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A B S T R A C T   

Sugar beet varieties differ greatly in their canopy architecture and can be classified into canopy types according 
to their petiole angle. Leaf angle is one of the key factors which determines the efficiency with which plant 
canopies utilise incident and absorbed light for photosynthesis. Sugar beet yield is strongly correlated with 
accumulated intercepted light but the impact of canopy angle on light interception, biomass accumulation and 
sugar yield has not been explored. This study aims to analyse these relationships and also to determine if varieties 
can be selected according to their canopy types for high radiation use efficiency (RUE) and yields. Field trials 
were conducted with four varieties in 2019 (one upright, one prostrate and two intermediate canopy types) and 
six varieties in 2021 (two each of upright, intermediate, and prostrate) as well as one alternate sowing treatment 
(upright and prostrate in alternate rows). Varietal differences in petiole angle were stable across the season in 
2019 and consistent between canopy closure and final harvest in 2021. The upright canopy type had a lower 
maximum canopy cover modelled from canopy expansion curves in both years. The upright canopy type was also 
slower to achieve canopy closure in 2019 and had a lower LAI at canopy closure in both years. There was a linear 
relationship between accumulated intercepted radiation and total plant biomass across all canopy types. The 
intermediate canopy types had the highest RUE in 2019 and highest sugar yield in both years. The upright 
canopy types had the highest RUE when harvested later in 2021, possibly due to the upright canopy type being 
better suited to intercept and utilise sunlight during the winter months when the sun angle is lower in the sky. 
The root to shoot ratio was greater in the high yielding intermediate variety suggesting that, in addition to RUE, 
biomass partitioning is an important determinant of sugar yield. The results from this study will aid in the se-
lection of varieties to improve sugar beet yields. Whilst canopy angle is an important contributing factor to RUE 
and yield in sugar beet, other factors, such as leaf level photosynthesis and biomass partitioning are also 
important.   

1. Introduction 

Radiation use efficiency (RUE) is defined as the amount of biomass 
accumulated per unit of light intercepted by the crop (Monteith, 1977). 
Values for RUE are often strongly dependent on primary processes 
especially photosynthesis. RUE has complex origins and can be variable 
depending on species, photosynthetic mechanism, environment and 
measurement protocol. Nonetheless, under non-limiting conditions, 
using consistent methodologies, there is a uniformity in RUE values 
between plants with similar photosynthetic mechanisms such as C3 and 
C4 crops (Murchie et al., 2018). Improving RUE is thought to be a target 
for significant yield improvement in many major crops especially where 
overall biomass improvement is closely linked to yield potential (Sin-
clair and Muchow, 1999; Robles-Zazueta et al., 2022). Erect canopies 
are thought to be beneficial for energy conversion because light can 

penetrate deeper into the canopy and the light is distributed uniformly 
over a larger leaf area, reducing the level of both light saturation at the 
top of the canopy and light limitation at the bottom of the canopy (de 
Wit, 1965). As a result of this, light capture and canopy net photosyn-
thesis is improved, thus increasing the RUE. This has been demonstrated 
for canopies such as rice and wheat but hasn’t yet been tested in the 
short canopies of sugar beet (Richards et al., 2019). In rice an ideotype 
has been created with an upright canopy angle in the upper leaves 
showing both high RUE and yield (Beadle and Long, 1985; Peng et al., 
2008). Modelling of canopy function consistently predicts that greater 
penetration of light given by erect leaf angle increases the rate of canopy 
photosynthesis because a greater proportion of leaf area is in a less 
light–saturated and less light–limited state (Long et al., 2006; Song et al., 
2013; Burgess et al., 2015). Empirical demonstration of potential higher 
productivity in erect canopies was demonstrated in wheat (Richards 
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et al., 2019). 
Commercial sugar beet varieties differ significantly in their canopy 

architecture, in particular canopy angle and leaf area index (LAI) 
(Wright et al., 2018; Hoffmann, 2019). Sugar beet canopy angle has not 
yet been quantified in field trials, despite visual differences between 
varieties (Bowen, 2021). Because of this, the effect of canopy angle on 
light capture, optimal LAI, RUE and yield is unknown. Sugar beet field 
trials have shown a large variation in the radiation use efficiency for the 
production of total biomass, values range from 1.1 to 2.0 g DM per MJ of 
total radiation (Monteith, 1977; Werker and Jaggard, 1998; Hoffmann 
and Kluge-Severin, 2010; Hoffmann, 2019). Seasonal variations in 
temperature and rainfall are important when accounting for these dif-
ferences but canopy angle has not been investigated. 

In temperate countries, sugar beet is sown once soil moisture enables 
a good seedbed to be prepared and soil temperatures exceed 6 ◦C to 
avoid the crop being vernalised and moving into reproductive devel-
opment: in the UK this is usually in early March. In sugar beet, rapid 
canopy development and canopy closure is important to allow increased 
light interception in May and June when the level of radiation is high. A 
strong linear relationship is observed between light interception and 
accumulated sugar across the whole season which would indicate source 
limitation (Scott and Jaggard, 1978). However, Hoffmann (2019) 
concluded that the timing of canopy closure is not related to sugar yield 
which would suggest that factors aside from canopy expansion and total 
radiation intercepted are important to RUE and yield in sugar beet. The 
ability of the canopy to continue photosynthesising for longer in the day 
and more efficiently under optimal and sub optimal conditions will be 
vital to building biomass and sugar yield. Furthermore, other aspects of 
light capture and conversion could improve RUE such as pigment dis-
tribution, Calvin cycle activity and photoprotection (Long et al., 2006; 
Ducat and Silver, 2012; Hubbart et al., 2018). Uncoupling the signifi-
cance of light interception, canopy photosynthesis and other environ-
mental factors is essential in understanding RUE and sugar yield but this 
has yet to be elucidated for sugar beet crops with contrasting canopy 
angles. 

