
ABSTRACT 

BASINGER, NICHOLAS TUSCHAK. Interference and Spectral Changes of Palmer 

Amaranth (Amaranthus palmeri S. Wats.) and Large Crabgrass [Digitaria sanguinalis (L.) 

Scop.] Density in Sweetpotato and Soybean and Use of Spectroscopy for Discrimination of 

Crop and Weed Species -- (Under the direction of Dr. Katherine M. Jennings). 

 

Field studies were conducted in 2016 and 2017 in Clinton, NC to determine the effect 

of interspecific and intraspecific weed competition of Palmer amaranth (Amaranthus palmeri 

S. Wats.) and large crabgrass [Digitaria sanguinalis (L.) Scop.] densities in soybean 

óAG6536ô and óCovingtonô sweetpotato. Palmer amaranth and large crabgrass were 

established at densities of 0, 1, 2, 4, 8 and 0, 1, 2, 4, and 16 plants m-2, respectively. Weed 

densities were established in the presence and absence of each crop and maintained season-

long. For sweetpotato, a rectangular hyperbola model was applied to marketable yield. 

Predicted marketable yield loss for sweetpotato ranged from 35% to 76% for large crabgrass 

at 1 to 16 plants m-2 row, and 50% to 79% for Palmer amaranth at 1 to 8 plants m-2 row when 

compared to the weed-free sweetpotato. For soybean, predicted yield loss with Palmer 

amaranth ranged from 14% to 38% for densities 1 to 8 plants m-2 with a maximum yield loss 

estimate of 49%.  Similarly, predicted loss for soybean grown with large crabgrass was 9% to 

38% for densities 1 to 16 m-2 with a maximum yield loss estimate of 50%. Results indicate 

that Palmer amaranth is more competitive than large crabgrass at lower densities, but that 

significant yield loss can occur when high densities of either weed are present. 

Remote sensing experiments were conducted in the aforementioned field studies. 

Field spectroscopy data were collected over various phenological time points in each year.  

Weed species differentiation occurred at more spectral bands in sweetpotato than in soybean 

for both years due to increased weed biomass and reduced crop canopy when compared to 

soybean. Weeds species were differentiable from one another at 1 plant m-2 as early as 4 



weeks after planting (WAP) when no crop was present. When in the presence of a crop 

species differentiation occurred at the highest density of each weed and occurred later 4-5 

WAP for each species. Differentiation of weed densities only occurred between the weed-

free or lowest density (1 plant m-2) of each weed species and highest densities (8 plants m-2 

for Palmer amaranth and 16 plants m-2 for large crabgrass). Differentiation between species 

and density were not consistent across cropping system, phenology, or season. The findings 

of this study suggest that crop and phenological changes in season and between seasons play 

key roles in the ability to detect weed presence and spectra at which weed species and density 

can be differentiated.  

An additional remote sensing study was conducted in 2016 and 2017 to assess the 

capability of using hyperspectral remote sensing to differentiate between four crops: 

cucumber, (Cucumis melo), peanut (Arachis hypogaea L. óBaileyô), soybean [Glycine max 

(L.) Merr. óAG6536ô], sweetpotato (Ipomoea batatas L. Lam. óCovingtonô), and four weeds: 

Palmer amaranth (Amaranthus palmeri S. Wats), common ragweed (Ambrosia artimisiifolia 

L.), yellow nutsedge (Cyperus esculentus L.), and large crabgrass [Digitaria sanguinalis (L.) 

Scop.]. Spectra were collected at various phenological time-points from upper and lower 

leaves using a leaf clip and from nadir for canopy reflectance using a handheld fiberoptic. 

Differentiation between species occurred at the leaf level at 2 weeks after planting (WAP) 

through the end of the study both years. Lower leaf spectral differences were greatest in 2017 

in NIR spectra with high reflectance values for Palmer amaranth, peanut, cucumber, soybean, 

and sweetpotato. The ability for the translation of species differentiability from leaf level 

spectra to canopy level spectra is not consistent. The results from this study indicate that 



differentiation of plant species is a result of not only plant biochemistry as indicated by leaf-

level measurements but also influenced by plant phenological and morphological traits.   
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Field studies were conducted during 2016 and 2017 in North Carolina near Clinton to determine 

the influence of densities weed density on weed biomass and soybean biomass and yield. Two 

weed species were considered, Palmer amaranth (Amaranthus palmeri S. Wats.) and large 

crabgrass [Digitaria sanguinalis (L.) Scop.]. Density treatments consisted of 0, 1, 2, 4, 8 m-2 for 

Palmer amaranth and 0, 1, 2, 4, 16 m-2 for large crabgrass in plots with and without soybean to 

explicitly identify interspecific and intraspecific competition. Soybean yield loss estimates for 

weed density were fit to a two-parameter rectangular hyperbola model. Predicted yield loss for 

soybean grown with Palmer amaranth ranged from 14% to 38% for densities 1 to 8 plants m-2 

with a maximum yield loss estimate of 49%. Similarly, predicted loss for soybean grown with 

large crabgrass was 9% to 38% for densities 1 to 16 m-2 with a maximum yield loss estimate of 

50%. Results indicate that Palmer amaranth is more competitive than large crabgrass at lower 

densities, but that significant yield loss can occur when high densities of either weed are present. 

Soybean biomass was not affected by weed density. Weed biomass m-2 was fit to linear 

regression model for Palmer amaranth and large crabgrass grown with and without soybean. 
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Weed biomass m-2 increased with increasing weed density and was higher for Palmer amaranth 

and large crabgrass densities when not grown with soybean. Individual weed biomass for large 

crabgrass grown without soybean was greatest at the lowest density compared to all densities of 

large crabgrass grown with soybean. Individual weed biomass was higher for all densities of 

Palmer amaranth not grown with soybean compared to weeds grown with soybean.  

 

Nomenclature: Palmer Amaranth, Amaranthus palmeri S. Wats.; large crabgrass, Digitaria 

sanguinalis (L.) Scop.; Glycine max (L) Merr. 

Key words: Competition, crop biomass, weed biomass, weed density, yield loss. 
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Understanding weed-crop interactions are imperative to optimize weed management 

strategies across cropping systems. Understanding these interactions provides useful information 

for growers on crop losses due to weeds. Growers need to understand the economic thresholds 

for weeds to determine the loss in crop yield as a result of weed species density, and to determine 

at what weed density that control intervention is necessary to minimize crop loss (Coble and 

Mortensen 1992). With increasing documented cases of evolved resistance of weeds to herbicide 

understanding weed-crop interactions can further inform weed management approaches to 

maximize crop yields. Most published studies of weed and crop competition are for soybean, far 

exceeding studies of the same type for other crops (Zimdahl 2004). Table 1.1 summarizes several 

of these key studies.  

 Palmer amaranth and large crabgrass are consistently ranked in the top 10 most 

troublesome and common weeds, respectively (Webster 2013). Palmer amaranth has become 

increasingly troublesome across the Southeast, Mid-south, and Mid-West United States 

(Bagavathiannan and Norsworthy 2016; Davis et al. 2015; Kohrt et al. 2017; Webster and Grey 

2015). Palmer amaranth has developed resistance to six herbicidal modes of action with some 

biotypes resistant to two and three modes of action (Heap 2018). Palmer amaranth is considered 

most aggressive having the highest growth rate, biomass accumulation, and total leaf area when 

compared to other Amaranthus species [Amaranthus rudis, Amaranthus retorflexus, and 

Amaranthus albus] (Horak and Loughlin 2000). Palmer amaranth can significantly reduce yield 

in corn, peanut, cotton, sorghum and sweetpotato (Massinga et al. 2001; Burke et al. 2007; 

Morgan et al. 2001; Moore et al. 2004; Meyers et al. 2010), and has proven to be a problematic 

summer annual weed with the capacity to compete with crops for resources while still 

maintaining a high reproductive capacity (Bensch et al. 2003). Several studies have evaluated the 
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impact of Palmer amaranth interference in soybean (Bensch et al. 2003; Klingman and Oliver 

1994; Song et al. 2017). However, only limited information is available on natural intraspecific 

interference in soybean.  

Large crabgrass is recognized as a common weed in many systems (Webster 2010, 2011, 

2012, 2013), and was originally brought to the United States as a forage grass (Dickenson and 

Royer 2014). Although Digitaria species have declined in importance (Webster and Coble 

1997), there are instances of the development of resistance to ACCase inhibitors in the United 

States and some instances of resistance to ALS and PSII inhibitors reported abroad (Heap 2018; 

Hidayat and Preston 1997; Laforest et al. 2017; Volenberg and Stoltenberg 2002). Additionally, 

resistant biotypes of large crabgrass do not show reduced fitness when compared with 

susceptible biotypes, indicating that resistant biotypes can still compete readily with crops 

(Weiderholt and Stoltenberg 1996). Although large crabgrass is not ranked highly as a 

problematic weed due to many efficacious chemical control options, this weed at high densities 

has been shown to reduce yields by 50%, 89%, 100% in snap bean, watermelon, and bell pepper 

respectively (Fu and Ashley 2006; Monks and Schultheis 1998; Aguyoh and Masiunas 2003). 

Large crabgrass, as part of a grassy weed complex including giant foxtail (Setaria faberi Herrm.) 

and barnyardgrass [Echinochloa crus-galli (L.) Beauv.], could reduce corn (Zea maize L.) yields 

16% when allowed to grow taller than 23 cm. Although this weed has been studied in several 

cropping systems, no study has focused on the interspecific or intraspecific interference of large 

crabgrass in soybean.  

Despite a large amount of research conducted on weed interference in soybean, the 

intraspecific competition of Palmer amaranth or large crabgrass, and interference of large 

crabgrass in soybean have not yet been quantified in soybean.  Yet, Palmer amaranth and large 
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crabgrass are pervasive in soybean and understanding the weed-crop and weed-weed interactions 

in this system would provide useful insight to make weed management decisions. Therefore, the 

objectives of this study are to determine the impact of intraspecific and interspecific interference 

of Palmer amaranth and large crabgrass at five densities in soybean.  

 

Materials and Methods 

Field studies were conducted in 2016 and 2017 in conventionally-grown soybean (Stowe 

et al. 2018) at the Horticultural Crops Research Station near Clinton, NC (35.1 °N, 81.16 °W) to 

evaluate interspecific and intraspecific weed interference in soybean. The experimental design 

was a randomized complete block with three replications, and treatments were combinations of 

soybean presence or absence, weed species, and weed density. Additionally, each replicate 

contained a weed-free plot for comparison. Weeds were thinned through hand removal when 

Palmer amaranth reached approximately 8 cm, and large crabgrass had two expanded leaves. 

