not yet been found in U. beticola (Kristoffersen et al, 2018).
[bookmark: _Toc122613757]1.5 Remote sensing
Remote sensing (RS) utilises imaging, and reflectance sensors to determine physiological characteristics of vegetation for pest and disease identification. RS can identify predation, visual disease symptoms such as leaf spots and pigment destruction and wilting (Zhang et al, 2019). RS detects the wavelength of reflected light from the target which varies depending on physiological structures. Typically, leaf pigments are associated with visible light reflected, cell structure with near infrared and water content and leaf biochemical with shortwave infrared (Figure 1). 
[image: Diagram  Description automatically generated]
Figure 1: The vegetation spectrum (Corrigan, 2020) 


Spectral vegetation indices (SVIs) are calculated from reflectance data to determine characteristics like chlorophyll content (Steddom et al, 2003) (Figure 6) which can indicate disease. For example, Normalized Difference Vegetation Index (NDVI) associated with biomass and leaf area has been used for powdery mildew detection in wheat (Yaun et al, 2014). The SVI mNDblue was developed (Jay et al, 2017) for chlorophyll detection in sugar beet, and may be an effective tool for disease identification.
Sensing can be performed at canopy or leaf scale for instance through drone or leaf clip (Steddom et al, 2005, Mahlein, 2011). Typically, ‘remote sensing’ refers to both canopy and leaf level sensing. For clarity, in the remainder of this document, canopy and leaf sensing will be referred to as remote and proximal sensing respectively.
The lag phases between disease onset and visual symptoms for cercospora, rust and powdery mildew are 8, 10 and 15 day  respectively (Mahlein, 2011). It may be possible for remote/proximal sensing to detect disease prior to onset of visual symptoms allowing fungicide application to be optimised. Steddom et al, (2005) successfully used RS to monitor visual symptoms of cercospora. Furthermore, Mahlein, (2011) utilised RS to monitor cercospora, rust and powdery mildew on sugar beet when visual symptoms were present. However, accuracy was limited at low disease severity consequently may not be suitable for pre-symptomatic disease detection.
[bookmark: _Toc122613758]1.6 Summary 
The UK sugar beet industry currently faces threat from fungal foliar diseases, notably cercospora, rust and powdery mildew reducing sugar yield and quality. Current control methods rely on varietal resistance and tolerance, and fungicide application. This study aims to address knowledge gaps in the use of alternate rows, and interactions between varietal resistance/ tolerances and fungicide applications. In addition, the use of remote sensing techniques to identify and monitor foliar disease of sugar beet will be investigated. 
[bookmark: _Toc122613759]1.7 Research questions
· Are varietal mixtures an effective means for fungal disease control in sugar beet thus reducing fungicide requirement?
· Can fungicide programmes be tailored according to varietal susceptibility to disease to limit unnecessary application?
· Can remote or proximal sensing detect disease infection prior to visual symptoms? 


[bookmark: _Toc122613760]2. Polytunnel trial- Source sink manipulation

[bookmark: _Toc122613761]2.1 Introduction/ aim 
In recent years the widely held belief that sugar beet is source limited with a direct linear relationship between intercepted radiation and dry matter (sugar yield) has been challenged with the suggestion that there is a sink limitation at play (Manderscheid et al, 2010, Schnepel, & Hoffmann, 2016).
Understanding the source/sink relationship in sugar beet is important for understanding yield formation. Source limitation is of particular importance to my project as foliar damage from diseases such as rust is a form of source limitation. This trial aims to determine whether sugar beet yield is source limited by using shading to manipulate source availability which will be indicated through reduced yield as shading increases. 
[bookmark: _Toc122613762]2.3 Trial layout 
The variety BTS1140 was used in this trial. Three seeds were sown in 5L pots on 28 April. Post gemination they were thinned leaving one per pot 23 May. On 26 July the plants were arranged into blocks of similar sized plants and treatments applied. 
The trial contained four blocks each with two plants per treatment within each block, (Figure 2).  
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Figure 2: Layout of source/sink trial. Treatments: 0=control, 1= 4 leaf shading, 2= 2 leaf shading, 3= full shading with frame.


