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Abstract: Studies on crop response to light quality [red (R) to far-red (FR) light 

ratio] often recommend early weed removal to reduce the effects of shade 

avoidance responses on crop yield. However, it is unclear whether crops are able 

to distinguish reflected light quality of kin from that of non-kin. We evaluated the 

response of sugarbeet (Beta vulgaris L.) to reflected FR light from sugarbeet, 

common lambsquarters (Chenopodium album L.), Kentucky bluegrass (Poa pratensis 

L.), alfalfa (Medicago sativa L.), and bare soil (control) under outdoor conditions in 

2016 and 2017. Treatments were completely randomized with 10 replications per 

treatment. The study methods ensured there was no direct resource competition. 

The reflected R:FR of plant species ranged from 0.06 (common lambsquarters) to 

0.24 (sugarbeet) compared to 0.7 for the bare soil. In both 2016 and 2017, there were 

2 to 4 more leaves in the sugarbeet surrounded by soil compared to sugarbeet 

surrounded by neighboring species. There was up to 47, 57, 43, and 23% reduction 

in sugarbeet leaf area, shoot dry weight, root diameter, and root dry weight, 

respectively, due to reflected R:FR light from neighboring species. Sugarbeet did 

not respond differently to reflected light quality of kin compared to non-kin. 

Keywords: far-red light, kin recognition, light quality, shade avoidance, weed 

competition 

1. Introduction 

Competition among plants arises due to the limited availability of nutrients, 

water, and light [1]. Plants, though sessile, are not passive. Immobility has made 

plants evolve mechanisms for detecting neighbor proximity and initiate responses 

to enable them to compete for resources [2]. Proximity detection is particularly 

important in the competition for light because light serves as the primary source of 

energy for photosynthesis in plants. Through photoreceptors (e.g., phytochromes 

and cryptochromes), plants are able to sense the quality of light (particularly red (R) 

to far-red (FR) ratio) and use this as a cue to perceive the proximity of neighbors and 

impending competition for light. Green vegetation absorbs R and reflects much of 

incoming FR light and thus, neighbor proximity often reduces R:FR. In response to 

reduced R:FR, plants tend to elongate their hypocotyl, stem, and petioles; decrease 

rate of leaf expansion; and flower early [3]. These responses are collectively referred 

to as the shade avoidance syndrome [3,4].  
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This phenomenon has been widely studied as it affects growth and yield of crops 

[5-9]. Most studies on shade avoidance evaluated the effects of reflected light quality 

from heterospecifics (different species) on crop growth and yield [5,9,10]. Since 

reflected light from all green vegetation has a reduced R:FR, it will be of interest to 

know if crops are able to distinguish reflected light quality of kin (kin recognition) 

from that of non-kin such as weeds. Kin recognition, or the ability to “discriminate 

between related and unrelated individuals” [11], has been relatively less studied in 

plants compared to animals. Most kin recognition studies in plants focused on root 

interactions and resource competition or volatile compound signals [12-16]. Also, 

results from photoreceptor-mediated kin recognition studies are not consistent. For 

example, Crepy and Casal [17] and Crepy and Casal [18] observed that Arabidopsis 

thaliana recognized kin and reoriented leaves more horizontally when grown with 

kin than when grown with non-kin. They elucidated that the response involved the 

perception of R:FR and blue light. However, de Wit, et al. [19] reported that in 

rosette-forming plants such as A. thaliana, physical touching of leaf tips might 

precede R:FR sensing for neighbor detection. Thus, neighboring species architecture 

may influence shade avoidance responses. 

 Robson, et al. [20] stated that rapid stem expansion often observed at high crop 

densities is an “agriculturally wasteful allocation of assimilates to stem growth”. 

Photoreceptor-mediated kin recognition is important because studies on shade 

avoidance recommend early weed removal as a management strategy for reducing 

the effects of shade avoidance on crop yield [7,21,22]. Thus, in the absence of weeds, 

it could be useful for plants to be able to distinguish light quality of conspecifics 

from that of heterospecifics to prevent yield loss due to shade avoidance.  The 

specific question we seek to answer is, can sugarbeet differentiate reflected light 

quality of kin (sugarbeet) from non-kin (non-sugarbeet)? In a recent review, it was 

argued that current environmental and land-use conditions may necessitate 

planting crops at higher densities to increase crop yields [3]. In fact, it was posited 

that optimizing shade avoidance responses may be important for increasing crop 

yields at high planting densities [23]. Since kin recognition may be density-

dependent [24], understanding crop response to reflected light quality from 

conspecifics and heterospecifics is important. This study, therefore, evaluated the 

response of sugarbeet to reflected light quality from kin and non-kin. 