RUE has mostly been measured in crops such as cereals by using 
above ground biomass only. Root biomass is rarely considered in RUE 
studies, and this is becoming a serious drawback (Sinclair and Muchow, 
1999). This is particularly relevant for sugar beet and other root crops 
because the harvestable organ is mostly below ground. The partitioning 
of biomass to the harvested root in sugar beet is crucial in determining 
the sugar yield and so the root mass must be measured in RUE studies 
(Hoffmann and Kenter, 2018). The root to shoot ratio is the proportion 
of biomass in the root compared to the above ground components. In 
sugar beet, the root to shoot ratio increases linearly with thermal time 
(growing degree days; GDD ◦C day) above a base temperature of 3 ◦C as 
canopy closure is achieved and assimilates are stored in the root 
(Gummerson, 1986). After 800 GDD the first two leaves senesce and the 
canopy begins a gradual decline as the leaves replacing senesced leaves 
are smaller compared to older leaves in the canopy (Milford et al., 1985, 
1988; Ehleringer and Werk, 1986). The rate of canopy decline and 
re-growth will vary between varieties and season due to environmental 
conditions, pest or disease prevalence. At the start of the season there is 
rapid canopy growth followed by an increase in root biomass later in the 
season, therefore the root to shoot ratio changes throughout the season. 
Varieties with high RUE resulting from higher conversion of radiation to 
total biomass are not always highest yielding due to their root to shoot 
ratio. Studies in sugar beet have demonstrated that varieties with similar 
total biomass production often have different sugar yields which is 
caused by differences in root biomass partitioning and root sugar per-
centage (Hoffmann, 2019; Jaggard and Qi, 2006). Assuming similar 
levels of light interception across the season, the greater the RUE the 
higher the total biomass produced. However, this doesn’t reflect yield 
due to biomass partitioning differences. Biomass partitioning can 
determine the LAI for radiation capture, photosynthesis and later it 
determines the root and hence sugar yield. 

The aims of this study were (1) to quantify canopy angle across a 
range of sugar beet varieties, (2) to investigate relationships between 
canopy angle and canopy development, leaf chlorophyll content and leaf 
level photosynthesis (3) to analyse the relationship between canopy 
angle, RUE, root:shoot and yield of sugar beet. 

2. Methods 

2.1. Field and plant material 

In 2019 and 2021, field experiments were established at the Uni-
versity Farm, Sutton Bonington, Leicestershire, UK (52◦50 ́07′′N, 1◦15 
0́4.0′′W) on sandy loam soils (Dunnington Heath series). The experi-
ments were arranged as randomized complete block designs with four 
replicates. Pelleted sugar beet (Beta vulgaris L.) seeds were sown at the 
end of March in 12 row plots, 50 cm row spacing (29/03/2019; 30/03/ 
2021). The plots were then divided in two (left hand side for measure-
ments/final harvest and right hand side for destructive biomass 
harvests). 

In 2019, seeds were sown at 17.5 cm spacing achieving a target 
population density of 100,000 plants ha− 1. In 2021 seeds were sown at 9 
cm spacing then, at the 3–4 leaf stage, the plants were manually thinned 
to a target population density of 100,000 plants ha− 1. Chemical fertil-
isers and plant protection products were applied according to standard 
agronomic practices to keep the crop free of pests, weeds, and diseases 
and to ensure that nutrients were not limiting (see supplementary table). 

Sugar beet varieties were selected from the BBRO (British Beet 
Research Organisation) recommended list. Different genetic back-
grounds were chosen, and the varieties were categorised according to 
their canopy type (Table 1). 

The daily incident solar radiation, rainfall and temperature were 
recorded by a weather station located within 200 m of the experiment 
each year. Thermal time as growing degree days (GDD; ◦C day) was 
calculated as the accumulation of daily mean air temperature above the 
base temperature from emergence up to final harvest, using a base 
temperature of 3 ◦C (Gummerson, 1986). The date of emergence was 
noted when over 50% of cotyledons were visible. 

2.2. Plant measurements 

2.2.1. Canopy angle 
Canopy angle was measured after each biomass harvest to help limit 

edge effects. A camera (Canon Powershot sx720) was mounted on a mini 
tripod and positioned in the gap made by the latest harvest. Three plants 
per plot were selected and a tag was applied to a fully expanded leaf of a 
similar age in each image for reference. In the prostrate/upright plots: 
two upright and one prostrate plant were imaged in blocks two and 
three, while in blocks one and four, one upright and two prostrate plants 
were imaged. The images were taken at ground level at 35 cm distance 
from the plant. The petiole angle of the tagged leaf was measured from 
an upright insertion into the crown using the angle tool on Image J 
(Rasband, 2011) (Fig. 1). Using this technique, a small angle indicates an 
upright petiole (Fig. 1A), and a larger angle indicates a prostrate petiole 
(Fig. 1B). 

Table 1 
Varieties used in the field trials with breeder and canopy type. * 2021 only.  