[bookmark: _Toc122613763]2.4 Treatments
[bookmark: _Toc122613764]2.4.1 Control (unshaded)
Plants had no shading. 
[bookmark: _Toc122613765]2.4.2 Whole plant shading
Whole plant shaded with shade netting held in place by frame. 57% of available light blocked by artificial shading. 
[bookmark: _Toc122613766]2.4.3 Individual leaf shading (2 leaves shaded)
Leaf bags formed of shade netting placed on leaf 10 and 12. Each bag blocks 47% of available light. At trial onset the average leaf number was 21 as such the overall amount of light blocked by artificial shading is 4.5%
During high winds pegs were used to hold bags in place.
[bookmark: _Toc122613767]2.4.4 Individual leaf shading (4 leaves shaded)
Leaf bags formed of shade netting placed on leaf 6, 8, 10 and 12. Each bag blocks 47% of available light. At trial onset the average leaf number was 21 as such the overall amount of light blocked by artificial shading is 9%.
During high winds pegs were used to hold bags in place.
[image: Image]
Figure 3: Polytunnel source manipulation trial 2022.

[bookmark: _Toc122613768]2.5 Nitrogen and manganese applications 
Nitrogen was applied on 17 June and 1 July at a rate of 50kg/ha N in the form of ammonium nitrate and a further 20kg/ha on 8 September.
Manganese was applied on the 9 September at a rate of 5L/ha using opt E-Man. 
[bookmark: _Toc122613769]2.6 Measurements 
[bookmark: _Toc122613770]2.6.1 Pre-treatment measurements
Plant height, leaf number, leaf 12 length, leaf 12 width, leaf number and dead leaf number measurements were taken. 
[bookmark: _Toc122613771]2.6.2 SPAD
Weekly SPAD measurements were taken on two leaves per plant. On those plants with leaf bags one bagged and one non-bagged leaf was measured.  
[bookmark: _Toc122613772]2.6.3 Field Spec
Unfortunately, due to a fault in the equipment the only Field Spec measurement was performed the week preceding the treatment application as opposed to the proposed fortnightly readings. 
[bookmark: _Toc122613773]2.6.4 Disease scoring
This was performed according to the BBRO protocol upon sighting of Powdery mildew on 1/09/2022.
[bookmark: _Toc122613774]2.6.5 Post-harvest measurements
Harvest was performed on 27 October. Following harvest, the fresh weight of dead leaves, green leaves, root and petiole was measured for each plant. Leaf area was measured using a Licor leaf area meter. A 5mm root slice was taken at the widest point and imaged, ImageJ software was used to obtain average root diameter and cambium ring number counted. The samples were then dried in an oven at 70% to obtain dry weights. Following drying the samples will be sent for ICPMS analysis to confirm suspected manganese deficiency.
[bookmark: _Toc122613775]2.7 Results to date
[bookmark: _Toc122613776]2.7.1 SPAD 
There was no significant difference in leaf greenness, as measured by SPAD, between the different shading treatments (Figure 4). 

Figure 4: Average SPAD of sugar beet grown under shade treatments. Treatments: Control= no shading,  2 leaves shaded, 4 leaves shaded and whole plant shaded. Error bar shows LSD5%



[bookmark: _Toc122613777]2.7.2 Disease scoring 
Powdery mildew levels were recorded on 1/09/2022 and averaged at 27.5% coverage across the trial, there was no significant differences between the treatments.
[bookmark: _Toc122613778]2.7.3 Harvest measurements
The control plants had a significantly lower leaf area than the shaded plants (Figure 5).  Specific leaf area, an indication of leaf thickness, is significantly lower in the whole plant shading treatment that the control and 2 & 4 leaf shaded treatments (Figure 6). Therefore, the leaves increased in size and decreased in thickness as shading increased. 
Figure 5: Leaf area of sugar beet grown under shade treatments. Error bar shows LSD5%


Figure 6: Specific leaf area of sugar beet grown under shade treatments. Error bar shows LSD5%

The whole plant dry weight and root dry weight of the plants decreased with shading (Figure 7 & 9). The unshaded control plants had significantly higher whole plant and root dry weights than the 4 leaf and fully shaded treatments, additionally the fully shaded plants were significantly smaller than the other treatments. Contrastingly there were no significant differences in leaf dry weight (Figure ). 
 There was no significant difference in cambium ring number across the treatments, with all plants containing between 10 and 13 rings. 
Figure 7: Whole plant dry weight of sugar beet grown under shade treatments. Error bar shows LSD5%

Figure 8: Leaf dry weight of sugar beet grown under shade treatments. Error bar shows LSD5%

Figure 9: Root dry weight of sugar beet grown under shade treatments. Error bar shows LSD5%

The average root diameter reduced as shading increased with whole plant shading being significantly smaller than unshaded and 2 leaf shaded treatments (Figure 10). 