Densities were based on previous work to determine weed densities that would allow for varied 

levels of interference (Cowan et al. 1998; Klingman and Oliver 1994; Norsworthy et al. 2008; Fu 

and Ashley 2006; Meyers et al. 2010). Plots serving as a weed-free check were established and 

weeds removed by hand weeding weekly during the season. To determine the intraspecific 

competition of Palmer amaranth and large crabgrass, weed densities were established as 

described previously, and soybeans were removed by hand upon emergence, allowing the weeds 

at prescribed treatment densities to persist.  

Soybeans and weeds were planted in a Norfolk loamy sand (fine-loamy, kaolinitic, 

thermic Typic Kandiudults) with humic matter 0.31% and soil pH 5.9 in 2016, and an 

Orangeburg loamy sand (fine-loamy, kaolinitic, thermic Typic Kandiudults) with humic matter 
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0.47% and soil pH 5.9 in 2017. A preplant fertilizer (N, P, K) of 0-0-168 kg ha-1 was applied on 

June 7, 2016, and June 6, 2017. Plot size was 1 m wide and contained 4 rows, 5 m long. Soybean 

óAG6536ô (Monsanto Company, St. Louis, MO) was planted at a seeding rate of 321,000 seeds 

ha-1 using a four-row vacuum planter. Seeds were spaced at 10 cm within row and 30 cm 

between rows. One d after planting, Palmer amaranth and large crabgrass seeds were dispersed 

by hand into respective treatment plots. Palmer amaranth seeds used in this experiment were 

hand harvested from adjacent fields at the Clinton site in 2015 and large crabgrass seeds were 

purchased from Azlin Seed Service (Azlin Seed Service, Leland, MS, USA), and were used in 

2016 and 2017 seasons. Once seeded, 174 mm of water was applied using overhead irrigation to 

ensure germination of soybean and weed seed. Rainfall and growing degree days were higher in 

2016 than in 2017 (Table 1.2). Palmer amaranth and large crabgrass seedlings were thinned to 

densities of 1, 2, 4, 8 and 1, 2, 4, and 16 plants m-2, respectively, using a m2 quadrat to ensure 

proper spatial densities.  

When soybean reached the R6 growth stage, 5 soybean plants and 5 plants from either 

weed species were harvested from each plot to determine crop and weed biomass. Plants were 

cut into small pieces and placed in a 2-ply paper bag measuring 40 by 30 by 89 cm, at which 

time bags were weighed to record plant fresh wt. Samples were subsequently placed in a forced 

air drier for 96 h at 80 C. Bags were then removed from the drier and weighed to determine crop 

and weed dry biomass. Fresh and dry wt of each plant sample (individual bag) was divided by 

the number of plants harvested (5) to determine average fresh and dry wt plant-2 and then 

multiplied by the number of soybean plants m-2 or weed density m-2 to determine crop and weed 

biomass m-2. 
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Soybean was harvested at full maturity (R8 growth stage) in each year. Plants were cut 

using a hand-held hedge trimmer (HL 100 K, Stihl USA, Virginia Beach, VA), placed in large 2-

ply paper bags as previously described, and transported to the Cherry Research Farm, Goldsboro, 

NC for threshing. Plants from each plot were threshed using a small plot soybean thresher (B-2, 

Swanson Agricultural Research Equipment, Seymour, IL) and placed in a seed cleaner to remove 

any remaining plant material. Clean seed was then weighed to determine soybean yield for each 

plot. Yield loss was calculated as a percent of the weed-free control for each replication.  

For dry biomass wt for crop and weed m-2, individual weed biomass, and soybean yield, 

prior to statistical analysis, homogeneity of variance was tested by plotting residuals. Data were 

subjected to ANOVA using PROC MIXED in SAS (Ver. 9.4, SAS Institute, Cary, NC). Year, 

treatment and the interaction of treatment and year were treated as fixed effects and replication 

within each year was treated as a random effect. Contrast statements to test for linear trends were 

used if the interaction of treatment and year was not significant and means could be averaged 

over years. When the year and treatment interaction was significant, response variables were 

analyzed by year. Weed biomass m-2, individual weed biomass, and yield were log transformed 

for analysis. Log-transformed data for weed biomass m-2, individual weed wt, and crop biomass 

was subjected to ANOVA using the MIXED procedure in SAS 9.4. Year by weed by density 

interactions were not significant, and therefore means calculated over years. For intraspecifc 

weed competition, weed biomass per m-2 and individual weed biomass response interactions for 

weed density and year were not significant and data were combined over years. Individual weed 

biomass response did not fit linear, quadratic or higher order regression models, and was 

compared using differences of least squared means (Table 1.3). For interspecific competition, 

interactions for weed density and year were not significant for individual weed biomass response 
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to weed density, therefore data were averaged over years. However, predictions using linear 

quadratic or other higher order regression models did not fit the response of individual weed 

biomass for large crabgrass or Palmer amaranth. Therefore, individual weed biomass was 

compared using differences of least square means, comparing individual weed biomass at each 

density for weeds grown with and without soybean for both weed species (Table 1.3).  

 Weed species response in the presence and absence of the soybean crop for weed 

biomass m-2 was fit to a linear regression model with the equation: 

Y = y0 + bx  

Where Y is the estimated biomass m-2, y0
 is the y-intercept for the regression line, and b is 

the slope for the predicted values of weed biomass m-2
. Individual weed dry biomass responses to 

weed density with and without a soybean crop were compared using differences of least squared 

means.  

Soybean yield reductions were modeled as a percent reduction in yield as compared to 

weed-free yield using a rectangular hyperbola function (Cousins 1985): 

YR= (ID)/[1+(ID/A)]  

Descriptions of each variable are as follows: YR is the reduction in yield as a function of weed 

density, I is the yield loss associated per weed as weed density approaches zero, A is the 

asymptote of yield loss as weed density approaches infinity and D is the weed density. Yields 

from weed-free plots were used as 100% yield or zero percent yield loss, from which yield loss 

estimates were calculated. PROC NLIN in SAS 9.4 was used to obtain yield loss estimates as a 

percent yield loss, using the rectangular hyperbola model.  

 

[1.1] 

[1.2] 
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Results and Discussion 

Intraspecific Interference. Interactions of weed density by year were not significant, therefore 

weed biomass m-2 response to weed density m-2 was averaged across years for large crabgrass 

and Palmer amaranth. Palmer amaranth and large crabgrass biomass m-2 grown without soybean 

increased with increased weed density according to ANOVA (p<0.05) for a linear regression 

model (Figure 1.1, Figure 1.2).   

For both weed species, individual weed biomass decreased with increasing density when 

grown without interspecific competition (absence of soybean) indicating that with increasing 

density, intraspecific competition within weed species increases. Decreasing individual dry 

biomass plant-2 of weeds with increasing density has been observed by others (Burke et al. 

2007). Figure 1.1 and Figure 1.2 attempt to estimate the density at which intraspecific 

competition occurs as measured by individual weed biomass.  Decreased individual weed 

biomass at higher densities is likely due to increased intraspecific competition for resources such 

as light, water, and nutrients.   

 

Interspecific Interference. In the present study, crop biomass m-2 was unaffected by Palmer 

amaranth and large crabgrass density (data not shown). Crop biomass reductions due to weed 

competition have been documented by previous research as a response to increased weed 

competition (Monks and Oliver 1988; Green-Tracewicz et al. 2012; Norsworthy et al. 2008; 

Klingman and Oliver 1994). Soybeans in this study were planted at a high density, allowing the 

crop to readily compete with weeds. Soybean biomass may respond differently when planted in 

wider rows which can influence soybean plant heights or leaf area index which are contributors 

to crop biomass (Howe and Oliver 1987; McWhorter and Sciumbato 1988). 
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Palmer amaranth and large crabgrass biomass m-2 increased linearly with increasing weed 

density. Weed biomass m-2 response to weed density did not have year by treatment interactions 

and was able to be combined over years. Large crabgrass biomass m-2 was affected by weed 

density according to ANOVA at p<0.05 when data was fit to linear regression (Figure 1.1). 

However, Palmer amaranth biomass m-2 grown with soybean increased with increased density 

but ANOVA was p<0.1 for a linear regression model (Figure 1.2). Weed biomass m-2 was lowest 

for both weed species when grown with soybean indicating that soybean does compete and 

reduce weed biomass m-2. Increases of Palmer amaranth biomass m-2 with increasing density in 

soybean has been reported by others (Klingman and Oliver 1994).  Increased weed biomass m-2 

is due to increasing weed density, not due to increased individual weed biomass (Table 1.3).   

For large crabgrass, individual plant biomass remained constant when under interspecific 

competition of soybean. However, individual weed biomass was higher at the two lower 

densities for large crabgrass grown without soybean than compared to large crabgrass growing 

with soybean (Table 1.3). Individual biomass was not different at the two highest densities, 

indicating that the reduction in biomass was due to interspecific competition at lower weed 

densities. At higher densities, the reduction in individual biomass is likely due to the intraspecific 

competition. Individual plant biomass for Palmer amaranth was higher for all densities when 

grown without soybean (intraspecific competition). Greater biomass for Palmer amaranth grown 

without soybean relative to when grown with soybean indicates that densities in this study were 

likely not high enough to overcome interspecific competition with soybean, and soybean 

remained competitive with Palmer amaranth at the highest density (8 plants m-2).  
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Soybean Yield. Yield responses to the density of Palmer amaranth and large crabgrass lacked 

year by treatment interactions and therefore were combined over years. Yields decreased with 

increasing weed density, and yield reductions were fit to a rectangular hyperbola model (Cousins 

1985) for large crabgrass (Figure 1.3) and Palmer amaranth (Figure 1.4). In the present study, 

higher I parameters for Palmer amaranth when compared to large crabgrass indicate that Palmer 

amaranth is more competitive than large crabgrass at lower densities The I parameter for yield 

loss as weed density approaches zero for large crabgrass and Palmer amaranth was calculated as 

9% and 20% respectively. I parameters estimates averaged 33% for snap bean and 40% for bell 

pepper. I parameters for large crabgrass in the present study were lower than those seen in snap 

bean and bell pepper, indicating higher competitive capacity of soybean than these crops. Lower 

I values indicated that large crabgrass is less competitive with soybeans than Palmer amaranth. 