Variety Breeder Canopy type 

Degas Strube Intermediate (1) 
BTS 1140 Beta Seed Intermediate (2) 
Cayman SesVanderhave Prostrate (1) 
*Lacewing SesVanderhave Prostrate (2) 
*Cayman/Sabatina Sesvanderhave/KWS Prostrate/Upright 
Sabatina KWS Upright (1) 
*Kortessa KWS Upright (2)  
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2.2.2. Establishment and canopy expansion 
Establishment counts were taken at the four-leaf stage (after thinning 

in 2021). Plants were counted in 2 m length of row and then the number 
was multiplied by 10,000 to give plant population ha− 1. Any gaps in the 
plot were noted. From the six leaf stage in 2019 and eight leaf stage in 
2021 canopy cover was measured each week during the canopy 
expansion phase, then monthly thereafter. A camera (Canon 1100D) was 
mounted on a frame that allowed images to be taken directly above the 
plots. A wide angle 10–18 mm lens was fixed at 10 mm and held above 
the plot at a height of 1.2 m and 2.5 m from the edge of the plot. The 
central three rows of sugar beet were aligned within the view of the lens. 
One photo was taken from the same end of the plot each time capturing 
36% of the plot area. Percentage canopy green area was measured by 
thresholding the green area of each image in ImageJ (Rasband, 2011). 

Canopy expansion was modelled using a three-parameter log-logistic 
model in R (R Core Team, 2021) (Fig. 2). Calculated percentage canopy 
cover values and thermal time after emergence was plotted for each plot. 
Maximum canopy cover, slope, and the inflection point of the canopy in 
each plot was calculated. In this model, the slope is calculated between 
10% and 90% of maximum canopy cover and is negative due to the 
equation used. The more negative the slope the faster the rate of canopy 
expansion. The inflection point is the thermal time value where 50% of 
maximum canopy cover is achieved, therefore representing the expan-
sion rate of the canopy. A larger Inflection point value would mean that 
the canopy reaches canopy closure slower and vice versa. 

2.2.3. Canopy greenness 
Canopy greenness was measured every three weeks between July 

and October with a Minolta SPAD-502 chlorophyll metre (Minolta 
Camera Co., Ltd., Japan). SPAD-502 measurements give a value for 
canopy greenness which is highly correlated with chlorophyll content in 
sugar beet (Malnou et al., 2008). Three measurements were taken per 
leaf and three randomly selected leaves were measured per plot. The 
leaves were fully expanded and clearly visible from the top of the 
canopy. 

2.2.4. Photosynthesis 
Leaf level photosynthesis was measured on 10 August on prostrate 1, 

intermediate 2 and upright 1 varieties. The net CO2 assimilation rate (A) 
and stomatal conductance (gs) were directly measured in the field be-
tween 08:30 and 12:00. Three fully expanded leaves were selected per 
plot and measured using a Li-6800 portable gas exchange system (Li- 
COR Inc., Biosciences, Lincoln, NE, USA). The sample photosynthetic 
photon flux density (PPFD), CO2 concentration, relative humidity and 
temperature inside the cuvette were set to 1200 µmol m− 2 s− 1 (light 
response curves taken previously indicated this was saturating), 
400 µmol mol− 1 CO2, 50% RH and block temperature of 20 ◦C, respec-
tively. The leaves had a five minute adjustment period in the cuvette 
before measurements were taken to allow A and gs to stabilise. The data 
was analysed as an average of three leaves per plot. 

2.2.5. Biomass harvests 
Destructive biomass harvests were taken at six points in 2019 (5/6/ 

19, 27/6/19, 30/7/19, 3/9/19, 9/10/21 and 5/11/19) and five points 
in 2021 (9/6/21, 27/7/21, 23/8/21, 18/10/21 and 6/12/21). 3 m2 of 
plot was harvested and washed thoroughly before total fresh weight was 
recorded. A 50% sub sample was taken at first harvest and 25% there-
after. The roots were separated from the tops at the lowest leaf scar. The 
leaf lamina were then separated from the petioles at the bottom of the 
leaf. Fresh weight of each component part was recorded, and leaf area 
measured using a LI-3100 C leaf area metre (Li-COR Inc., Biosciences, 
Lincoln, NE, USA) and used to calculate leaf area index. All components 
(leaves, petioles, roots) were then oven dried at 65 ◦C until a constant 
weight was achieved and then the dry weight was recorded. The root to 
shoot ratio was calculated as root dry weight divided by petiole and leaf 
dry weight. 

2.2.6. Radiation use efficiency and yield 
The radiation use efficiency (RUE) of the crops was measured in both 

years. Percentage canopy cover (described in Section 2.2) was assumed 
to be equal to the percentage of incident solar radiation intercepted by 
the canopy. There was no predetermined upper limit set and the 

Fig. 1. Canopy angle measurements on an upright canopy type (A) and prostrate canopy type (B). Canopy angle is taken as the petiole angle from an upright 
insertion into the crown. Leaves of similar age were measured. 

Fig. 2. Three-parameter log-logistic model used to model canopy expansion. 
Shown here are example data from a prostrate and upright canopy type. The 
inflection point of an upright canopy is indicated by the blue arrow. GDD is 
growing degree days or thermal time. 
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maximum percentage light interception was 99% determined in both 
years. Canopy light reflectance was also measured across the season and 
no differences were seen between varieties and therefore was not used to 
calculate total intercepted light in this instance. This method was 

preferred over a ceptometer due to the bimodal nature of the canopy. 
Daily meteorological data was used with percentage canopy light 
interception to determine the amount of solar radiation intercepted 
throughout the season. Accumulated intercepted radiation in MJ m− 2 (I) 

Fig. 3. Meteorological data from the Sutton Bonington weather station during the 2019 and 2021 growing season. A) Monthly total solar radiation receipts. B) 
monthly average temperature and growing degree days. C) monthly rainfall. GDD is growing degree days or thermal time. 
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was calculated as Eq. (1). 