Figure 10: Average root diameter at widest point sugar beet grown under shade treatments. Error bar shows LSD5%


2.8 Discussion
The cambium ring number remained largely constant across the treatments, supporting findings by Schnepel & Hoffmann (2016) indicating that cambium ring number is more dependent upon genetics  than environmental factors and that differences in yield may be attributed to ring thickness and cell size, not ring number.
The lower leaf area seen in the unshaded plants and lower specific leaf area of the whole shaded plants may be a result of stress caused by shading whereby the more shaded leaves have thinned and become slightly larger in an attempt to maximise intercepted light for photosynthesis. This increase in leaf area under shading was also noted by Manderscheid, (2010) whilst investigating elevated CO2 and N levels. 
Dry root weight and root diameter both significantly decreased as shading levels increased across the treatments. Root weight decreased by approximately 62.4% from unshaded to plants grown under 57% shading. Similar results were found by Wang et al, (2014) when investigating the effect of shading on sweet potato yields. This yield reduction indicates that there is a source limitation acting on the sugar beet. Additionally, as there was no significant difference between treatments for leaf and petiole weight, this indicates that the source reduction was attributed to shading not canopy size difference. However, this study only considers dry matter yield, further investigation is needed to confirm a source limitation on sugar accumulation
Whilst under restricted source conditions these beet demonstrate source limitation. This, however, contradicts findings of Manderscheid et al, (2010) who when investigating shading in conjunction with raised N and CO2 levels concluded that the major limitation of sugar beet yield was sink strength. Therefore, there may be some circumstances where sink limitation becomes important.
[bookmark: _Toc122613779]2.9 Conclusion/ further work
This study indicates source limitation acting on sugar beet when under shaded conditions. Further work is needed to confirm these results at a larger scale and over a longer duration. Additionally, sugar yield should be investigated alongside dry matter yield.
[bookmark: _Toc122613780]3. Field trial 
[bookmark: _Toc122613781]3.1 Experimental design
The first field experiment included three varieties and an alternate row combination. The varieties used are Kortessa, BTS1140 and Advena which have a high, medium and low resistance to rust and powdery mildew respectively (BBRO, 2022a). The alternate row treatment combines Kortessa and Advena (Table 1). Six fungicide treatments were selected (Table 2). Two azole and strobilurin combinations have were used in order to provide a comparison between the currently available active ingredients and those which have been removed from use. Fungicide applications were applied on 29/07/2022 following observation of mildew infection in the field, with a second and third application on 07/09/2022 and 14/10/2022 respectively. 

	Table 1: Varieties selected for the 2022 field experiment. 

	Variety
	Kortessa
	BTS1140
	Advena

	Potential yield (% control)
	99.9
	100
	99.8

	Rust resistance
	7.7
	5.4
	3

	Mildew resistance
	5.7
	4.6
	3.8

	Alternate row - Kortessa + Advena




	Table 2: Fungicide treatments for 2022 trial.

	Treatment
	Fungicide 

	0
	Control

	1
	Azole

	2
	SDHI

	3
	Azole+ SDHI

	4
	Azole+ Strobilurin 

	5
	Azole+ Strobilurin 



The experiment was arranged as a randomised complete block design with four replicate blocks.
[bookmark: _Toc122613782]3.2 Virus yellow control
In order to control virus yellows within the trial, as part of the BBRO Aphid survey three yellow water pan traps were set across the field and 20 plants were marked and inspected for aphids twice weekly from April to June. This aphid monitoring allowed for the timely application of foliar aphicide once threshold was reached. The threshold for early development is one aphid per four plants and, once plants reach the 12-leaf stage the threshold increases to one aphid per plant. Insecticides were applied on 10/05/2022 (acetamiprid) and 19/05/2055 (flonicamid). 
[bookmark: _Toc122613783]3.3 Measurements 
[bookmark: _Toc122613784]3.3.1 Canopy cover
[bookmark: _Toc122613785]A tractor mounted camera (Canon 1100D) with a wide-angle lens set at 10mm was used to image the plots from above fortnightly at a height of 1.2m, 2.5m from the plot edge. Two images were taken of each plot each covering 36% of the plot, ImageJ software was then used to threshold the images and calculate an average % canopy cover for each plot
[bookmark: _Toc122613786]3.3.2 Disease scoring
The disease scoring was performed via visual assessment in accordance with the BBRO protocol. Due to the subjective nature of visual assessment, there is an inherent inaccuracy (Steddom et al, 2005) due to human error and external factors like weather.  However, alternatives including leaf tagging and photographic assessment of individual leaves (Ghazal & Hajjdiab, 2015) are impractical and time consuming for a field setting and may also be subject to bias. 
Disease scoring was performed fortnightly from 11th July and increased to weekly in October when disease levels began to rise significantly.
[bookmark: _Toc122613787]3.3.3 SPAD
SPAD measurements were be taken fortnightly weather permitting. For each plot four leaves were measured with three readings taken on different positions on each leaf. 
[bookmark: _Toc122613788]3.3.4 Remote and proximal sensing. 
Proximal sensing a FieldSpec using a leaf clip was used to measure reflectance between 350nm to 2000nm of four leaves per plot to calculate SVIs described in Figure 6. Remote sensing was performed using a tractor mounted Crop Circle a remote sensor which measures red and near infrared wavelengths (670-760nm). From this NDVI, NDRE and MnDBlue were calculated. Both forms of sensing were performed fortnightly. 
[bookmark: _Toc122613789]3.3.5 Harvest processing
A hand harvest was performed taking a sample from each plot on 28th November. 10 plants were lifted from each plot in total across row 5 and 6 to ensure plants from both varieties in alternate row plots were measured. Upon harvest the fresh weight of root, petioles and leaves was measured (rows 2,3,4 were saved for final harvest by the BBRO plot harvester). The sample was then sub sampled and five plants were randomly selected, and oven dried to obtain dry weights. The remaining plants will be harvested by the BBRO team in January for and sent to the BBRO tare house for root weight, sugar content, and amino nitrogen (AN), sodium (Na) and potassium (K) content analysis.
[bookmark: _Toc122613790]3.4 Statistics
Statistical analysis will be performed in GenStat. ANOVA and repeated measures ANOVA will be used to investigate data across the season followed by the post hoc Duncan’s test. Scatter plots and correlation matrices will be used to investigate the relationship between spectral indices and disease seen in the field.
	Figure 11: Remote sensing spectral vegetation indices, associated traits and equations.