Palmer amaranth interference estimates for yield loss were 118% for corn (Massinga et al. 2001), 

87% for soybean (Bensch et al. 2003), and constrained to 100% in peanut (Burke et al. 2007). I 

parameters for Palmer amaranth were reported as 11.8 to 104.6% in soybeans (Bensch 2003), 

39% in peanut (Burke et al. 2007) and 90% in corn. Parameter A, the asymptote for the 

regression model, estimating the maximum estimated yield loss according to the rectangular 

hyperbola model, was 50% and 49% for large crabgrass and Palmer amaranth respectively. 

Predicted values for A were considered reliable estimates for large crabgrass and Palmer 

amaranth, as the standard error of the parameter estimates were less than half of the estimated 

value (Koutsoyiannis 1973). Large crabgrass interference estimates for parameter A have been 

reported as 62% in snap bean (Aguyoh and Masiunas 2003), and 91-100% for bell pepper (Fu 

and Asheley 2006). Although I parameters indicate that Palmer amaranth is more competitive 

than large crabgrass at lower densities, similar yield reductions did occur at 8 and 16 plants m-2 



 

13 

for Palmer amaranth and large crabgrass respectively. Yield reductions estimated at 50% and 

49% for large crabgrass and Palmer amaranth respectively, indicate that management of these 

weeds is needed to prevent significant yield loss. Due to the higher competitive ability of Palmer 

amaranth at low densities, and the prevalence of resistant biotypes, Palmer amaranth should be 

given priority for control. However, this study also brings to light the competitive nature of large 

crabgrass, which can be controlled with POST herbicides but could be overlooked with the 

integration of new soybean seed technologies resistant to dicamba which is ineffective in 

controlling grasses such as large crabgrass.  

Decision support systems such as WebHADSS and Pocket HERB, have been developed 

to determine thresholds for weeds and assist growers in making management decisions (Bennett 

et al. 2003). As means of comparison weed densities in the present study were entered into the 

WebHADSS system to estimate soybean yield loss. For Palmer amaranth, yield loss estimates 

from WebHADSS were 33 and 70% for 1 and 8 plants m-2. These estimates were higher than 

those observed in the study (14-38%). Results from this study suggest that large crabgrass may 

be more competitive than the data used in this system. For large crabgrass, WebHADSS yield 

loss estimates were 1 and 16% for 1 and 16 plants m-2 which were lower than predicted losses 

from this study (9-38%). One of the issues with the WebHADSS system is that it does not allow 

for input of soybean stand density, and row spacing. Furthermore, these systems need additional 

updates to reflect current crop varieties and more recent research. The planting density in this 

study could have contributed to greater competition for light and other resources with Palmer 

amaranth than is assumed by the WebHADSS system. Additionally, the underestimation of yield 

loss due to large crabgrass interference may be due to lack of specificity of Digitaria species in 

the WebHADSS system.  
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Results from this study provide estimations for the effect of season-long interference of 

large crabgrass and Palmer amaranth on soybean, and the impact of intraspecific and 

interspecific interference of these weeds in soybean. Weeds were established at planting 

simulating season long interference and maximize intraspecific weed competition. Soybean was 

able to reduce weed biomass at lower densities, which has potential to limit weed 

competitiveness. Weeds emerging later, after soybean emergence, as a result of missed herbicide 

application, or poor activation of soil-applied herbicides, are less competitive than weeds 

emerging with the crop (Cowan et al. 1998; Dielman et al. 1995; Fu and Ashley 2006; Hock et 

al. 2006). Furthermore, resistant Palmer amaranth or large crabgrass biotypes that escape 

herbicide application, show only moderate reductions (Chandi et al. 2012) or no reductions in 

fitness (Giacomini et al. 2014; Weiderholt and Stoltenberg 1996) allowing for weed competition 

resulting in yield reductions. Therefore, it may be advantageous to utilize management practices 

such as increased seeding density and narrow row spacing to further reduce the competitiveness 

of weeds with soybean (Hock et al. 2006; Howe and Oliver 1987). Reductions in large crabgrass 

individual biomass at higher densities were likely due to intraspecific competition between 

crabgrass plants. Palmer amaranth individual biomass was reduced at all densities indicating that 

soybean was able to compete with Palmer amaranth.  

Future studies should consider utilizing additional densities of large crabgrass and Palmer 

amaranth to allow for more precise estimation of the weed density at which interspecific 

competition is no longer affected weed biomass. Additional studies should investigate the 

competitive nature of large crabgrass in other row crop and horticultural cropping systems as 

there is limited research concerning its interference. Further investigation into the 

competitiveness of resistant biotypes over varying management conditions (irrigation, tillage 



 

15 

systems, and fertilization regimes) would provide insight into additional management strategies 

to limit weed competition.   
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Table 1.1 Yield reductions and effect of weed interference in soybean (Glycine max L.). 

Weed Species Weed 

Density 
Yield 

Reduction 

Reference 

American sloughgrass Beckmannia syzigachne (Steud.) 

Fernald 

100 m-2 80% Song et al. 2017 

Annual sowthistle Sonchus oleraceus L. 100 m-2 81% Song et al. 2017 

barnyardgrass Echinochloa crus-galli 

(L.) Beauv. 

100 m-2 89% Song et al. 2017 

common cocklebur Xanthium strumarium L. 1 per 0.3 m 

row 

30% Rushing and Oliver 1998 

common 

lambsquarters 

Chenopodium album L. 100 m-2 77% Song et al. 2017 

common ragweed Ambrosia artemisiifolia L. 100 m-2 88% Song et al. 2017 

common sunflower Helianthus annus L. 3 per m-2 47 to 72% Allen et al. 2000 

hemp dogbane Apocynum cannabinum L. 28 to 40 per 

m-2 

62 to 94 % Webster et al. 2000 

jimsonweed Datura stramonium L 1.6 m-1 row 41% Kirkpatrick et al. 1983 

johnsongrass Sorghum halepense (L.) Pers 3.3 m-1  row 11% Sims and Oliver 1990 

Palmer amaranth Amaranthus palmeri S. Watts. 8 m-1 row 79%  Bensch et al. 2003 

pitted morningglory Ipomoea lacunosa L. 6.2 per m-2 81% Norsworthy and Oliver 2002 

redroot pigweed Amaranthus retroflexus L. 8 m-1 row 38% Bensch et al. 2003 

sicklepod Senna obtusifolia (L.) H.S. Irwin & 

Barneby 

3.3 m-1  row 29% Sims and Oliver 1990 

 

 

tall waterhemp Amaranthus tuberculatus (Moq.) 

Sauer. 

8 m-1 row 56% Bensch et al. 2003 

velvetleaf Abutilon theophrasti Medik. 60 m-2 53% Weaver 1991 
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Table 1.2 Monthly rainfall (mm) and growing degree day (base 10 oC) at 

Horticultural Crops Research Station, Clinton, NC from May to September 

2016 and 2017. Data collected from an on-site weather station.  

 Rainfall GDD 

Month 2016 2017 2016 2017 

 _________mm_________ __________C__________ 

May 135.9 142.2 330 357 

June 92.7 149.9 473 437 

July 154.7 86.4 569 527 

August 107.2 124.5 538 493 

September 287.0 131.8 437 393 

Total 777.5 634.8 2347 2207 
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Table 1.3. Mean individual weed biomass (kg) averaged over 2016 

and 2017, followed by the standard error in parenthesis, for large 

crabgrass and Palmer amaranth at four densities, grown in the 

presence and absence of soybean óAG6536ô at the at Horticultural 

Crops Research Station, Clinton, NC. 

Density  

(m-2) 

Crop  No crop  p-valuea 

large crabgrass __________kgb__________  

1 0.06 (0.03) a 0.36 (0.24) ab <0.0001 

2 0.08 (0.04) a 0.17 (0.09) ab 0.0479 

4 0.08 (0.03) a 0.18 (0.08) ab 0.0648 

16 0.06 (0.03) a 0.09 (0.02) b 0.2376 

Palmer amaranth      

1 0.15 (0.08) a 0.57 (0.37) a 0.0045 

2 0.16 (0.16) a 0.37 (0.17) a 0.0096 

4 0.07 (0.06) a 0.23 (0.13) ab 0.0008 

8 0.08 (0.05) a 0.20 (0.08) ab 0.0176 

ap-values are the result of ANOVA comparing crop and no crop 

plots for each weed at the given density. 
bDifferent letters within the same column indicate significance 

(Ŭ=0.05) according to Tukeyôs HSD. 
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Figure 1.1. Large crabgrass dry biomass (kg) m-2 as a function of increasing large crabgrass 

density m-2. Large crabgrass was grown with soybean óAG6536ô or without soybean at the 

Horticultural Crops Research Station near Clinton, NC in 2016 and 2017. Mean values for 2016 

and 2017 for dry biomass m-2 with and without soybean were fit to a linear model (equation: 

y=y0 + bx). The following are the equation parameters for each regression line with the standard 

error in parentheses. When grown with soybean y0= 0.0231(0.0252), b= 0.0524(0.00302), R2= 

0.99. When grown without soybean y0=0.272(0.0575), b=0.0573(0.00691), R2= 0.97. 
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Figure 1.2. Palmer amaranth dry biomass (kg) m-2 as a function of increasing Palmer amaranth 

density m-2. Palmer amaranth was grown with soybean óAG6536ô or without soybean at the 

Horticultural Crops Research Station near Clinton, NC in 2016 and 2017. Mean values for 2016 

and 2017 for dry biomass m-2 with and without soybean were fit to a linear model (equation: 

y=y0 + bx). The following are the equation parameters for each regression line with the standard 

error in parentheses. When grown with soybean y0= 0.105(0.0647), b= 0.0512(0.0140), R2= 0.87. 