2. Materials and Methods  

2.1 Site description, treatments, experimental design, and data collection 

Studies were conducted in 2016 and 2017 at the University of Wyoming Laramie 

Research and Extension Center, Laramie WY to evaluate the response of sugarbeet 

to reflected light quality from different species. The experiment comprised four 

neighboring species (sugarbeet, common lambsquarters (Chenopodium album L.), 

Kentucky bluegrass (Poa pratensis L.), alfalfa (Medicago sativa L.)) and a bare soil 

(untreated check) treatment arranged in a completely randomized design with 10 
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replicates. Species were selected to ensure that not all species were closely related to 

sugarbeet while ensuring different functional groups were present. The study setup 

ensured there was no resource competition (Figure 1). Neighboring species were 

planted at high densities to ensure that there was full coverage of soil surface for 

maximal FR reflection. Three seeds of sugarbeet (cultivar “BTS60RR27” and 

“RR014GEM50” in 2016 and 2017, respectively) were planted per pot and thinned to 

one seedling per pot immediately after emergence. Sugarbeet was planted after 

neighboring species have emerged to ensure there was reduced R:FR at the time of 

sugarbeet emergence. Sugarbeet and neighboring species were drip irrigated daily 

to ensure water was not a limiting factor. Sugarbeet was fertilized with 40 g of 

14:14:14:5.5% (N:P:K:S) polymer-coated fertilizer at planting to ensure a slow and 

continuous release of nutrients throughout the growing season. The inner pail 

(Figure 1) was either raised or neighboring species clipped regularly to prevent 

direct shading and competition for sunlight. 

  

Figure 1. Experiment setup ensuring there was no resource competition. This setup 

made it possible to raise the inner pail when necessary to prevent direct shading of 

sugarbeet 

The spectral signature of the four species and the bare soil surface were measured 

using a FieldSpec4 standard resolution spectroradiometer (PANalytical (formerly 

ASD Inc.), Longmont CO, USA). The spectral data were used to calculate the average 

reflectance of R (655-665nm) and FR light (725-735nm) and these were used to 

estimate the average R:FR of reflected light. 

Number of leaves and angle (from the horizontal) of the oldest, healthiest leaf were 

measured weekly after seedling emergence. Leaf angle was measured using a 

protractor. Plants were harvested at 63 and 47 days after planting (DAP) in 2016 and 

2017, respectively. At harvest, number of leaves, root length, root diameter, root 

fresh weight, root dry weight, total leaf area, shoot fresh weight, and shoot dry 

weight were measured. Root diameter and leaf area were measured using a digital 

caliper and leaf area meter (LI-3100C) (LI-COR Inc., Lincoln, Nebraska USA), 

respectively. 

3 L pail through which sugarbeet grows 

19 L pail through which neighboring species grow 
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2.2 Data analysis 

Nonlinear regression analysis was performed using the ‘drc’ package (v4.0-2) in the 

R statistical language (v 3.5.1) to quantify the effect of reflected light from 

neighboring species and soil surface on sugarbeet leaf number over time [25,26]. A 

three-parameter Weibull model was used (Equation 1), where Y is the number of 

sugarbeet leaves at time x, d is the upper limit asymptote, x is time in days after 

planting, e is the value of x at the inflection point on the curve, and b is a slope 

parameter. The Weibull model provides appropriate statistical parameter estimates 

of plant growth and, also have parameter estimates with meaningful biological 

interpretations [27].  The effect of reflected light from neighboring species on the 

number of sugarbeet true leaves at final harvest which corresponded with 63 and 47 

d in 2016 and 2017, respectively was estimated from the model and 95% confidence 

intervals were calculated.  Non-overlapping 95% confidence intervals were used as 

a conservative estimate of statistical difference between treatments [28]. 

 Y = d * -exp(b * (log(x) - e))                                  [1] 

A repeated measures analysis with a Satterthwaite denominator degree of freedom 

approximation to account for correlated errors was performed on sugarbeet leaf 

angle using the lme4 package [29]. For leaf angle, Tukey-adjusted pairwise treatment 

comparisons were performed using the ‘emmeans’ package [30].  Analysis of 

variance was performed on reflectance and harvest data (total leaf area, root length, 

root diameter, shoot dry weight, and root dry weight). Treatments differences were 

compared at alpha of 0.05 using Fisher’s protected LSD.  
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3. Results and Discussion 

3.1 Light reflectance from plant canopies 

The spectral signature of neighboring species and the bare soil showed that plant 

species reflected less than 20% of incoming R light and about 36 to 56% of incoming 

FR light (Figure 2). It is because photosynthetic pigments absorb more in the R 

region than the FR region of in-coming solar radiation [31].  