	Spectral Vegetation Indices 
	Trait
	Equation
	Reference

	Normalized difference Vegetation Index (NDVI)
	Biomass leaf area
	(R760 – R710)/(R760 + R710)
	(Steddom et al, 2005), (Mahlein, 2011)

	Green normalized difference vegetative index (GNDVI)
	Canopy greenness
	(R810 – [(R510 + R561) / 2])/(R810 + [(R510 + R561)/2])
	(Steddom et al, 2005)

	Visible atmospherically resistant index (VARI)
	Chlorophyll content
	(R559 – R661)/(R559 + R661 – R460)
	(Steddom et al, 2005)

	Difference vegetation index (DVI)
	Chlorophyll Content
	R810 – ([R610 + R661]/2)
	(Steddom et al, 2005)

	Renormalised difference vegetation index (RDVI)
	Chlorophyll content
	sqrt (NDVI * DVI)
	(Steddom et al, 2005)

	Simple ratio (SR)
	Green biomass
	R800/R670
	(Mahlein, 2011)  

	Normalized difference index (ND)
	Chlorophyll content
	(R750 − R705) / (R750 + R705)
	(Mahlein, 2011)  

	Modified normalized difference index (mND)
	Chlorophyll content
	(R750−R705)/(R750+R705−2 · R445)
	(Mahlein, 2011)  

	Photochemical reflection index (PRI)
	 Pigment variation 
	(R531 − 570) / (R531 + R570)
	(Mahlein, 2011) , (Zhang et al, 2019). 

	Structure insensitive pigment index (SIPI)
	Carotenoid: chlorophyll a ratio
	(R800 − R445) / (R800 + R680)
	(Mahlein, 2011)  

	Pigment specific simple ratio (PSSRa)
	Chlorophyll a
	R800/R680
	(Mahlein, 2011)  

	Pigment specific simple ratio (PSSRb)
	Chlorophyll b
	R800/R635
	(Mahlein, 2011)  

	Pigment specific simple ratio (PSSRc)
	Carotenoid
	 R800/R470
	(Mahlein, 2011)  

	Pigment specific normalized difference (PSNDa)
	Chlorophyll a
	(R800 − R680) / (R800 + R680)
	(Mahlein, 2011)  

	Pigment specific normalized difference (PSNDb)
	Chlorophyll b
	(R800 − R635) / (R800 + R635)
	(Mahlein, 2011)  

	Pigment specific normalized difference (PSNDc)
	Carotenoid
	(R800 − R470) / (R800 + R470)
	(Mahlein, 2011)  

	Anthocyanin reflectance index (ARI)
	Anthocyanin
	1/R550 − 1/R700
	(Mahlein, 2011)  

	Modified chlorophyll absorption integral (mCAI)
	Chlorophyll content
	(R545 + R752)/2 × (752 − 545) − (∑545 − 752 (1.158 × R))
	(Mahlein, 2011)  