When grown without soybean y0=0.382(0.0101), b=0.0950(0.00219), R2= 0.99. 
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Figure 1.3. Soybean óAG 6535ôyield loss percent when compared to weed-free yield from large 

crabgrass. Mean soybean yield loss for 2016 and 2017 is plotted as a function of increasing large 

crabgrass density m-2 at the Horticultural Crops Research Station near Clinton, NC. Data were fit 

to a rectangular hyperbola model (equation: YR= (ID)/(1+(ID/A)) ), YR is the yield reduction due 

to weed competition density, I is the percent yield loss as a function of weed density as weed 

density approaches zero, D is defined by weed density, and A is the percent yield loss as weed 

density approaches infinity. The following are the equation parameters for the rectangular 

hyperbola model, followed by the standard error given in parentheses: I= 9.17(4.75), A= 50.47 

(17.34), R2= 0.84.  
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Figure 1.4. Soybean óAG 6535ôyield loss percent when compared to weed-free yield. Mean yield 

loss of soybean for 2016 and 2017 is plotted as a function of increasing Palmer amaranth density 

m-2 at the Horticultural Crops Research Station near Clinton, NC. Data were fit to a rectangular 

hyperbola model (equation: YR= (ID)/(1+(ID/A)) ), YR is the yield reduction due to weed 

competition density, I is the percent yield loss as a function of weed density as weed density 

approaches zero, D is defined by weed density, and A is the percent yield loss as weed density 

approaches infinity. The following are the equation parameters for the rectangular hyperbola 

model, followed by the standard error given in parentheses: I= 20.28 (7.19), A= 49.42 (10.40), 

R2= 0.84.  
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Interspecific and intraspecific interference of Palmer amaranth and large crabgrass in 

sweetpotato 
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Interspecific and intraspecific interference of Palmer amaranth and large crabgrass in 

sweetpotato 

Nicholas T. Basinger, Katherine M. Jennings, David W. Monks, David L. Jordan, Wesley J. 

Everman, Erin L. Hestir, Matthew D. Waldschmidt, Stephen C. Smith, and Cavell Brownie* 

* First, second, third, seventh and eighth authors: Graduate Student, Associate Professor, Professor, Research Technician, and Graduate Student, 

Department of Horticultural Science, North Carolina State University, Raleigh, NC 27695; Fourth author: Assistant Professor, 

Department of Civil and Environmental Engineering, University of California, Merced, Merced, CA, 95343. Fifth and sixth authors: 

Department of Crop and Soil Sciences, North Carolina State University, Raleigh, NC 27695. Ninth author: Emeritus Professor, 

Department of Statistics, North Carolina State University, Raleigh, NC 27695. Corresponding authorôs E-mail: nabasing@ncsu.edu 

Field studies were conducted in 2016 and 2017 in Clinton, NC to determine the effect of Palmer 

amaranth (Amaranthus palmeri S. Wats.) and large crabgrass [Digitaria sanguinalis (L.) Scop.] 

densities on óCovingtonô sweetpotato quality, marketable yield, and crop biomass, and to 

determine the effect of interspecific and intraspecific weed interference in a sweetpotato 

cropping system. Palmer amaranth and large crabgrass were established at densities of 0, 1, 2, 4, 

8 and 0, 1, 2, 4, and 16 plants m-2 row, respectively. Weed densities were established in the 

presence and absence of sweetpotato 1 d after sweetpotato transplanting and maintained season-

long. A rectangular hyperbola model was applied to marketable yield and predicted yield loss for 

sweetpotato ranged from 35 to 76% for large crabgrass at 1 to 16 plants m-2 and 50 to 79% for 

Palmer amaranth at 1 to 8 plants m-2 when compared to the weed-free plots. Weed biomass m-2 

row increased linearly with increasing weed density. Individual plant dry biomass for Palmer 

amaranth and large crabgrass was not affected by weed density when grown in the presence of 

sweetpotato. Individual weed dry biomass was fit to a linear-plateau model for large crabgrass 

and Palmer amaranth when grown in the absence of a crop, and decreased linearly from 1 to 4 
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plants m-2 row but was not affected from 4 plants m-2 row to the highest density for Palmer 

amaranth and large crabgrass of 8 and 16 plants m-2, respectively. Results indicate at densities of 

1 to 2 weeds m-2, reductions in individual weed dry wt results from interference with 

sweetpotato. Interference within weed species at 4 plants m-2and 8 and 16 plants m-2 for Palmer 

amaranth and large crabgrass, respectively, reduced individual weed dry wt.   

 

Nomenclature: Palmer amaranth, Amaranthus palmeri S. Wats.; large crabgrass, Digitaria 

sanguinalis (L.) Scop.; sweetpotato, Ipomoea batatas L Lam. óCovingtonô. 

Key words: Competition, crop biomass, weed biomass, weed density, yield loss. 
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A significant increase in sweetpotato (Ipomoea batatas L Lam.) ha in the Southeastern 

United States (US) has occurred in the past decade and has proven to be a valuable crop with a 

national farm-gate value of $705.7 million in 2016, up from $298.4 million in 2006 (USDA-

NASS 2017). North Carolina is the largest sweetpotato producing state, accounting for 54% of 

US production (USDA-NASS 2016). North Carolina in conjunction with other large sweetpotato 

producing states including California, Mississippi, and Louisiana, account for 94% of 

sweetpotato production in the US (USDA-NASS 2016). Unfortunately, due to its prostrate 

growth habit and relatively slow growth, sweetpotato does not compete well with many 

problematic weeds in the crop, resulting in reduced yields (Meyers et al. 2010). Large crabgrass 

[Digitaria sanguinalis (L.) Scop.] and Palmer amaranth (Amaranthus palmeri S. Wats.) are in 

the top five most common weeds in North Carolina sweetpotato, with Palmer amaranth being 

identified as the number one most troublesome weed in the crop (Webster et al. 2010). Palmer 

amaranth has been reported to be taller, have faster growth rates, greater leaf area, and produce 

more overall biomass when compared to other Amaranthus species (Horak and Loughlin 2000). 

Season-long Palmer amaranth interference reduced yield in bell pepper (Capsicum annum) by 

94% (Norsworthy et al. 2008), 48 to 63% in grain sorghum [Sorghum bicolor (L.) Moench] 

(Moore et al. 2004), 11 to 91% in corn (Zea maize L.) (Massinga et al. 2001), 17 to 68% in 

soybean (Glycine max L.) (Klingman and Oliver 1994), 67% in tomato (Solanum lycopersicum 

L.) (Garvey et al. 2013), 36 to 81% in sweetpotato (Meyers et al. 2010), and 28 to 67% in peanut 

(Arachis hypogaea L.) (Burke et al. 2007).In the aforementioned studies, yield was reduced most 

when Palmer amaranth was at high densities. 

There are limited herbicide options for use in sweetpotato (Kemble 2017). Growers rely 

on PRE herbicides, which do not always provide efficacious weed control and require rainfall 
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activation. Post-emergence herbicide options for control of Palmer amaranth in sweetpotato are 

limited to between row application of carfentrazone or glyphosate (Kemble 2017). The lack of 

POST herbicides forces growers to utilize tillage for control of weeds until row closure, at which 

time growers have no additional control options other than mowing weeds above the crop canopy 

and hand weeding, which is a costly control measure (KM Jennings, personal communication).  

Large crabgrass is commonly found in fruit and vegetable crops (Webster et al. 2010) but 

has not been highly ranked as a problematic weed due to efficacious POST herbicides such as 

clethodim, fluazifop, or sethoxydim (Kemble 2017). Although graminicides can be effective, 

grasses escaping herbicide application, or sprayed after substantial establishment may continue 

to compete with the crop and reduce yields. Furthermore, herbicide resistance management for 

large crabgrass should be considered, as resistance to Acetyl-CoA carboxylase herbicides, 

including those registered for use in sweetpotato, have been reported (Heap 2018; Hidayat and 

Preston 1997; Laforest et al. 2017; Volenberg and Stoltenberg 2002). When present season long, 

large crabgrass reduced yield in bell pepper by 46% (Norsworthy et al. 2008), snap bean 

(Phaseolus vulgaris L.) by 47 to 50% (Aguyoh and Masiunas 2003) and watermelon [Citrullus 

lanatus (Thunb).] by 82% (Monks and Schultheis 1998). 

 Due to Palmer amaranth and large crabgrass being commonly reported by growers in 

sweetpotato, understanding the interactions of these weeds with sweetpotato will allow for better 

decision making regarding weed control. Thus, the objectives of this study were to (1) determine 

the effect of five densities of Palmer amaranth and large crabgrass on sweetpotato yield and 

quality (2) determine the response of Palmer amaranth and large crabgrass intraspecific response 

across five densities, and (3) determine the effect of sweetpotato on growth of Palmer amaranth 

and large crabgrass.   
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Materials and Methods 

Field studies were conducted in conventionally grown óCovingtonô sweetpotato at the 

Horticultural Crops Research Station near Clinton, NC (35.1 °N, 81.16 °W) in 2016 and 2017. In 

2016 the sweetpotato was transplanted into a Norfolk loamy sand (fine-loamy, kaolinitic, thermic 

Typic Kandiudults) with humic matter 0.31% and pH 5.9. In 2017 the study was established in 

an Orangeburg loamy sand (fine-loamy, kaolinitic, thermic Typic Kandiudults) with humic 

matter 0.47% and pH 5.9.  Treatments in the study in both years were arranged in a randomized 

complete block design with three replications and consisted of combinations of weed species, 

weed density, and crop presence or absence. To determine crop and weed response to varying 

intraspecific weed densities, weeds were established either in the presence or absence of 

sweetpotato. To facilitate the establishment of treatments, sweetpotato was planted in the entire 

study. One d after transplanting, sweetpotato non-rooted cuttings were removed by hand to 

establish no sweetpotato treatments. Immediately after removal of sweetpotato from the crop-

free plots, Palmer amaranth and large crabgrass seed were broadcast across the width of the 

planted row. After seeding, the entire study was irrigated with a 1.27 cm of water using overhead 

irrigation to aid in seed germination. Palmer amaranth and large crabgrass were hand thinned to 

treatment densities of 0 (weed-free check), 1, 2, 4 and 8, and 0 (weed-free check) 1, 2, 4, and 16 

plants m-2 of row, respectively, when Palmer amaranth was approximately 8 cm tall, and large 

crabgrass had two expanded leaves. Densities of Palmer amaranth and large crabgrass were 

based on those used in previous research (Aguyoh and Masiunas 2003; Meyers et al. 2010; Fu 

and Ashley 2006; Bensch et al. 2003). Data rows were maintained at these densities, and border 

rows maintained free of weeds season-long by weekly hand removal. óCovingtonô cuttings from 

a propagation bed were transplanted at an in-row spacing of approximately 30 cm on June 9, 
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2016, and June 12, 2017. At the time of weed thinning, sweetpotato averaged one to two 

expanded leaves on each plant.  Plots consisted of one row that 5 m long with a weed-free border 

row between plots with 1.1 m between rows.  Cultural practices for conventional sweetpotato 

production in North Carolina were followed (Kemble 2017) and the weather was appropriate for 

sweetpotato production on the site in both yr (Table 2.1). 