I = [(C1 × R1)+ (Cn × Rn)] (1)  

C1 is the percentage canopy cover assessed during week 1 and R1 is the 
total incident radiation during week 1 (MJ m− 2). Accumulated inter-
cepted light is calculated from daily radiation receipts and weekly per-
centage canopy cover assessments up until canopy closure and then 
fortnightly after. This approach was used due to the strong relationship 
that exists between percentage canopy cover calculated from canopy 
images taken from above the canopy and fractional canopy light inter-
ception in sugar beet (Steven et al., 1986). Percentage canopy light 
reflection was also measured at the same time as canopy cover mea-
surements and no differences were seen between canopy types and was 
therefore not included. 

RUE from total plant biomass (root and shoot) was calculated from 
the first percentage canopy cover assessments (18/05/19 and 27/05/ 
2021) until the first biomass harvest and was recalculated for each 
subsequent harvest. For each variety, RUE was calculated as the slope of 
the regression of total biomass and accumulated intercepted radiation. 
RUE from sugar yield was calculated as sugar yield at final harvest 
divided by total accumulated intercepted radiation across the season. 

The plots were harvested on 5 November in 2019 and 15 December 
in 2021. Rows 2, 3 and 4 were lifted using a three-row beet harvester and 
the harvested beet taken to the BBRO (British Beet Research Organisa-
tion) tare house for root weight and sugar percentage analysis. Sugar 
yield was calculated from the fresh clean root weight and sugar 
percentage. 

2.3. Data analysis 

Data was analysed using Genstat 20th edition (VSN International, 
Hemel Hempstead, UK) using one way analysis of variance (ANOVA). A 
repeated measures analysis was carried out on measurements taken 
across the season. Calculation of the least significant difference (LSD) at 
5% significance was included in the ANOVA. Figures were prepared 
using Microsoft Excel (Microsoft Corp., Redmond, WA, USA). 

3. Results 

3.1. Weather data 

Radiation and temperature levels were similar between the two years 
(Fig. 3A and B). 2019 received above average rainfall from June 

Fig. 4. Petiole angle of different canopy types measured against thermal time after emergence (GDD) in 2019 (A) and 2021 (B). Error bar shows LSD5% at 
each interval. 
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onwards. June was exceptionally wet, receiving more than double the 
long-term mean rainfall (Fig. 3C). 2021 was considerably drier than 
2019 and below the long-term mean. April 2021 was dry in comparison 
to the long term mean and this slowed germination and early growth 
before heavy rainfall at the end of May where the crop grew rapidly. 

3.2. Petiole angle 

In both years petiole angle differed significantly between canopy 
types across the season (P < 0.05; Fig. 4). In 2019 the petiole angle at 
around 500 GDD was steeper across all varieties before reaching a 
similar angle as 2021 at 1200 GDD. Varietal differences in petiole angle 
were stable across the season up to final harvest. In 2021, before canopy 
closure and at final harvest (450 and 2400 GDD), there were no differ-
ences in petiole angle between canopy types. 

3.3. Canopy development 

In 2019, the slope, inflection point, and maximum canopy cover, 
estimated by the log-logistic model, was significantly different between 
the canopy types (Table 2, Fig. 5). The prostrate canopy type expanded 
its canopy more rapidly but required similar GDD as the intermediate 
canopy types to reach 50% maximum cover. The upright canopy type 
reached 50% of its maximum canopy significantly later than all other 
canopy types (P < 0.05). Overall, the upright variety had a smaller 
canopy size than prostrate and Intermediate 1 canopy type, with the 
intermediate 1 canopy having a significantly larger canopy size overall. 

In 2021 the crop was slower to establish but grew at a faster rate than 
2019, after rainfall and temperatures increased in June. There were no 
significant differences found in the slope and inflection point between 
canopy types, although a similar trend was seen with prostrate canopy 
types displaying a more negative slope (steeper growth curve) and less 
GDD required to reach 50% maximum canopy size. The upright 1 variety 
however, developed its canopy much faster in 2021. Overall, the 
modelled maximum canopy cover was higher in 2021 and the upright 
canopy types continued to have significantly lower canopy cover than 
all other canopy types (P < 0.001). 

In both years, a negative relationship between the modelled Inflec-
tion point and petiole angle before canopy closure was found. A more 
prostrate angle reduced the thermal time required by the canopy to 
reach 50% of its maximum cover (P < 0.001) (Figure S1). A positive 
relationship between petiole angle at canopy closure and modelled 
maximum canopy cover was seen. Increasing the petiole angle leads to a 
greater maximum canopy cover achieved in both years (P < 0.001) 
(Figure S2). In 2019 this relationship was stronger with an R2 of 0.48 in 
comparison to 0.24 in 2021. 

In both years, petiole angle strongly influenced the total amount of 
radiation intercepted from the crop measured up to October (Fig. 6). A 
more prostrate petiole angle led to more radiation intercepted by the 
canopy in both years (P < 0.001). 

In both years there were significant differences between varieties in 

leaf area index (LAI) through the season (Fig. 7) (P < 0.05). In 2019, the 
Intermediate 2 variety maintained a greater LAI from 1500 GDD to 
harvest and then, after 2050 GDD, the canopy began to decline. In 2021, 
a LAI of 3 was reached at 1100 GDD in all varieties except the upright 
canopy types. At this point, maximum canopy cover was achieved. The 
canopy declined more rapidly than in 2019 and the prostrate canopy 
types had a significantly larger LAI than the upright canopy types from 
1100 GDD to harvest. 