	Red edge position (REP)
	Inflection point red edge
	700 + ((40 · (RRE−R700))/(R740- R700)
	(Mahlein, 2011)  

	Plant sensecence index (PSRI)
	Plant senescence
	(R680 − R500) /R750
	(Mahlein, 2011)  

	Water index (WI)
	Water content
	R900/R970
	(Mahlein, 2011)  

	Optimized soil adjusted vegetation index (OSAVI)
	Biomass with soil adjustment factor
	((1+0.169) · (R800−R670))/( R800+R670+0.16)
	(Mahlein, 2011)  

	Modified chlorophyll absorption reflectance index (MCARI)
	Chlorophyll content
	[(R700-R670)-0.2(R700-R550)*(R700/R670)
	(Mahlein, 2011)  

	SumGREEN index (SG)
	Green reflectance
	av R500 : R600
	(Mahlein, 2011)  

	SumVIS index (SV)
	VIS reflectance
	av 400 : R600
	(Mahlein, 2011)  

	Blue/Green index (BIG2)
	Chlorophyll content
	R450/R550
	(Mahlein, 2011)  

	(mNDblue)
	Chlorophyll content
	(R450-R730)/(R450+R850)
	(Jay et al, 2017)



[bookmark: _Toc122613791]4. Results to date
[bookmark: _Toc122613792]4.1 Canopy cover
Canopy images were taken fortnightly, however in some cases weather or equipment problems prevented data collection. From 1 June through to 28 June there was a continual increase in canopy cover as the plants established. A significant loss in canopy occurred from the end of June due to the drought conditions seen from June to  early August. For example, July and August saw a combined rainfall of 44.8 mm compared to the 103.8 mm of the previous year recorded by the onsite met office station. Canopy recovery has occurred since the 19 August and has continued to date. To date there has been no significant differences between canopy cover for variety or treatment. 

Figure 12: Canopy cover of Sutton Bonington field trial plots June-October 2022.








[bookmark: _Toc122613793]4.2 Disease scoring
Disease scoring identified powdery mildew, rust and cercospora in the trial. 
[bookmark: _Toc122613794]4.2.1 Powdery mildew
Powdery mildew was present in the field from 27 July, this declined and was absent by September due to leaf loss caused by drought (Figure 12). There was no significant difference between treatment and variety.  
Figure 13: Powdery Mildew levels across variety in Sutton Bonington field trial 2022. 

Figure 14: Powdery Mildew levels across treatments in Sutton Bonington field trial 2022. Treatments: 0= control, 1= Azole, 2= SDHI, 3= Azole+ SDHI, 4= Azole+ Strobilurin, 5= Azole+ Strobilurin.



[bookmark: _Toc122613795]4.2.2 Rust
Rust was first seen in the field on 8 August and has increased since (Figures 15 & 16). From 11 October, the control plots had higher levels of rust than the treated plots (Figure 15). Differences between varieties became significant from 17 October with BTS1140 showing higher levels than the Advena, Kortessa and alternate varieties (Figure 16). There was a significant interaction between treatment and variety on the 24 October where the plots with both BTS1140 and no fungicide treatment were significantly higher in rust levels than other combinations. 
Figure 15: Rust levels across varieties in Sutton Bonington field trial 2022. Error bar shows LSD5%
Figure 16: Rust levels across treatments in Sutton Bonington field trial 2022. Treatments: 0= control, 1= Azole, 2= SDHI, 3= Azole+ SDHI, 4= Azole+ Strobilurin, 5= Azole+ Strobilurin. Error bar shows LSD5%



[bookmark: _Toc122613796]4.2.3 Cercospora
Cercospora was identified in the trial on 13 August. From 27 September BTS1140 had significantly higher cercospora levels than the other varieties excluding the 3 October, (Figure 17). The control treatment had significantly higher levels on 17 October and 3 November with no significant interaction between treatment and variety. 
Figure 17: Cercospora levels across varieties in Sutton Bonington field trial 2022. Error bar shows LSD5%

Figure 18: Cercospora levels across treatments in Sutton Bonington field trial 2022. Treatments: 0= control, 1= Azole, 2= SDHI, 3= Azole+ SDHI, 4= Azole+ Strobilurin, 5= Azole+ Strobilurin. Error bar shows LSD5%



[bookmark: _Toc122613797]4.3 SPAD
While there were significant differences in leaf greenness, measured by SPAD, on some dates, the differences between treatments were not significant and a repeated measures ANOVA across the season shows only variety to be significant with BTS1140 lower the other varieties which were not significantly different from each other. A repeated measures ANOVA across the season shows only variety to be significant with BTS1140 lower the other varieties which were not significantly different from each other.  