Two d prior to sweetpotato harvest, 5 sweetpotato plants and 5 plants of each weed 

species were randomly harvested from each plot for aboveground biomass. Biomass samples 

were placed in 2-ply paper yard waste bags measuring 40 by 30 by 89 cm and fresh wt recorded. 

Biomass samples were then placed in a propane heated forced air dryer for 96 h at 80 C. Once 

dry, samples were removed and weighed immediately to determine biomass dry wt. To 

determine fresh and dry wt for individual sweetpotato and weed biomass, sweetpotato or weed 

wt was divided by the number of plants harvested. To determine dry wt m-2 row, individual weed 

biomass was multiplied by the number of sweetpotato plants or weeds in 1 m of row, 

respectively.   

Sweetpotato storage roots were harvested approximately 110 d after transplanting with a 

tractor-mounted two-row chain digger and hand graded into jumbo (Ó 8.9 cm in diam), no. 1, (Ó 

4.4 cm but < 8.9 cm), and canner (Ó 2.5 but < 4.4 cm) (USDA 2005) and weighed. The total 

marketable yield was calculated as the sum of jumbo, and No.1 yields.  

Data for crop and weed biomass (individual weed dry wt and m-2 row), yield and quality 

were subjected to ANOVA using the MIXED procedure in SAS (SAS 9.4, SAS Institute Inc., 

Cary, NC). Treatment, yr, and treatment by yr were viewed as fixed effects, while rep within yr 

was treated as a random effect. If the treatment by yr interaction was non-significant, a contrast 

statement was used to test for a linear trend for dependent variables (averaged over yr) [2.1] 
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with increasing weed density separately for each weed type. Also, if treatment by yr interaction 

was not-significant, an estimate statement was used to compare mean responses of dependent 

variables for the two weed types (averaged over yr and densities both with and without the 

highest density). All response variables, except canner and percent marketable yield, were square 

root transformed to reduce both data skewness and variance heterogeneity before carrying out 

the mixed model ANOVA. An arcsine transformation was applied to the percent marketable 

yield data. Mean percent reduction in sweetpotato marketable yield due to weed density was 

calculated for each weed type combined over yr using treatment by yr lsmeans and modeled 

using a single rectangular hyperbola function, as described by Cousins (1985), for each weed 

type: 

ὣ
ὍὈ

ρ
ὍὈ
ὃ

 

where YR is the yield reduction due to weed competition density, I is the percent yield loss as a 

function of weed density as weed density approaches zero, D is defined by weed density, and A 

is the percent yield loss as weed density approaches infinity. Yield loss for weed-free plots was 

considered to be zero since marketable yield loss estimates were calculated based on the 

marketable yield of the weed-free plots. SAS PROC NLIN was used to fit the rectangular 

hyperbola to means for percent yield reduction for each weed type. 

Effects of weed density on weed biomass m-2 row and individual weed dry wt were 

subjected to ANOVA using PROC GLM, on log-transformed biomass and weed wt. Interactions 

between yr and crop vs. no crop, and between yr and weed density were not significant, therefore 

means over yr were obtained for density and crop vs no crop combinations for each weed type. If 
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ANOVA indicated significant effects of weed density and crop vs. no crop, linear or non-linear 

regression analysis was performed as follows. 

For each weed type, weed biomass m-2 and individual weed biomass when in the 

presence of a crop were fit to a linear model:  

Y = y0 + ax 

Where Y is the estimated biomass m-2, y0
 is the y-intercept, and a is the slope for the predicted 

values of weed biomass m-2. Individual weed biomass in the absence of a crop fit a linear-plateau 

model which is comprised of two functions: the first describing the linear increase or decrease of 

weed biomass at lower weed densities, and the second to describe the plateau of weed biomass at 

high weed densities as describe by Schabenberger and Pierce (2002):  

ὣ
ώ  ὥὼ   ὭὪ ὼ ὼ
ώ ὥὼ  ὭὪ ὼ ὼ

 

Where y0 is the y-intercept of the initial segmented line, a is the slope of the line, and x0 is the 

weed density at which the two functions join. Y for values x less than x0 fit the linear function, 

while Y values for x greater than or equal to x0 are constant. Due to the limited number of weed 

densities established in this study, the linear-plateau model provides an informative though 

unrealistic approximation for individual weed biomass response as density increases. Additional 

weed densities in the study would have allowed a more meaningful model to be fit to the data.  

 

[2.3] 

[2.2] 
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Results and Discussion 

Intraspecific Interference. To examine the intraspecific effect of large crabgrass and Palmer 

amaranth density, both weed species were grown without the presence of sweetpotato. Density 

effects on dry biomass m-2 row for large crabgrass was significant according to ANOVA 

(p=0.01) for linear regression but was significant at the p=0.07 level for Palmer amaranth, with 

biomass m-2 increasing with increasing weed density. Biomass m-2 row was higher for Palmer 

amaranth and large crabgrass at all densities when growing in the absence of sweetpotato (Figure 

2.1 and 2.2).  

Individual weed biomass was greatest for both weeds at the lowest densities.  Palmer 

amaranth and large crabgrass in the absence of the crop was fitted to a linear-plateau model, 

where estimates for individual dry biomass indicated decreases from 1 to 3 plants m-2 row for 

Palmer amaranth and 1 to 4 plants m-2 row for large crabgrass and remained unchanged from 4 

plants m-2 row to the highest density of 8 or 16 plants m-2 row for Palmer amaranth and large 

crabgrass, respectively. This finding was similar to the trend observed in peanut (Burke et al. 

2007) for Palmer amaranth. The authors believe that the reduction in individual weed biomass wt 

for Palmer amaranth and large crabgrass in lower weed densities (1 and 2 plants m-2 ) (Figure 

2.3, Figure 2.4) is a result of increasing intraspecific competition. At these lower densities, 

weeds are not in close proximity to each other and therefore, provide limited interference with 

adjacent weeds. The estimated densities at which individual weed biomass plateaus is a density 

where it is likely that weeds begin to compete for the same resources when sweetpotato is not 

present.  
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Interspecific Interference. Crop biomass reductions are generally associated with increased 

weed competition and yield losses (Aguyoh and Masiunas 2003, Conley et al. 2003, Norsworthy 

and Oliveira 2004). However, in this study, mean crop biomass tended to decrease with 

increasing weed density but not significantly, likely due to increased crop biomass variability 

between treatments (data not shown).  

Weed density effects on large crabgrass dry biomass m-2 row in sweetpotato were 

significant according to ANOVA (p=0.003) for linear regression. The response of dry biomass 

m-2 row for large crabgrass (Figure 2.1) was linear, where biomass increased with increasing 

density. Likewise, the response of Palmer amaranth density when a crop was present was 

significant at a p=0.06 level according to ANOVA for linear regression. Predicted response of 

Palmer amaranth dry biomass m-2 was also linear with, biomass increasing with increasing 

density (Figure 2.2) similar to that observed in peanut (Burke et al. 2007), but unlike soybean 

which exhibited a rectangular hyperbolic trend (Basinger 2018, Bensch et al. 2003).  

Individual weed biomass was unaffected by the density of Palmer amaranth and large 

crabgrass grown in the presence of sweetpotato (Figure 2.3, Figure 2.4). Minimal differences 

between weeds grown with and without a crop at higher densities indicate that the crop provides 

limited competition with the weeds and is contributing minimally to reductions in weed biomass 

at higher densities. Individual weed biomass was lower for all weed densities when grown with 

sweetpotato, compared to individual weed biomass grown without sweetpotato, indicating that 

sweetpotato does compete with both weeds but its competitive ability is low. Including 

additional weed densities in future studies may allow for better estimation of individual weed 

biomass response and the estimation of weed density where interspecific competition has limited 

effects on individual weed biomass.  
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Sweetpotato Yield. Sweetpotato yield and quality decreased with increasing densities of Palmer 

amaranth or large crabgrass (Table 2.2). There was no yr by treatment interaction for sweetpotato 

yield, therefore, data were combined over yr. Analysis of variance indicated that weed density 

for both Palmer amaranth and large crabgrass did not affect canner yield. Palmer amaranth and 

large crabgrass densities were fit to the rectangular hyperbola model (Cousens 1985) (Figure 2.5, 

Figure 2.6) and yield loss associated with Palmer amaranth density ranged from 50 to 80% with 

a single Palmer plant m-2 row to eight plants m-2 row when compared to the weed-free treatment. 

Large crabgrass showed similar yield reductions to Palmer amaranth but at higher weed 

densities. Marketable yield was reduced by 35% with a single large crabgrass m-2 row, and 77% 

with 16 large crabgrass m-2 row. The initial yield loss per weed as weed density approaches zero, 

parameter I, for marketable yield in Palmer amaranth and large crabgrass was 119% and 61% 

respectively. The higher I parameter for Palmer amaranth indicates higher competitive capacity 

at low densities. This is consistent with another study in sweetpotato (Meyers et al. 2010) but 

higher than I parameters in soybean (Bensch et al. 2003), peanut (Burke et al. 2007), and corn 

(Massinga et al. 2001) for Palmer amaranth. I parameters in the present study indicate that 

Palmer amaranth, even at low densities can greatly reduce marketable yield. Large crabgrass was 

less competitive than Palmer amaranth at lower densities, but the I value for large crabgrass in 

sweetpotato was higher than those in snap bean (Aguyoh and Masiunas 2003). For parameter A, 

the asymptote of the regression model estimating the maximum yield loss due to weed density 

was estimated at 87 % for Palmer amaranth and 83% for large crabgrass. Meyers et al. (2010) 

estimated maximum marketable yield losses of 90% at Palmer amaranth densities of 6.5 plants 

per m-1 row. Findings from this study further support the highly competitive nature of Palmer 

amaranth with sweetpotato.  To reduce interference of Palmer amaranth and large crabgrass, 
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growers should use a combination of efficacious PRE herbicides as outlined by Meyers et al. 

(2013), in combination with tillage, hand removal, and mowing. Although POST herbicides for 

Palmer amaranth are limited, POST herbicide options for selective grass control in sweetpotato 

are available (Kemble 2017) and should be utilized to minimize yield loss. Growers should not 

dismiss the impact of either weed as a single plant -2 of Palmer amaranth and large crabgrass 

reduced marketable yields by 50% and 35% respectively.  