  

Figure 2. Reflectance spectra of alfalfa, sugarbeet, common lambsquarters, Kentucky 

bluegrass, and soil in the study (n=10 for each species).  

The high levels of FR light reflected from the leaf surfaces explains the reduction in 

R:FR ratio in crowded plant communities [32,33]. Reflected R and FR light from 

maize (Zea mays L.) leave surface was reported to be approximately 5% and 40%, 

respectively [34]. There were differences in the relative amounts of R and FR light 

reflected by the plant species (Table 1). This resulted in differences (P<0.0001) in R:FR 

(Table 1). This might be due to differences in the greenness (chlorophyll 

concentration) and leaf surface brightness of the plant species. For example, visual 

observation showed that alfalfa and sugarbeet leaves were deep green in color 

compared to pale green color of common lambsquarters. The R:FR of plant species 

ranged from 0.06 (common lambsquarters) to 0.24 (sugarbeet) (Figure 2). This was 

within the range of 0.05-1.15 reported by [35].  
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Table 1 Relative reflectance of red and far-red light and red to far-red light ratio of 

neighboring species and bare soil surface in 2016, Laramie WY 

Neighbor 
Relative reflectance 

Red (655-665nm) Far-red (725-735nm) Red to far-red 

Alfalfa 0.07b† 0.54a 0.12c 

Common lambsquarters 0.03d 0.43b 0.06d 

Kentucky bluegrass 0.04c 0.36c 0.12c 

Sugarbeet 0.14a 0.56a 0.24b 

Soil 0.07b 0.10d 0.70a 

P-value <0.0001 <0.0001 <0.0001 

†within column, means followed by same letters are not significantly different at 

the 0.05 probability level. 

The soil surface had the greatest R:FR (0.7; Table 1). The R:FR of gray-white and 

brick-red soil surfaces were reported to be 1.0 and 1.18, respectively [34]. The lesser 

ratio obtained in this study was due to the potting media used. The potting media 

was mostly peat which has a dark brown to black color. Thus, most of the incoming 

radiation was absorbed by the media. Studies on light quality have shown that 

phytochrome photoequilibrium (the ratio of FR absorbing phytochrome to the sum 

of R and FR absorbing phytochrome) of daylight is about 0.81 [36] and stem 

extension was observed at phytochrome photoequilibrium of 0.63 (R:FR ~ 0.66) [37]. 

Although the results from Sager, Smith, Edwards and Cyr [36] and  Craig and 

Runkle [37] were based on photosynthetic photon flux rather than the relative 

reflectance reported in this study, their results suggest that plants responded to 

marginal reductions in light quality.  

3.2 Sugarbeet leaf angle 

There was no time by treatment interaction effect on leaf angle in both 2016 (P= 0.21) 

and 2017 (P = 0.15). However, sugarbeet leaf angle was different in the presence of 

neighboring species in both 2016 and 2017 (P < 0.001). Sugarbeet grown with 

neighbors had more upright leaf angles (Figure 3). This modified morphology was 

initiated as early as 21 DAP in 2016 and 15 DAP in 2017 (data not presented).  Leaf 

angle was lower in the soil treatment in both years (Figure 3). This shows that 

sugarbeet responded to reduced R:FR ratio and not necessarily species identity. 

Contrary to our results, Crepy and Casal [17] observed that Arabidopsis thaliana 

reorient leaves more horizontally when grown with kin than when grown with non-

kin. They elucidated that the response involved the perception of R:FR and blue 

light. Mullen, et al. [38] reported that rosette leaves of A. thaliana were more 

vertically oriented when exposed to low light levels or shaded by neighboring 

leaves. However, leaves reorient horizontally when returned to white light. Reduced 

R:FR also increased leaf angle in tobacco [39]. Ethylene, a gaseous phytohormone 

essential in shade avoidance responses [40] increased leaf angle in A. thaliana [41]. 
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Sugarbeet is rosette-forming in the first season of growth. Thus, the steeper leaf 

angles might be an adaptation for efficient light interception. 

 

 

Figure 3. Effect of reflected far-red light from neighboring species on sugarbeet leaf 

angle (from the horizontal) in 2016 and 2017, Laramie WY. Within years, estimated 

marginal means followed by the same letter are not significantly different according 

to Tukey-adjusted pairwise comparisons (alpha = 0.05). Bars indicate 95% confidence 

interval. 