Figure 19: Average SPAD values for fungicide treatments on Sutton Bonington field trial plots June-November 2022. Treatments: 0= control, 1= Azole, 2= SDHI, 3= Azole+ SDHI, 4= Azole+ Strobilurin, 5= Azole+ Strobilurin. Error bar shows LSD5%



Figure 20: Average SPAD values for variety on Sutton Bonington field trial plots June-November 2022. Error bar shows LSD5%



[bookmark: _Toc122613798]4.4 Remote and proximal sensing
Due to a fault with the Field Spec data was only collected on 7 July, 20 July and 4 August.
The Crop Circle has been used throughout the growing period on the same dates canopy cover images were taken (Figure 12), with the exception of 1 June, 8 July and 27 July due to equipment faults. 
The processing and analysis of both Field Spec and Crop Circle data is ongoing. 
[bookmark: _Toc122613799]5. Discussion
[bookmark: _Toc122613800]5.1 Canopy cover	
The lack of significant differences in canopy cover between variety and treatment indicates that all varieties have a similar drought tolerance as lack of rainfall from June and August was the major cause of canopy decline. Thus far canopy cover has given no indication of disease presence however, this may change before the final harvest in January. 
[bookmark: _Toc122613801]5.2 Disease scoring
Powdery mildew, rust and cercospora have been present within the field trial. Unfortunately mildew infected leaves were lost during the drought and reinfection didn’t occur as such this study has focuses on cercospora and rust.
Across the season BTS1140 has had significantly higher rust levels that the other varieties which were grouped. This was unexpected as Advena was the most susceptible variety with BTS1140 as the intermediate. This may be due to reduction in varietal performance this hypothesis is supported when comparing the BBRO recommended lists of 2022 and 2023 where the rust score for BTS1140 reduces from 9 to 7.7 where 1 is classified as high leaf infection and 9 as very low leaf infection. (BBRO, 2022a, BBRO, 2022d)  Similarly, to rust BTS1140 has the highest level of cercospora across the varieties. Though unavailable at the onset of this trial the BBRO 2023 (BBRO, 2022d) recommended list indicates BTS1140 to be the most susceptible to cercospora of the varieties used so this result was expected. Furthermore, due to the close grouping of Advena and Kortessa in rust and cercospora levels, it has not yet been possible to determine if alternate rows are an effective means for disease control.
For both rust and cercospora there has been no significant difference between fungicide treatments with only the untreated control showing significantly higher infection levels. This may be because of relatively low levels of disease across the trial not being significant to demonstrate differences which may occur under high pressure years.  
[bookmark: _Toc122613802]5.3 SPAD
A SPAD meter measures the specific wavelengths 650 nm and 940 nm in order to give an indication of chlorophyll content (Zhang et al, 2021). Across the season SPAD levels gradually increased, following an initial drop in July, this drop may be attributed to severe drought and leaf loss. Zhang et al, (2021) also noted a rise in SPAD levels in sugar beet during the leaf and sugar growth stages, in this case however, SPAD levels reduced during the main sugar accumulation stage. In our study SPAD levels may have continued to rise across the season due to rapid leaf regeneration induced via drought conditions.
Whilst Advena, Kortessa and the alternating varieties were grouped BTS1140 demonstrated a significantly lower SPAD across the season. This may be attributed to differences in genetics between varieties however, the significantly higher levels of disease in the BTS1140 plots may account for the lower SPAD values as disease symptoms damaged photosynthetic systems. 
5.4 Remote and Proximal sensing
The processing and analysis of this data is ongoing. 
[bookmark: _Toc122613803]6. Future work