 This study demonstrates that Palmer amaranth and large crabgrass reduce yields even at 

low densities. Sweetpotato does compete moderately with both Palmer amaranth and large 

crabgrass at low weed densities, resulting in reduced weed biomass. This demonstrates that a 

sweetpotato canopy that is quick to establish and has a dense growth habit may provide 

additional competition with weeds, which may result in reduced yield loss as suggested by 

Harrison and Jackson (2010). Future studies should establish critical weed-free periods for these 

weeds in sweetpotato, investigate competitiveness of resistant weed biotypes with sweetpotato, 

and determine weed competition with sweetpotato under varying management practices (planting 

density, irrigation regimes, and crop rotations).  
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Table 2.1. Monthly rainfall (mm) and growing degree day (base 10o C) at 

Horticultural Crops Research Station, Clinton, NC from May to September 

2016 and 2017. Data collected from on-site weather station.  

 Rainfall GDD 

Month 2016 2017 2016 2017 

 _______________ mm _______________ _______________ C ______________ 

May 136 142 330 357 

June 93 150 473 437 

July 155 86 569 527 

August 107 125 538 493 

September 287 132 437 393 

Total 778 635 2347 2207 
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Table 2.2. Effect of weed density of large crabgrass [Digitaria sanguinalis (L.) Scop.] and 

Palmer amaranth (Amaranthus palmeri S. Wats) on óCovingtonô sweetpotato yield by 

grade at Horticultural Crops Research Station, Clinton, NC averaged over 2016 and 2017. 

Weed density (m-2) Sweetpotato yielda  

 Jumbo  No. 1  Canner  Total  

 ___________________________________ kg ïha ___________________________________ 

0 Weed-free 15,434 a 26,492 a 4,468 ab 46,395 a 

1 large crabgrass 5,931 b 20,814 ab 4,543 ab 31,289 b 

2 large crabgrass 3,888 b 17,888 bc 4,938 ab 26,714 bc 

4 large crabgrass 1,861 b 14,535 bcde 3,810 b 20,206 cde 

16 large crabgrass 1,077 b 9,766 de 4,900 ab 15,745 de 

1 Palmer amaranth 4,881 b 15,729 bcd 6,000 a 26,611 bc 

2 Palmer amaranth 3,901 b 13,912 cde 5,599 ab 23,412 bcd 

4 Palmer amaranth 1,704 b 9,882 de 5,781 ab 17,368 cde 

8 Palmer amaranth 0 b 8,074 e 4,803 ab 12,878 e 

aDifferent letters within a column represent significant differences (Ŭ=0.05) according to 

Tukeyôs HSD 
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Figure 2.1. Dry biomass (kg) m-2 as a function of increasing large crabgrass density m-2 in the 

presence or absence of conventionally grown sweetpotato óCovingtonô at the Horticultural Crops 

Research Station near Clinton, NC in 2016 and 2017. Dry biomass m-2 for mean values, with 

bars representing standard error of the mean, over 2016 and 2017 for crop presence and absence 

were fit to a linear model with the equation: y=y0 + ax. Equation parameters for the data are 

given with standard errors in parentheses after each value. When the sweetpotato crop was 

present y0= 0.0956(0.0621), a= 0.146(0.00747), R2= 0.99. When crop was absent 

y0=0.455(0.176), a=0.191(0.0212), R2= 0.97. 
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Figure 2.2. Dry biomass (kg) m-2 as a function of increasing Palmer amaranth density m-2 in the 

presence or absence of conventionally grown sweetpotato óCovingtonô at the Horticultural Crops 

Research Station near Clinton, NC in 2016 and 2017. Dry biomass m-2 for mean values, with 

bars representing standard error of the mean, over 2016 and 2017 for crop presence and absence 

were fit to a linear model with the equation: y=y0 + ax. Equation parameters for the data are 

given with standard errors in parentheses after each value. When the sweetpotato crop was 

present y0= 0.161(0.123), a= 0.101(0.0266), R2= 0.88. When crop was absent y0=0.545(0.146), 

a=0.115(0.0317), R2= 0.87. 
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Figure 2.3. Mean individual dry biomass (kg), with bars representing standard error of the mean, 

as a function of increasing large crabgrass density m-2 in the presence or absence of 

conventionally grown sweetpotato óCovingtonô at the Horticultural Crops Research Station near 

Clinton, NC in 2016 and 2017. Equation parameters for the data are given with standard errors in 

parentheses after each value. Dry biomass m-2 for mean values averaged over 2016 and 2017 for 

crop presence was fit to a linear model with equation: y=y0 + ax, where equation parameters are 

y0= 0.26(0.039), and a= -0.0030(0.0047) Regression for individual weed biomass in the absence 

of sweetpotato were fit to a linear-plateau model: Y= y0+ ax if x < x0 and Y=y0+ax0 if x Ó x0 

where y0= 1.05(0.0256), a= -0.179(0.00966), and x0= 4.00(0.1618), R2= 0.99.  
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Figure 2.4. Mean individual dry biomass (kg), with bars representing standard error of the mean, 

as a function of increasing Palmer amaranth density m-2 in the presence or absence of 

conventionally grown sweetpotato óCovingtonô at the Horticultural Crops Research Station near 

Clinton, NC in 2016 and 2017. Equation parameters for the data are given with standard errors in 

parentheses after each value. Dry biomass m-2 for mean values averaged over 2016 and 2017 for 

crop presence was fit to a linear model with equation: y=y0 + ax, where equation parameters are 

y0= 0.314(0.0713), and a= -0.0217(0.0155) Regression for individual weed biomass in the 

absence of sweetpotato were fit to a linear-plateau model: Y= y0+ ax if x < x0 and Y=y0+ax0 if x 

Ó x0 where y0= 1.268(0.0265), a= -0.328(0.0168), and x0= 3.00(0.0.850), R2= 0.99.  



 

50 

 

Figure 2.5. Sweetpotato marketable yield loss as a percent of the weed-free yield, with bars 

representing standard error of the mean, as a function of increasing large crabgrass density m-2 in 

the presence of conventionally grown sweetpotato óCovingtonô at the Horticultural Crops 

Research Station near Clinton, NC in 2016 and 2017. Marketable yield values are calculated by 

summing number 1 and jumbo grades and values averaged over 2016 and 2017. Data were fit to 

a rectangular hyperbola model with equation: YR= (ID)/(1+(ID/A)) , Where YR is the yield 

reduction due to weed competition density, I is the percent yield loss as a function of weed 

density as weed density approaches zero, D is defined by weed density, and A is the percent yield 

loss as weed density approaches infinity. Equation parameters for the data are given with 

standard errors in parentheses after each value. When the sweetpotato crop was present I= 

61.07(15.33), A= 83.01 (7.611), R2= 0.98.  
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Figure 2.6. Sweetpotato marketable yield loss as a percent of the weed-free yield, with bars 

representing standard error of the mean, as a function of increasing Palmer amaranth density m-2 

in the presence of conventionally grown sweetpotato óCovingtonô at the Horticultural Crops 

Research Station near Clinton, NC in 2016 and 2017. Marketable yield values are calculated by 

summing number 1 and jumbo grades and values averaged over 2016 and 2017. Data were fit to 

a rectangular hyperbola model with equation: YR= (ID)/(1+(ID/A)) , Where YR is the yield 

reduction due to weed competition density, I is the percent yield loss as a function of weed 

density as weed density approaches zero, D is defined by weed density, and A is the percent yield 

loss as weed density approaches infinity. Equation parameters for the data are given with 

standard errors in parentheses after each value. When the sweetpotato crop was present I= 

119.4(38.96), A= 86.93 (7.745), R2= 0.98.  



 

52 

CHAPTER 3 

Analysis of spectral variability of weed species and density in soybean and sweetpotato 

cropping systems. 

 

 

(Formatted for submission to Remote Sensing of Environment)
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Analysis of spectral variability of weed species and density in soybean and sweetpotato. 

 

Key words: Amaranthus palmeri S. Wats, Digitaria sanguinalis (L.) Scop., Glycine max L. Merr. 

óAG 6535ô, Ipomoea batatas L. Lam. óCovingtonô, remote sensing, species discrimination, 

agriculture, crop species, weed density, spectroscopy, phenology 

 

Highlights 

¶ Weed species (Palmer amaranth and large crabgrass) can be differentiated in sweetpotato 

and soybean systems. 

¶ Highest weed densities allowed for early detection and differentiation of weed species 

with and without a crop present.  

¶ Weeds are detected earlier when no crop is present. 

¶ Weed and crop phenology is important for detection and differentiation of weed species 

and should be considered in future studies. 

Abstract 

Utilization of remote sensing in agriculture has great potential to change the methods of field 

scouting for weeds. Previous remote sensing research has been focused on the ability to detect 

and differentiate between species. However, these studies have not addressed weed density 

variability throughout a field. Furthermore, the impact of changing phenology of crops and 

weeds within and between growing seasons has not been investigated. To address these research 

gaps field studies were conducted in 2016 and 2017 at the Horticultural Crops Research Station 

near Clinton, NC. Densities of two problematic weed species, Palmer amaranth (Amaranthus 

palmeri S. Wats.) and large crabgrass [Digitaria sanguinalis (L.) Scop.] were planted at four 

densities in sweetpotato or soybean. Additionally, these weed densities were grown in the 

presence and absence of each crop to determine the influence of crop presence on detection and 

discrimination of weed species and density. Hyperspectral data were collected over various 
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phenological time points in each year. Differentiation between plant species and weed density 

was not consistent across cropping system, phenology or season. Weed species differentiation 

occurred at more spectral bands in the sweetpotato than in the soybean system in both years. 

Differentiation between large crabgrass and Palmer amaranth at 1 plant m-2 occurred as early as 

4 weeks after planting (WAP) when no crop was present. In the presence of a sweetpotato or 

soybean, differentiation occurred at the highest density of each weed species 4 to 5 WAP. 