At any given radiation stream, leaf angle (to the horizontal) determines the flux of 

solar radiation per unit leaf area [42,43]. However, the relationship between leaf 

angle and light interception is largely influenced by solar inclination. At low sun 

angles such as in the morning and late afternoon, steeper leaf angles increased solar 

radiation interception [43,44].  For example, light interception increased with 

increasing leaf angle (leaf angles between 25 to 75 to the horizontal) at 15 and 

30solar inclination [43]. Based on the findings by Falster and Westoby [43], it is 

estimated that with an average sugarbeet leaf angle of about 30 in the bare soil 

treatment and about 50 in the sugarbeet (kin) treatments in 2017 (Figure 3), direct 

light interception could be reduced by 12% and 22% at solar angles of 45and 60, 

respectively.  However, at the canopy level, steeper leaf angles may reduce mutual 

shading and thus, maximize light interception [38]. Robson, McCormac, Irvine and 

Smith [20] stated that increased allocation of photosynthates for rapid stem 

expansion in dense crop stands is agriculturally wasteful. Allocation of assimilates 

to petioles and steeper leaf orientation might be important adaptation strategy in 

sugarbeet, because of the rosette growth and horizontal leaf architecture which 

makes sugarbeet leaves more prone to mutual shading. Thus, vertical leaf angles 

will be important when sugarbeet is planted at high densities. 
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3.3 Sugarbeet leaf number 

The number of sugarbeet leaves was reduced by reflected FR light from neighoring 

species in both years of the study (Figure 4). Sugarbeet leaf appearance was delayed 

by the presence of neighboring species in both years such that at final harvest, there 

were 2 to 4 leaves in the sugarbeet surrounded by bare soil compared to sugarbeet 

surrounded by neighboring species (Figure 5; Table 2). Reflected FR from weeds was 

reported to have increased allocation to stem extension and reduced the number of 

visible leaf tips in maize [6,22,45]. Thus, the modified morphology (hyponasty) 

possibly resulting from an increased allocation to petiole growth might explain the 

reduced number of leaves observed in this study.  

 

Figure 4. Effect of reflected far-red light from alfalfa, common lambsquarters, 

Kentucky bluegrass, sugarbeet, and bare soil on sugarbeet leaf number in 2016 and 

2017, Laramie WY. Bars indicate 95% confidence interval. 
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Figure 5. Effect of reflected far-red light from alfalfa, common lambsquarters, 

Kentucky bluegrass, sugarbeet, and bare soil on sugarbeet leaf number at 63 days in 

2016 (A) and 43 days in 2017 (B), Laramie WY. Bars indicate 95% confidence interval, 

and non-overlapping confidence intervals were used as a conservative estimate of 

statistical difference between among [28] 

Table 2. Parameter estimates describing sugarbeet leaf number following the three-

parameter Weibull model for 2016 and 2017 experiments, Laramie WY. 

Neighbor 

Parameter estimate (SE)† 

b d e 

2016 

Alfalfa -1.1 (0.3) 51 (20) 61 (21) 

Sugarbeet -0.79 (0.3) 108 (88) 130 (109) 

Common lambsquarters -1.2 (0.3) 54 (23) 64 (22) 

Kentucky bluegrass -0.85 (0.4) 82 (76) 104 (96) 

Soil -0.90 (0.3) 78 (40) 83 (43) 

 2017 

Alfalfa -0.7 (0.2) 155 (123) 204 (160) 

Sugarbeet -0.64 (0.2) 188 (159) 228 (196) 

Common lambsquarters -0.7 (0.2) 140 (117) 171 (145) 

Kentucky bluegrass -0.90 (0.3) 68 (52) 81 (57) 

Soil -1.0 (0.4) 65 (50) 68 (44) 

† Y = d * -exp(b * (log(x) - e)). Parameter estimates are described in text preceding 

Equation (1). 

 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 8 October 2020                   doi:10.20944/preprints202010.0184.v1

https://doi.org/10.20944/preprints202010.0184.v1


 

3.4 Sugarbeet shoot and root growth 

The presence of neighboring species reduced sugarbeet root diameter, leaf area, and 

shoot dry weight in 2016 (Table 3). However, sugarbeet root dry weight, root length, 

and shoot to root dry weight ratio were not affected by treatments. This was likely 

due to the late harvest in 2016 (63 d) that resulted in root-bound conditions. This is 

because sugarbeet in the bare soil treatment generally grew the fastest. Thus, a root 

bound condition early in the season would likely stall growth in the control 

treatment while other treatments have enough space for increased root growth. On 

the contrary, only root length and shoot to root dry weight ratio were not affected 

by neighboring species presence in 2017 (Table 3).  