The percentage canopy cover and light interception increased 
asymptotically with LAI and was maximal when LAI was greater than 
2.5 in all varieties. In both years the upright canopy types had a lower 
LAI when its maximum canopy cover was achieved (Fig. 8). Erect can-
opies can have higher optimal LAI than prostrate i.e. they achieve 100% 
canopy cover at a higher LAI. However, there were no differences be-
tween canopy types in this study (Fig. 8). 

In both years there was a linear relationship between petiole angle 
and SPAD (P < 0.05). SPAD increased as the petiole angle became more 
upright (Fig. 9). 

Measured SPAD values were higher in 2021, and this was consistent 
up to 32◦ petiole angle. As the petiole angle became more prostrate 
SPAD values began to reduce closer to 2019 values (Fig. 9). 

Net CO2 assimilation rate (A) and stomatal conductance (gs) were 
measured on 10 August 2021. Upright 1, Intermediate 2 and Prostrate 1 
were measured as representatives of canopy types. This was necessary to 
limit time spent in the field, before weather conditions changed, which 
would increase variation in the data. A of the Intermediate 1 variety was 
27.26 μmol m− 2s− 1 and was significantly higher than both Upright 1 
(31.42 μmol m− 2s− 1) and Prostrate 1 (25.94 μmol m− 2s− 1) varieties 
(P < 0.05). 

There was no significant difference in gs between varieties 
(P = 0.075) although a clear trend was apparent, the Intermediate 2 
variety had a higher leaf conductance of 0.692 mol m− 2s− 1. Prostrate 1 
had the lowest gs of 0.401 mol m− 2s− 1 and upright 1 has a gs of 
0.503 mol m− 2s− 1. 

3.4. Biomass accumulation and partitioning 

In 2019, the intermediate canopy types accumulated more total 
biomass across the season from 500 to 2041 GDD than the upright 
canopy type (P < 0.05) (Fig. 10A). Between 2041 and 3030 GDD the 
upright canopy type continued to gain biomass and by 3030 GDD no 
differences were seen between canopy types. 

In 2021, there were no differences in total biomass between canopy 
types across the season (Fig. 10B). The upright canopies gained almost 
400 g m-2 of biomass between 2152 and 2417 GDD (October and 
December). The Intermediate 2, Prostrate/Upright and Prostrate 1 va-
riety gained much less biomass during the same period. 

In 2019, the Prostrate 1 variety had a higher root to shoot ratio than 
the Upright 1 variety (P < 0.05) (Fig. 11A). From 2000 GDD to final 
harvest the intermediate canopy types and Prostrate 1 had a signifi-
cantly higher root to shoot ratio than the Upright 1 variety (P < 0.05). 

Table 2 
Three parameter log logistic model output for modelling canopy expansion and development of different canopy types in 2019 and 2021. Lower case letter denotes 
significant differences.  

2019 2021 

Canopy type Slope Inflection point Maximum canopy cover Slope Inflection point Maximum canopy cover 

Upright 1 -4.998 b 571.0 b 90.72 a  -7.929  414.7 93.33 a 
Upright 2     -6.627  427.9 93.02 a 
Prostrate/Upright     -6.876  429.7 97.36 b 
Intermediate 1 -5.228 b 551.6 a 95.36c  -7.876  424.5 96.47 b 
Intermediate 2 -5.228 b 551.1 a 91.73 ab  -7.212  422.1 96.54 b 
Prostrate 1 -6.059 a 544.1 a 93.11 b  -7.901  401.1 98.4 b 
Prostrate 2     -8.508  405.6 98.19 b 
P < 0.001 0.023 < 0.001  0.059  0.085 < 0.001 
LSD 0.3919 16.17 1.545  1.256  22.05 1.671  
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From 1000 GDD/July in 2021, the Intermediate 2 variety consis-
tently had the highest root to shoot ratio (P < 0.001) (Fig. 11B). At final 
harvest, the Intermediate 2 variety notably, had a much larger propor-
tion of biomass partitioned to its roots than the other canopy types. The 

prostrate canopy types had consistently more biomass partitioned to its 
above ground portion than Intermediate 2 across the season. 

Fig. 5. Fitted curves from a three parameter log logistic model used in modelling canopy expansion and development of different canopy types in 2019 (A) and 2021 
(B). The average of upright, intermediate and prostrate canopy types are show against thermal time after emergence (GDD). 

Fig. 6. The influence of petiole angle on accumulated intercepted radiation up to October. Petiole angle was calculated as an average of measurements taken from 
canopy closure to October in 2019 and 2021. 2019: y = 5.395x + 1708.7, R2 = 0.4501. 2021: y = 6.8589x + 1371.5, R2 = 0.4086. 
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3.5. Radiation use efficiency and yield 

Radiation use efficiency (RUE; g MJ− 1) was calculated as the slope of 
the relationship between total plant biomass (g m− 2) and the accumu-
lated intercepted total solar radiation (MJ m− 2) in Table 3. Season long 
RUE from final sugar yield in Table 4 was calculated as total sugar yield 
(g m− 2) divided by accumulated total solar radiation intercepted across 
the season (MJ m− 2). RUE calculated from total plant biomass across the 
season was higher in 2019 than 2021 (Table 3). RUE calculated from 
final sugar yield was higher in 2021 than 2019 (Table 4). 

Clean root yields were lower in 2021 for all varieties except prostrate 
1. However, root sugar percentage measured at final harvest was over 
1% higher in 2021 and consequently sugar yield in 2021 was signifi-
cantly higher except for intermediate varieties (P < 0.001) (Table 6). 

In 2019 the intermediate canopy types had the highest RUE for total 
plant biomass at 1.82 and 1.77 respectively. The prostrate and upright 
canopy types had a lower RUE of 1.66 and 1.67 (P < 0.001) (Table 4). 