Differentiation of weed densities only occurred between the weed-free or lowest density and the 

highest densities of each weed species (1 and 8 plants m-2 for Palmer amaranth, and 1 and 16 

plants m-2 for large crabgrass) due to greater weed biomass at the highest density. Weed densities 

in the middle of the range (2 plants m-2 and 4 plants m-2) for each species were not differentiable 

at the phenological time points measured. The rate of the establishment of canopy, especially 

with Palmer amaranth, frequently allowed for differentiation of species and density in the near-

infrared (NIR) in sweetpotato and greater absorption in the visible region (VIS) in the blue and 

red range. Large crabgrass had a slower rate of establishment than Palmer amaranth and became 

differentiable during tillering and establishment of panicles. This differentiability was related to 

wavelengths in the shortwave infrared region 1 and 2 (SWIR1 and SWIR2). The findings of this 

study suggest that cropping system and phenological changes of plant species in season and 

between seasons play a key role in the ability to detect weed presence and differentiate between 

species and density. Multiple phenological time points should be considered in future studies, 

due to the variability of weed detection and discrimination.  
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1. Introduction  

With a growing global population to feed, increasing pressure is being placed on 

agricultural land to be more productive. Despite a steady increase in the global hectarage of 

arable land since the early 1960ôs, a sharp decline in the arable land per person has occurred over 

the same period (FAO 2018). This decline requires increased productivity of arable land. To 

raise land productivity, negative factors impacting yields must be minimized to meet the 

population demands for food. A significant contributor to crop yield loss is competition with 

weeds. Weeds can reduce yield in agronomic and horticultural crops that contribute to the world 

supply of food: 79% in soybean (Glycine max L. Merr.) (Bensch et al. 2003), 91% in corn (Zea 

maize L.) (Massinga et al. 2001), 90% in cotton (Gossypium hirsutum L.) (Rowland et al. 1999), 

53% in tomato (Solanum lycopersicum L.) (Garvey et al. 2013), and 90% for sweetpotato 

(Ipomoea batatas L. Lam.) (Meyers et al. 2010).  

With the introduction of herbicide-resistant crops and the lack of rotation of herbicide 

chemistries, the agricultural ecosystem in production fields is changing due to increasing 

anthropogenic selection pressures on weed populations. This pressure over time has resulted in 

the selection of weed biotypes that are resistant to herbicide. Globally there are over 485 species 

with resistance to at least one herbicidal mode of action (Heap 2018). Some weed species have 

developed resistance to multiple herbicidal modes of action making them difficult to control. 

With fewer herbicide options to manage resistant weeds, agricultural production systems, and 

arable land are under threat. With resistance on the rise, weeds are often more difficult to control, 

and growers need to be able to monitor fields, identify weed species and densities, and determine 

the fluctuation of these weed populations between years. Collecting the aforementioned data on 

fields will allow for growers to implement appropriately timed weed control measures and 
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minimize crop loss due to weed interference. Crop losses associated with weed interference is 

estimated at $17 billion for soybean, and $27 billion for corn, roughly 50% of the yield for each 

of these crops in the United States and Canada (Soltani et al. 2016, 2017). Concerns from the 

public about weed resistance, environmental impacts of pesticides, and possible restrictions on 

herbicide use may force new management strategies for weeds.  

To minimize direct or indirect crop loss to weeds, weed management is critical. One 

approach to weed management is the use of site-specific weed management. Site-specific weed 

management is designed to control weeds only where they are present and to reduce 

environmental impacts of herbicide applications and tillage. Site-specific management can 

reduce herbicide inputs, soil compaction and off-target herbicide application (Brown and Noble 

2005). Site-specific management requires accurate scouting of fields to determine if weed 

management is needed. In agricultural crops, weed management must take place early in the 

season to minimize the interference weeds have in the crops. To do so, scouting for weeds must 

be done at targeted timings to determine the appropriate time for the implementation of weed 

control. Recommendations resulting from a scouting exercise are frequently tied to the quality of 

the scouting data, and accurate scouting can be time-consuming. Remote sensing may provide a 

solution for accurate and timely scouting of agricultural fields. Remote sensing has been utilized 

in agriculture to predict yield and biomass (Inman et al. 2007), determine crop nutrient or water 

stress (Basso et al. 2016; Bellvert et al. 2014; Mahajan et al. 2017), and detect the presences of 

insects or plant disease (Franke and Menz 2007). Remote sensing for weed detection has been 

attempted since the early 1980ôs (Menges et al. 1985; Richardson et al. 1985). These attempts at 

weed detection, along with later attempts (Brown et al. 1994; Everitt et al. 1987, 1992; Medlin et 
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al. 2000, Yang and Everitt 2010) were successful in discriminating weeds but unable to connect 

discrimination to management decisions.  

Research focused on remote sensing of weeds and invasive species has used satellite or 

data collected using aerial sensors (Hunt et al. 2007; Menges et al. 1985). These methods often 

lack the spatial and temporal resolution to detect weeds intermixed with crops. Additionally, 

many studies have been conducted using sensors that are spectrally limited, and may only 

contain wavelengths in the visible (VIS) or shortwave portions of the near-infrared (NIR). The 

use of hyperspectral remote sensing has been able to allow for discrimination of weed species 

(Gray et al. 2009), and detection of herbicide drift (Koger et al. 2004a) in agricultural settings. 

Hyperspectral data provides greater spectral resolution and could allow for the detection of 

differences between crop and weed species, while also detecting biophysical differences. 

Research utilizing hyperspectral data that takes into account weed density and crop/weed 

phenology as a means of weed detection is limited. Studies examining reflectance spectra often 

are conducted in only a single year (Koger et al. 2004b) or have limited temporal data collection 

dates (Hunt et al. 2007; Goel et al. 2003).  

Thus the objectives of this study are to 1) determine if weed species can be differentiated 

in-situ, 2) determine the effect of crop and weed phenology on differentiation, 3) determine the 

effect of weed species and density on hyperspectral reflectance, 4) determine the effect of crop 

presence on weed detection and density differentiation. 
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2. Methods 

2.1 Location 

Field studies were conducted with óCovingtonô sweetpotato and óAG6535ô soybean in 2016 

and 2017 at the Horticultural Crops Research Station near Clinton, NC (35o 1ô27ò N / 78o 16ô 58ò 

W). The studies were conducted on a Norfolk loamy sand (fine-loamy, kaolinitic, thermic Typic 

Kandiudults) with 0.31% humic matter and pH 5.9 and an Orangeburg loamy sand (fine-loamy, 

kaolinitic, thermic Typic Kandiudults) with humic matter 0.47% and pH 5.9 in 2016 and 2017, 

respectively. Both crops were planted on June 9, 2016, and June 12, 2017.  

2.2 Experimental Design and Treatments 

 óCovingtonô sweetpotato cuttings were transplanted at an in-row spacing of approximately 

30 cm. Plots consisted of two rows, one serving as a treatment row and the other serving as a 

buffer row between plots. Sweetpotato plots were 1.1 m wide and 5 m long. óAG6536ô soybean 

was planted at a seeding rate of 321,000 seeds ha-2 using a four-row vacuum planter such that 

there was a 10 cm in-row spacing. Soybean plots consisted of 4 rows, each 30 cm wide by 5 m 

long.  

The experimental design was a split plot design with cropping system as the whole plot 

factor and weed treatments randomized within each whole plot factor.  Each whole plot factor 

contained three replications.  Treatments were combinations of crop (sweetpotato or soybean) 

presence or absence, weed species (Palmer amaranth and large crabgrass) and weed density. The 

day following crop planting, designated plots were seeded by hand with each weed species. In 

plots designated as no crop (sweetpotato or soybean), sweetpotato was pulled by hand prior to 

weed seed dispersal and soybean was pulled upon emergence. Palmer amaranth at approximately 
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8 cm tall and large crabgrass at two expanded leaves, were thinned to 1, 2, 4, 8 and 1, 2, 4, and 

16 plants m-2 respectively. These weed densities were maintained weekly using hand removal. 

Additionally, a plot containing no weeds served as a weed-free check plot, and a plot containing 

no crops and no weeds was utilized as a bare ground treatment.  

 2.3 Data collection  

 Spectral data were collected across five dates in 2016 and six dates in 2017, to determine 

the effect of phenology on spectral variability, and for detection of weed species and density. 

Spectral measurements were collected using a spectrometer (Spectral Evolution, PSM-2500, 1 

Canal St., Lawrence, MA) with fiberoptic with a 25o field of view, between 10:00 and 14:00 h, in 

full sunlight. Spectrometer measurements were taken at nadir 1 m over the plot canopy. Five 

measurements were taken for each plot to capture crop and weed variability across the plot area. 

The spectrometer has a spectral resolution of 3.5 nm at 700 nm, 22 nm at 1500 nm and 22 nm at 

2100 nm. Data output is in 1 nm increments, resulting in 2151 bands being reported. Crop and 

weed phenology was determined based on methods by Meier (2001). Crop and weed heights 

were taken directly after spectral data collection.  

2.4 Data processing 

Hyperspectral data for each plot and date were graphed using the ggplot2 package in R 

software (ver. 3.4.2) (Wickham 2013). Visual quality control was performed for each graph and 

data containing interference or noise was removed. Reflectance spectra were then grouped by 

date, crop type, weed type and the presence or absence of crop. Each subset of data was 

subjected to the Kruskal-Wallis test to determine overall groupwise differences at each of the 

2151 bands reported (Corder and Foreman 2009). Comparisons were made by wavelength band 

to determine species differentiation. To determine differences within each subset of data, 
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differences at each reported band were tested using the Mann-Whitney U-test (Corder and 

Forman 2009; Schmidt and Skidmore 2003). The null hypothesis being tested states that median 

reflectance for each reported band is not different between weed species or density. Levels of 

significance were set at a p Ò 0.2 due to limits in sample size and to explore a range in which 

additional wavelengths may provide confidence in the differentiation of weed species and 

density. P-values are reported as a continuous variable for each wavelength where p Ò 0.2. In an 

agricultural setting in which this study was conducted, outcomes of misidentification would 

result in mistaking a crop plant for weed or vice versa. If site-specific weed management is the 

goal, even at levels such as pÒ0.2 would prove beneficial for use in a weed control program.  

 

3. Results  

3.1 Differentiation of all treatments 

Groupwise differentiation including all combinations of weed species, weed density, and 

crop presence or absence were compared with one another. Throughout the rest of this paper, 

results for spectra will be discussed corresponding to the following spectral regions: visible 

(VIS= 350-700 nm), near-infrared (NIR= 700-2300), shortwave-infrared region one 

(SWIR1=1500-2900), and shortwave-infrared region two (SWIR2=1900-2500). The shortwave-

infrared spectral region was subdivided into SWIR1 and SWIR2 to provide more meaningful 

results given the large spectral range of the SWIR region.  