Future work will investigate fungicide application timing and number of applications in order to optimise usage and investigate tailoring of fungicide treatments to varietal disease resistance. For example, by extending the period between applications. 
Investigation into the use of remote sensing for pre-symptomatic disease detection will also be continued as data collection was limited this year.
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control	44753	44768	44781	44788	44803	44817	44831	44837	44845	44851	44858	44868	44883	0	5.1136363636363645E-3	4.8484848484848485E-3	2.401515151515151E-2	6.875E-3	0.15312499999999998	1.4750000000000001	1.6468750000000001	2.7250000000000001	3.2250000000000001	4.1687500000000002	11.53125	12.893750000000001	Azole	44753	44768	44781	44788	44803	44817	44831	44837	44845	44851	44858	44868	44883	0	6.2500000000000012E-3	1.5625E-2	0	1.8749999999999999E-3	0.19062499999999999	0.75937500000000002	0.60937500000000011	0.98750000000000004	0.99374999999999991	1.1125000000000003	2.8156249999999998	3.2937500000000002	SDHI	44753	44768	44781	44788	44803	44817	44831	44837	44845	44851	44858	44868	44883	0	0	1.5625E-2	3.125E-2	3.125E-2	0.27562500000000001	1.2562500000000001	1.234375	1.35	1.1531250000000002	1.5000000000000002	3.0218750000000005	5.2468749999999993	Azole+ SDHI	44753	44768	44781	44788	44803	44817	44831	44837	44845	44851	44858	44868	44883	0	1.3125E-2	0	6.3750000000000001E-2	2.5625000000000002E-2	0.30374999999999996	1.128125	1.1031249999999999	1.703125	1.6468750000000001	2.0125000000000002	4.9281249999999996	5.6656250000000004	Azole+ Strob	44753	44768	44781	44788	44803	44817	44831	44837	44845	44851	44858	44868	44883	0	0	0	1.6250000000000001E-2	1.3125000000000001E-2	0.28125	1.20625	1.0625	1.5375000000000001	1.0687500000000001	1.4750000000000001	3.8187500000000001	5.3031249999999996	Azole+ Strob	44753	44768	44781	44788	44803	44817	44831	44837	44845	44851	44858	44868	44883	0	1.9375E-2	6.2500000000000001E-4	6.3125000000000001E-2	6.0624999999999998E-2	0.40999999999999986	1.4062500000000002	1.1656250000000001	1.4343750000000002	1.64375	2.1843750000000002	5.7562499999999996	6.359375	eb	7.9749999999999995E-3	1.2800000000000001E-2	3.4185E-2	3.3654999999999997E-2	2.555E-2	0.38900000000000001	0.3347	0.437	0.60750000000000004	0.59050000000000002	1.3354999999999999	1.7324999999999999	1.202	1.5740000000000001	7.9749999999999995E-3	1.2800000000000001E-2	3.4185E-2	3.3654999999999997E-2	2.555E-2	0.38900000000000001	0.3347	0.437	0.60750000000000004	0.59050000000000002	1.3354999999999999	1.7324999999999999	1.202	1.5740000000000001	44753	44768	44781	44788	44803	44817	44831	44837	44845	44851	44858	44868	44883	13	13	13	13	13	13	13	13	13	13	13	13	13	
Rust % cover




Alternating	44803	44817	44831	44837	44845	44851	44858	44868	44883	0	2.0833333333333332E-2	0.21249999999999994	0.43958333333333321	0.44583333333333336	0.64583333333333337	0.50624999999999998	1.4583333333333333	1.3125	Advena	44803	44817	44831	44837	44845	44851	44858	44868	44883	0	6.0416666666666681E-2	0.32083333333333325	0.52499999999999991	0.56458333333333333	0.61666666666666659	0.47083333333333338	1.2395833333333337	1.8520833333333335	BTS1140	44803	44817	44831	44837	44845	44851	44858	44868	44883	0	6.0416666666666681E-2	0.77291666666666703	0.65416666666666645	1.3479166666666667	1.1958333333333335	1.39375	2.2875000000000001	4.3270833333333334	Kortessa	44803	44817	44831	44837	44845	44851	44858	44868	44883	0	1.6666666666666666E-2	0.31874999999999992	0.38333333333333314	0.45624999999999999	0.47499999999999992	0.59375	1.5833333333333337	1.583333333333333	eb	4.165E-2	0.1794	0.15395	0.16689999999999999	0.496	0.17995	0.27850000000000003	0.58550000000000002	0.54649999999999999	0.94699999999999995	4.165E-2	0.1794	0.15395	0.16689999999999999	0.496	0.17995	0.27850000000000003	0.58550000000000002	0.54649999999999999	0.94699999999999995	44803	44817	44831	44837	44845	44851	44858	44868	44883	4.5	4.5	4.5	4.5	4.5	4.5	4.5	4.5	4.5	
Cercospora % cover