In 2021, the Prostrate/Upright and Intermediate 2 varieties had the 
highest RUE up to October and the prostrate canopy types had the lowest 
(P < 0.001). By final harvest in December, the upright canopy types had 
the highest RUE followed by the Prostrate/Upright and the intermediate 
canopy types. The prostrate canopy types still had the lowest RUE 
(P < 0.001) (Table 4). 

The intermediate canopy types had the highest RUE for final sugar 
yield in 2019 (P < 0.05) (Table 5). In 2021 Intermediate 2 had a 
significantly higher RUE from sugar yield than all other varieties 

(P < 0.05). 
The intermediate canopy types had the highest root yield, sugar 

percentage and sugar yield in 2019 and there were no differences be-
tween the prostrate and upright varieties (P < 0.05) (Table 5). In 2021 
Intermediate 2 had the highest root yield and sugar yield and no dif-
ferences in sugar percentage were seen (Table 5). 

4. Discussion 

Canopy architecture, notably canopy angle, varies in commercial 
sugar beet varieties. These varieties can be classified as upright, inter-
mediate and prostrate according to the angle of their petiole. The 
objective of this study was to investigate the influence of canopy angle 
on photosynthesis, RUE, and yield of sugar beet from field trials in the 
UK. The intermediate canopy types had the highest biomass and sugar 
yield in both years as well as the greatest net CO2 assimilation per unit 
leaf area. In 2019, the intermediate canopy types had a greater RUE 
from total biomass than the upright and prostrate canopy types at final 
harvest in November. In 2021, when RUE was calculated up to October 
(closest to the harvest date in 2019), the intermediate canopy again had 
the highest RUE. However, at a later final harvest in December, the 
upright canopy types had the highest RUE. 

2019 and 2021 were very different years in terms of rainfall. Rainfall 
was higher in 2019 than in 2021, especially during April and June. 2021 
experienced a dry April and June but had a period of high rainfall to-
wards the end of May. This likely led to a greater expansion rate after a 

Fig. 7. Leaf area index of different sugar beet canopy types plotted against thermal time after emergence (GDD) in 2019 (A) and 2021 (B). Error bar shows vari-
ety LSD5%. 
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cool and dry April and early May. Although GDD and radiation levels 
were similar in both years, 2019 had a higher overall RUE based on total 
biomass. This was likely caused by more consistent summer rainfall and 
the absence of mild drought seen in 2021. However, 2021 had a greater 
overall sugar yield, this is because in general there was a much higher 
sugar percentage per root fresh weight. 

4.1. Canopy type and canopy development 

The upright canopy types typically had petiole angles of less than 
30◦. The intermediate canopy types had a petiole angle between 30◦ and 
45◦ and the prostrate canopy type had petiole angles of up to 50◦. Petiole 
angle remained stable throughout the summer across varieties. How-
ever, the trials were only conducted on one soil type and the impact of 
soil texture on angle has not been explored. Heavier clay soils with a 
greater water and nutrient retention capacity have been shown to 
enhance canopy development and increase LAI in comparison to lighter 
soils, as a result the petiole angle may be also influenced by this 
(Richards, 2019). In 2021 the final petiole angle measurement was taken 
in December after the final biomass harvest, where leaf death rate had 
surpassed leaf appearance. This resulted in smaller secondary leaves 
appearing across canopy types which did not conform to the petiole 
angle measurements taken previously and thus more variation in angle 

between the measured leaves was seen despite the trend remaining the 
same. 

The upright canopy types were slower to reach 50% canopy closure 
and had a lower modelled maximum canopy cover. This is because the 
petiole emerges out of the crown at a steeper angle than the other 
canopy types and as a result the leaves take longer to meet between 
rows. This means that the upright canopy types intercept less radiation 
than the intermediate and prostrate canopy types during June (pre- 
canopy closure) when radiation levels are high. LAI was also lower in 
upright canopy types and this could mean that the intercepted light may 
be even lower than the canopy cover indicates. Despite this, the upright 
variety used the intercepted light more efficiently than the prostrate 
varieties when measured up to December harvest. 

Steeper leaf angles can increase light capture when the sun is low in 
the sky (morning/afternoon and winter) and can also reduce light cap-
ture at midday in the summer when the sun is directly overhead (Falster 
and Westoby, 2003). This can benefit the canopy by reducing midday 
canopy heat-load, thereby increasing water use efficiency, and 
decreasing the risk of photoinhibition (King, 1997; Burgess et al., 2015). 
Regardless of the potential increase in light use efficiency, a steeper 
canopy angle has a lower potential daily carbon gain by decreased light 
interception during the summer months which is a crucial yield building 
period (Scott and Jaggard, 1978). It has been hypothesised by Nobel and 

Fig. 8. The relationship between leaf area index and percentage canopy cover across the season for different sugar beet canopy types in 2019 (A) and 2021 (B).  
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Long (1985) and Huang et al. (2017) that for efficient radiation inter-
ception and photosynthesis across the season an intermediate canopy 
with upright new leaves and more prostrate older leaves is optimal. This 
is more typical of the intermediate canopy type in our study. Therefore, 
there is potential to further improve canopy light interception and yield 
by increasing the LAI and leaf angle distribution in upright varieties. 