Table 3. Effect of reflected far-red light from neighboring species on sugarbeet 

growth at 63 days after planting (DAP) in 2016 and 47 DAP in 2017, Laramie WY 

Neighbor Leaf area Root length 
Root 

diameter 

Shoot 

biomass 

Root 

biomass 

Shoot to 

root ratio 

 cm2 -----------cm------------ -------g plant-1---------  

 2016 

Alfalfa 867±61b 24.6±3.1 3.5±0.2b† 12.1±1.1b 12.8±1.7 1.0±0.1 

Sugarbeet 721±63b 32.8±4.4 3.0±0.3b 10.2±1.1b 10.0±2.7 1.6±0.5 

Common 

lambsquarters 

872±83b 31.8±3.1 3.7±0.3b 11.9±1.4b 13.2±2.8 1.2±0.2 

Kentucky 

bluegrass 

790±54b 30.1±2.5 3.5±0.3b 10.4±0.9b 12.5±2.8 1.1±0.1 

Soil 1139±95a 28.6±4.3 4.6±0.5a 16.4±1.4a 20.3±3.4 1.3±0.5 

P-value 0.0047 0.5519 0.0268 0.008 0.1571 0.6617 

 2017 

Alfalfa 433±60b 19.1±2.5 1.6±0.2b 3.8±0.7c 1.1±0.4b 4.2±0.7 

Sugarbeet 550±58b 21.0±1.8 1.7±0.2b 5.4±0.7bc 1.4±0.4b 4.1±0.7 

Common 

lambsquarters 

523±58b 16.3±2.0 2.0±0.2b 4.8±0.7c 2.0±0.4b 3.1±0.5 

Kentucky 

bluegrass 

813±94a 15.5±2.1 2.8±0.3a 8.3±1.3ab 4.2±1.0a 2.4±0.3 

Soil 822±81a 20.0±2.5 2.8±0.3a 8.9±1.1a 3.8±0.7a 2.8±0.5 

P-value 0.001 0.3626 0.0009 0.002 0.006 0.07 

†within column and for each year, means followed by the same letters are not 

significantly different at the 0.05 probability level. ± indicate standard error of the 

mean. 

Shade avoidance was reported to have affected sugarbeet growth and development 

[9]. Schambow, Adjesiwor, Lorent and Kniss [9] demonstrated that in the absence of 

resource competition, reflected FR light from Kentucky bluegrass canopies reduced 

sugarbeet leaf biomass, total leaf area, and root fresh weight by 30, 63, and 70%, 

respectively, when plants were harvested 90 DAP. Studies have also demonstrated 

that reflected FR light reduced leaf area and leaf biomass in maize [6,22], root and 

total biomass in maize [45]; leaf area, leaf, root, and total biomass in soybean [8]. The 

reduced sugarbeet leaf area and shoot dry weight (Table 3) was due to fewer leaves 

(Figure 4 & 5). Since there was no below-ground resource competition, differences 

in root length due to treatments was not expected. However, root diameter was 
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expected to be more correlated with root weight. Thus, reduced allocation to roots 

due to reflected FR light from neighboring species reduced root diameter in both 

years (Table 3). In both years and for response variables where differences were 

observed, sugarbeet growth was greater when surrounded by soil than when 

surrounded by sugarbeet. These observations suggest that sugarbeet could not 

discriminate reflected FR light of kin from that of non-kin and this answered our 

research question. Sugarbeet responded to reduced light quality rather than absolute 

reductions in light quality. Previous studies have shown that Sorghum vulgare [46], 

Cycas micronesica [15], Cakile edentula [47], Ambrosia artemisiifolia [48] and 

Trifolium repens [24] were able to discriminate between kin and non-kin. However, 

there were root interactions in those studies, suggesting that direct root interaction 

may be required for kin recognition in some plants. This is because root exudates 

mediate neighbor recognition in most plants [49]. Aside from root interactions, 

volatile compound signals may also be involved in kin recognition and this has been 

found in Artemisia tridentata [50]. Thus, the lack of kin recognition observed in this 

study could be due to either the absence of root interaction or volatiles. Although 

results from this study suggest that reflected FR light from neighboring sugarbeets 

might affect growth, development, and yield of sugarbeet, this would largely 

depend on plant spacing and planting density. Thus, at low planting densities, it is 

likely that the effect of reflected light on sugarbeet growth might be minimal until 

canopy closure. It is concluded that sugarbeet could not differentiate reflected light 

quality of kin from that of non-kin. 
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