control	44803	44817	44831	44837	44845	44851	44858	44868	44883	0	2.5000000000000001E-2	0.43124999999999991	0.62499999999999978	0.93437499999999996	1.10625	0.75624999999999998	2.3437500000000004	3.640625	Azole	44803	44817	44831	44837	44845	44851	44858	44868	44883	0	9.3750000000000028E-2	0.48124999999999996	0.66562499999999991	0.83125000000000004	0.63749999999999996	0.92499999999999993	1.4875000000000003	1.4156250000000001	SDHI	44803	44817	44831	44837	44845	44851	44858	44868	44883	0	1.2500000000000001E-2	0.31249999999999989	0.43749999999999994	0.49374999999999991	0.50937499999999991	0.54999999999999993	1.5843750000000005	1.953125	Azole+ SDHI	44803	44817	44831	44837	44845	44851	44858	44868	44883	0	0	0.49062499999999992	0.52499999999999991	0.65625	0.70937499999999998	0.578125	1.4718750000000003	2.4875000000000003	Azole+ Strob	44803	44817	44831	44837	44845	44851	44858	44868	44883	0	7.8125000000000014E-2	0.47187499999999993	0.44374999999999992	0.69374999999999998	0.77187499999999998	0.95937499999999998	1.8374999999999999	2.1124999999999998	Azole+ Strob	44803	44817	44831	44837	44845	44851	44858	44868	44883	0	2.8124999999999997E-2	0.25	0.30625000000000002	0.61250000000000004	0.66562500000000002	0.67812499999999998	1.128125	2.0031249999999998	er	5.0999999999999997E-2	0.21975	0.18855	0.2044	0.60750000000000004	0.22040000000000001	0.34110000000000001	0.71699999999999997	0.66949999999999998	1.1595	5.0999999999999997E-2	0.21975	0.18855	0.2044	0.60750000000000004	0.22040000000000001	0.34110000000000001	0.71699999999999997	0.66949999999999998	1.1595	44803	44817	44831	44837	44845	44851	44858	44868	44883	4	4	4	4	4	4	4	4	4	
Cercospora % cover




control	44749	44768	44775	44786	44805	44819	44837	44847	44859	44875	57.845312499999991	54.657812500000013	55.923437499999999	60.676562500000003	61.6484375	64.55	63.030729166666667	66.963020833333331	63.241927083333337	66.852083331875008	Azole	44749	44768	44775	44786	44805	44819	44837	44847	44859	44875	58.307812499999997	53.174999999999997	56.914062499999993	61.807812500000004	63.712500000000006	65.762499999999989	61.548177083333336	63.602083333333326	62.44869791666666	69.670833332499996	SDHI	44749	44768	44775	44786	44805	44819	44837	44847	44859	44875	57.646874999999994	53.526562500000004	55.267187499999999	60.917187500000004	61.262500000000017	63.967187499999987	62.710937499999986	65.395312500000003	64.586979166666666	67.282812500000006	Azole+SDHI	44749	44768	44775	44786	44805	44819	44837	44847	44859	44875	57.026562499999997	54.44843749999999	57.674999999999997	61.645312500000003	64.001562499999991	64.621875000000003	63.31927083333332	65.405208333333334	63.387500000000003	68.638020833750005	Azole+Strob	44749	44768	44775	44786	44805	44819	44837	44847	44859	44875	57.782812500000013	53.614062499999996	55.889062500000001	60.945312499999993	61.817187499999996	64.239062499999989	63.046875	68.263020833333329	65.730208333333337	73.509943179999993	Azole+Strob	44749	44768	44775	44786	44805	44819	44837	44847	44859	44875	57.593750000000014	54.365624999999994	56.043750000000003	60.856249999999996	60.595312499999999	63.171875000000007	64.086979166666666	64.504687500000003	64.133333333333326	68.289583332500001	eb	0.50549999999999995	0.50549999999999995	44749	44768	44775	44786	44805	44819	44837	44847	44859	44875	68	
Average SPAD




Alternating	44749	44768	44775	44786	44805	44819	44837	44847	44859	44875	57.795833333333348	55.002083333333339	56.951041666666676	61.400000000000006	62.449999999999996	65.337500000000006	64.045659722222226	66.83541666666666	65.192187500000003	69.935416666250006	Advena	44749	44768	44775	44786	44805	44819	44837	44847	44859	44875	58.974999999999994	53.72291666666667	55.704166666666659	62.294791666666661	62.527083333333337	64.576041666666654	62.933333333333337	66.503819444444446	65.423784722222223	70.233333332916672	BTS1140	44749	44768	44775	44786	44805	44819	44837	44847	44859	44875	56.380208333333336	52.281249999999993	54.639583333333341	59.777083333333337	60.337499999999999	62.42083333333332	61.112847222222229	62.216666666666661	60.342881944444457	67.491319443333325	Kortessa	44749	44768	44775	44786	44805	44819	44837	44847	44859	44875	57.651041666666657	54.852083333333319	57.846875000000011	61.09375	63.377083333333331	65.207291666666663	63.73680555555557	67.199652777777771	64.726909722222231	68.50211489791667	eb	0.41249999999999998	0.41249999999999998	44749	44768	44775	44786	44805	44819	44837	44847	44859	44875	70	
Average SPAD
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