4.2. Canopy angle, chlorophyll content and photosynthesis 

In both years there was a strong relationship between petiole angle 
and SPAD value. SPAD value gives an arbitrary value for leaf chlorophyll 
content considering leaf greenness. In sugar beet, SPAD and leaf chlo-
rophyll content are highly correlated (Malnou et al., 2008). This means 
that in our study, a more prostrate canopy angle leads to a lower leaf 
chlorophyll content. In 2021, SPAD values were noticeably higher, this 
could be due to higher soil nitrogen availability and uptake or as a result 
of lower rainfall across the season leading to a higher concentration of 
plant pigments in the leaf (Martínez and Guiamet, 2004). The rela-
tionship between petiole angle and SPAD was stronger in 2021 as more 
varieties were measured. The differences in SPAD value seen across 
canopy types could be an adaptive trait selected by breeders. A lower 
concentration of chlorophyll in prostrate canopy types could form as 
part of an acclimation mechanism which has a photoprotective effect, 
minimising risk of photoinhibition in the crop (Murchie et al., 2005). 
Whereas the upright leaves at the top of the canopy seen in upright and 
intermediate canopy types have uniformly less light reaching their 
surface but have more chlorophyll. This could mean that the upright and 
intermediate canopy types can potentially absorb more of the light that 
reaches the leaf surface and use it more efficiently throughout the can-
opy. This could be an important factor contributing to a greater rate of 
late season biomass accumulation and higher RUE in upright canopy 
types. 

High levels of leaf chlorophyll content seen in the upright canopy 
types did not lead to greater leaf photosynthesis, RUE, or yield to 
October harvest in this study. This concurs with Malnou et al. (2008) 
who also found that an increase in leaf greenness did not increase RUE in 
sugar beet. Ebmeyer and Hoffmann (2021) also showed no correlation 
between leaf nitrogen content and sugar yield. However, Loel et al. 
(2014), found a positive correlation between SPAD value and sugar yield 
when comparing old and new varieties. This could be explained by the 

breeding improvements seen in sugar beet over the last few decades 
where there has been a considerable increase in sugar yield (Jaggard 
et al., 2010). Chlorophyll content or high leaf greenness could also be 
selected for in modern varieties, but sugar yield could be influenced by a 
range of factors such as assimilate partitioning. In other crops with 
leaves which distinctly overlap, reduced leaf chlorophyll content might 
increase RUE and yield by improving light penetration and distribution 
within the canopy (Drewry et al., 2014; Slattery et al., 2017). Higher leaf 
chlorophyll may be beneficial towards the bottom of the canopy, in 
shaded conditions to improve light harvesting. Later in the season when 
the canopy begins to decline and incident radiation is less, increased leaf 
chlorophyll content could be beneficial to the crop enabling more effi-
cient light utilization. 

The Intermediate canopy type had high levels of leaf photosynthetic 
capacity recorded in August indicating that it is efficient at building 
yield during this period. However, it is unclear why this would be the 
case and may be due to a number of factors including leaf N and source 
sink dynamics (Nevins and Loomis, 1970; Paul and Foyer, 2001). These 
differences could be both genetic and/or an effect of the canopy angle. 

4.3. Dry matter partitioning 

The partitioning of biomass into the roots and tops differed signifi-
cantly between canopy types and varied between years. In 2019 the 
upright canopy type consistently had a lower root to shoot ratio. Despite 
this, the upright canopy type had the smallest LAI which suggests that 
the leaves are fewer or smaller in size. Between August and October, the 
prostrate variety had the highest root to shoot ratio and by November 
the intermediate and prostrate canopy types had the greatest fraction of 
biomass partitioned to its roots. 

In 2021 the intermediate 2 canopy type had a constantly higher 
proportion of total dry matter partitioned to root storage throughout the 
season. By December, the intermediate 2 canopy type had a ratio of 
almost double the other varieties, a greater rate of canopy senescence 
could explain this. The intermediate 2 canopy type was more efficient at 
partitioning assimilates into the storage organ and less energy was used 
to maintain canopy size. Across all canopy types in 2021, the leaf area 
index began to decline sooner than 2019 and this is likely caused by 
reduced new leaf formation. A smaller canopy could have benefited the 
crop in 2021 as below average rainfall was received. A smaller canopy 

Fig. 9. The relationship between petiole angle and canopy greenness from SPAD-502 readings in 2019 and 2021. Petiole angle was calculated as an average of 
measurements taken from canopy closure to October in 2019 and 2021. Canopy greenness values were averaged from canopy closure to October. 2019: 
y = − 0.1907x + 50.942 R2

= 0.27 2021: y = − 0.5399x + 68.259 R2
= 0.56. 
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can reduce transpiration and canopy maintenance which can be 
damaging to sugar yield (Hoffmann, 2014). 

4.4. Canopy angle, radiation use efficiency and yield 

When harvested up to November 2019 the intermediate canopy 
types had the highest RUE followed by the upright and prostrate canopy 
types. The RUE values from total plant biomass were markedly higher 
than 2021 but were recorded in the upper range of what has been shown 
previously in sugar beet (Hoffmann, 2019; Hoffmann and Kluge-Severin, 
2010; Monteith, 1977; Werker and Jaggard, 1998). This is reflective of 
the season; the crop accumulated a lot of total biomass during the 
summer months where water was rarely limiting and disease incidence 
low. The rainfall also slowed canopy decline in 2019 in comparison to 
2021 where the canopy biomass and LAI began to fall after 1500 GDD. 

Up to October harvest in 2021, the prostrate/upright canopy type 
had the highest RUE of 1.55 g DM per MJ. This is because the prostrate/ 
upright canopy type accumulated more total biomass between July and 
October than the other canopy types. The alternate canopy arrangement 
could reduce mutual leaf shading across the canopy and as a result in-
crease the productivity and photosynthetic potential of the canopy. This 

can be compared to intercropping whereby contrasting crops/canopies 
are often sown in alternate rows to improve radiation capture, water use 
and yield (Glaze-Corcoran et al., 2020). 

At final harvest in December 2021, the upright canopy types had the 
highest RUE and the prostrate the lowest. During the period between 
October and December the upright canopy types continued to put on 
more root and canopy biomass than all other canopy types, thereby 
increasing the RUE value. The prostrate/upright canopy type accumu-
lated very little biomass during this time. At final harvest in both years, 
the intermediate 2 variety had the highest sugar yield. The intermediate 
2 variety was more efficient at intercepting and utilising light in 2019 up 
to final harvest and more efficient at partitioning biomass to the root in 
2021. In both years, the prostrate varieties accumulated the most light 
however, the highest sugar yield was from the intermediate varieties 
indicating higher sugar yield RUE. This was supported by the higher net 
assimilation rate measured in the field. 

If the plots were harvested even later then perhaps the upright 
canopy type would have continued to build yield and therefore out yield 
the intermediate 2 variety. There is no published research on the rela-
tionship between canopy angle and later harvest dates in sugar beet. 
Studies in other crops have shown that an upright canopy angle is more 

Fig. 10. Total plant biomass accumulated across the season affected by sugar beet varieties with different canopy types in 2019 (A) and 2021 (B). Error bar 
shows LSD5%. 
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efficient at intercepting light at lower sun angles than a prostrate canopy 
(Gilbert et al., 2003; Sarlikioti et al., 2011). This suggests that estima-
tions of light interception could be inaccurate when the sun angle is 
lower in the sky. The upright canopy types in this study could be more 
efficient at intercepting light in the winter months and therefore be more 

suited to a later harvest. The finding from a later harvest in 2021 in this 
study supports this. 

There has been much discussion on whether sugar beet yield for-
mation is source or sink limited (Hoffmann, 2019; Hoffmann and 
Kluge-Severin, 2010; Schnepel and Hoffmann, 2016). In sugar beet there 

Fig. 11. Root to shoot ratio of different sugar beet canopy types against GDD (◦C days) calculated as root dry weight divided by top dry weight (petioles and leaves). 
A) 2019 and B) 2021. Error bar shows variety repeated measures LSD5%. 

Table 3 
Radiation use efficiency of different sugar beet canopy types calculated in 2019 
and 2021 with standard error of regression ( ± ).  

Calculated radiation use efficiency (g MJ− 1) 

Canopy type 2019 (5/11/19) 2021 (18/10/21) 2021 (6/12/21) 

Upright 1 1.67 ± 0.05 1.46 ± 0.06 1.49 ± 0.06 
Upright 2  1.46 ± 0.06 1.51 ± 0.06 
Intermediate 1 1.77 ± 0.05 1.45 ± 0.06 1.46 ± 0.06 
Intermediate 2 1.82 ± 0.05 1.50 ± 0.06 1.42 ± 0.06 
Prostrate/Upright  1.55 ± 0.06 1.45 ± 0.06 
Prostrate 1 1.66 ± 0.05 1.44 ± 0.06 1.37 ± 0.06 
Prostrate 2  1.39 ± 0.06 1.38 ± 0.06 
P < 0.001 < 0.001 < 0.001  

Table 4 
Season long RUE of different sugar beet canopy types calculated from final sugar 
yield in 2019 and 2021. Lower case letters show significant differences LSD5%.  

Season long sugar yield RUE (g MJ− 1) 

Canopy type 2019 2021 

Upright 1 0.97 a 1.05 a 
Upright 2  1.03 a 
Intermediate 1 1.09 b 1.06 a 
Intermediate 2 1.08 b 1.17 b 
Prostrate/Upright  1.10 a 
Prostrate 1 0.96 a 1.05 a 
Prostrate 2  1.04 a 
P 0.003 0.008 
LSD 0.07 0.067  
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is a strong linear relationship between accumulated intercepted radia-
tion and biomass (Jaggard and Qi, 2006). This suggests that sugar beet is 
source limited. In our study there was a linear relationship between 
accumulated intercepted radiation and biomass within varieties, how-
ever, both RUE, root to shoot ratio and hence yield differed between 
varieties. Other studies have also found no relationship between total 
radiation intercepted and yield and have assumed other factors such as 
assimilate partitioning and root/sink storage to be limiting (Hoffmann, 
2019; Hoffmann and Kenter, 2018; Schnepel and Hoffmann, 2016). In 
our study it is assumed that RUE is a limiting factor to yield which could 
be linked to canopy angle and the efficiency of radiation interception. 
However, the varieties used in this study differ in more than just canopy 
angle so it is not possible to directly attribute differences in RUE to 
canopy angle alone. 

5. Conclusions 

Sugar beet can be classified into canopy types according to their 
petiole angle. The impact of canopy angle on RUE and yield was 
investigated. A prostrate canopy type had a faster rate of canopy 
expansion and intercepted more light across the season. Intermediate 
canopy types and prostrate/upright alternate sowing treatment had the 
highest RUE to October/November harvest and the highest sugar yield. 
This was associated with a higher root to shoot ratio and may indicate a 
higher rate of canopy senescence as well as greater sink capacity. The 
upright canopy type had a lower RUE and yield (except late in season) 
but also had a lower LAI which may have been limiting early on in the 
season but potentially more efficient at utilizing available light, espe-
cially later in the sugar beet season, and thus suit a later harvest. 
Therefore, there is scope to further improve yield by increasing LAI and 
root to shoot ratio in upright canopies. The results from this study will 
aid in the selection of varieties to improve sugar beet yields and future 
breeding efforts. Whilst canopy angle is an important contributing factor 
to RUE and yield in sugar beet, it is likely that other factors such as leaf 
level photosynthesis and biomass partitioning are just as important. 
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