 In both years, spectra in the VIS were important for differentiation of crop, weed species, 

and weed density in soybean (Table 3.4). Detection of overall differences in 2016 was observed 

at 4 WAP in soybean in the blue region of the spectrum <500nm (Figure 3.1, Figure 3.2). At 5 
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WAP, spectral differences were observed in all spectral regions except NIR. By 7 and 11 WAP, 

VIS remained important distinguishing between treatments, but fewer spectra in the SWIR1 and 

SWIR2 regions allowed for differentiation.  

Overall comparisons for soybean in 2017 indicated earlier differentiation between 

treatments at 3 WAP even though plants in 2017 were less phenologically advanced than 2016 at 

the 4WAP date (Figure 3.3, Figure 3.4). However, the height of soybean and weeds was similar 

at 4 WAP in 2016 and 3WAP in 2017. Detection across spectra was greater in 2017, with 

differentiation occurring throughout the VIS and SWIR2 regions throughout the season. Large 

portions of the SWIR1 region, greater than 1400 nm, were important for differentiation between 

treatments from 3 to 8 WAP. At 15 WAP, differentiation between treatments was possible across 

the measured spectra, including NIR which was not an important spectral region in either season.  

In 2016, differences between treatments were detected at the same WAP in sweetpotato 

as soybean (Table 3.5). At 4 WAP differences among treatments were detected in the blue and 

red regions of the VIS, NIR, a small region of SWIR1 and throughout SWIR2 (Figure 3.5, Figure 

3.6). By 5 WAP differentiation between treatments occurred across the measured spectra, with 

variable detection in the NIR at 7 and 11 WAP.   

Differences between treatments in sweetpotato could be detected in 2017 in the VIS and 

longwave spectra of SWIR2 at 2 WAP (Figure 3.7, Figure 3.8). By 3WAP, differences were 

similar to 2WAP with additional spectra differentiable throughout the SWIR1 and SWIR2 

region. From 4 to 8 WAP spectra could be used to differentiate between treatments in all of the 

VIS, SWIR1 and SWIR2 regions. During the same time period, spectra for differentiation 

between treatments were variable in the NIR. Data at 15 WAP did not allow for differentiation 

between treatments across the measured spectra.  
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Differentiation between species, density, and crop presences was most prevalent in VIS, 

SWIR1 and SWIR2 regions of the spectrum in soybean. Spectra for differentiation in 

sweetpotato were different than soybean and included additional spectra in the NIR region. The 

lack of consistent spectral regions for differentiation indicates that spectral reflectance is affected 

by crop type and plant phenology. Weed and crop phenology and crop canopy structure play 

crucial roles to determine what spectra can be used for species and density discrimination.  

3.2 Differentiation of weed species 

Weed species differentiation occurred with soybean in 2016 and 2017. If spectra were not 

significant in the groupwise Kruskal-Wallis test at the p Ò 0.2 level, these spectra will not be 

discussed as part of more specific comparisons of species.  

3.2.1 Weed species differentiation (Palmer amaranth and large crabgrass) in soybean  

Early season differentiation both years typically started at 3-4 WAP. At low weed 

densities (1 m-2), weed species could not be distinguished from one another in 2016, at any 

timing (Figure 3.9). In 2017, weed species differentiation was possible at 1 plant m-2 in the VIS, 

SWIR1 and SWIR2 regions at 4 WAP (Figure 3.10). Very little species differentiation occurred 

at 5 and 8 WAP in 2017. However, at 15 WAP in 2017, Palmer amaranth and large crabgrass 

were differentiable from each other in the blue and red regions of the VIS.   

 At high densities of Palmer amaranth and large crabgrass, 8 and 16 plants m-2, 

respectively, differentiation did occur in 2016 until 7 WAP at scattered spectra in SWIR1 and 

SWIR2 (Figure 3.11). By 11 WAP greater differentiation between species occurred and was 

confined to spectra in the SWIR1 and SWIR2 regions. In 2017 at 4 WAP differentiation occurred 

in the blue portion of the VIS and scattered spectra in SWIR1. The blue region of VIS continued 

to provide differentiation between species from 5 to 15 WAP, with additional spectra in the red 
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region of the VIS becoming important at 8 and 15 WAP (Figure 3.12). Additional differentiation 

did occur, but spectra were scattered in the SWIR1 and SWIR2 from 5 to 15 WAP.  

When a soybean crop was not present, weed species differentiation was not observed in 

2016 at low densities (1 plant m-2) (Figure 3.13). In 2017, weed species differentiation did occur 

at low densities in the red and blue regions of the VIS at 3 WAP and across the VIS at 4 WAP 

similar to results with soybean. Additional spectra could be used for differentiation of weed 

species without soybean in the SWIR1 and SWIR2 regions. Spectra in the NIR and SWIR1 

region were important for weed species discrimination at the 15 WAP timing (Figure 3.14).  

In 2016 when no soybean was present and weeds were at high densities, species were 

indistinguishable from one another across all measured spectra (Figure 3.15). In 2017, species 

differentiation occurred sporadically through the VIS spectrum at 3WAP (Figure 3.16), different 

than results of these weeds when grown with soybean. Large crabgrass had higher reflectance 

across the NIR, SWIR1, and SWIR2 and was differentiable from Palmer amaranth at 15 WAP.  

3.2.2 Weed species differentiation (Palmer amaranth and large crabgrass) in sweetpotato  

Species differentiation occurred at more spectra in sweetpotato than soybean in both 

years. In 2016, weed species were distinguishable from each other at low weed densities (Figure 

3.17, Figure 3.18). Palmer amaranth had high NIR reflectance when compared to large crabgrass 

at 4 and 5 WAP. Late season differentiation occurred at 11 WAP in the blue portion of the VIS, 

SWIR1 spectra centered around 1500 nm, in the longwave portions of SWIR2. In 2017, for weed 

species at low densities, spectra were limited for species differentiation. Species were only 

distinguishable from each other in narrow portions of SWIR2 at 4 WAP, and in the red region of 

the VIS at 5 WAP.  
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High weed densities in the presence of sweetpotato allowed for additional differentiation 

not observed at lower densities. In 2016 differentiation occurred in the NIR at 4, 5, 7 and 11 

WAP (Figure 3.19). Palmer amaranth had a greater reflectance at 7 WAP across the measured 

spectra and allowed for differentiation from large crabgrass. In 2017, species were 

distinguishable in the blue and green portion of the VIS, and shortwave regions of NIR (Figure 

3.20). Dif ferentiation occurred at the red edge (690 nm) and shortwave portions of SWIR1 and 

SWIR2 at 5 WAP. By 8 WAP, Palmer amaranth and large crabgrass were distinguishable across 

spectra in the VIS, SWIR1, and SWIR2.  

Species differentiation when no sweetpotato crop was present occurred in early season at 

low densities of Palmer amaranth and large crabgrass (1 plant m-2 row) (Figure 3.21, Figure 

3.22). This differentiation occurred earlier than was possible than at the same weed densities 

when in the soybean system when no soybean was present. At 4 WAP in 2016 differentiation 

was confined to the blue and red regions of the VIS and SWIR2. In 2017, differentiation 

occurred at the 2 WAP in the blue portion of the VIS, transitioning to the blue and red regions at 

3 WAP, and then only in the red region by 4 WAP.  NIR spectra provided differentiation at 4, 5, 

and 8 WAP, with additional spectra in SWIR1 and SWIR2 become important by 8WAP.  

 At the highest density of each weed species in 2016 Palmer amaranth (8 plants m-2) and 

large crabgrass (16 plants m-2), differentiation occurred at 4 WAP in the red and blue regions of 

the VIS, NIR and large portions of SWIR2 (Figure 3.23). In the same year at 5 WAP differences 

between weed species were concentrated in NIR and SWIR2 regions. By 7 WAP there was 

differentiation between large crabgrass and Palmer amaranth in the VIS, longwave portion of 

NIR, SWIR1, and SWIR2. In 2017, spectra for species were different at 4, 5, and 8 WAP across 

spectra in the VIS, SWIR1, and SWIR2 (Figure 3.24), but not at other timings.  
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3.3 Differentiation of weed densities in soybean 

 Detection of large crabgrass and Palmer amaranth density in the presence of soybean 

varied across timing, year, and spectra at low weed density. If spectra were not significant in the 

groupwise Kruskal-Wallis test at the p Ò 0.2 level, these spectra will not be discussed as part of 

more specific comparisons of weed densities. 

3.3.1 Differentiation of large crabgrass densities in soybean  

Weed-free soybean compared to the lowest density of large crabgrass (1 m-2) showed 

little differentiation in 2016 (Figure 3.25). In 2017, large crabgrass at 1 plant m-2 was 

differentiable from weed-free soybean in the VIS, NIR, SWIR1, and SWIR2 at 4WAP. At 5 

WAP spectra were different in all regions except the NIR (Figure 3.26).  

When comparing weed-free soybean with the highest density of large crabgrass (16 m-2) 

only limited differences occurred. In 2016 differences did not occur until 8 WAP in a small 

portion of the SWIR1 region (Figure 3.27). In 2017, limited differentiation between weed-free 

soybean and highest large crabgrass density was observed. Differentiation was observed in the 

blue region of the VIS at 4, 8 and 15 WAP. Other spectral regions (NIR, SWIR1, and SWIR2) 

were only important for differentiation at 15 WAP (Figure 3.28).  

Comparisons of the lowest and highest densities of large crabgrass (1 and 16 plants m-2) 

with soybean were varied in spectral responses between timings, years, and spectra. In 2016, 

large crabgrass density was only detectable in limited spectra at 11 WAP in SWIR2 (Figure 

3.29). In 2017, large crabgrass at these densities was separable in the VIS and SWIR1 and 

SWIR2 regions at 4 WAP and 15 WAP (Figure 3.30), but not at other timings.   
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Treatment densities of large crabgrass at 2 and 4 m-2, which represents intermediate 

densities lacked differentiation across all data collection dates in 2016. (Figure 3.31). A similar 

response was observed in 2017, with only limited differentiation occurring at 15 WAP in the VIS 

and scattered spectra in the SWIR1 and SWIR2 (Figure 3.32).  

3.3.2 Differentiation of Palmer amaranth densities in soybean 

Palmer amaranth density was more easily detected than large crabgrass in soybean. In 

2016, comparisons of Palmer amaranth at 1 plant m-2 and weed-free were not distinguishable 

from one another (Figure 3.33). However, in 2017, detection of Palmer amaranth at the same 

density occurred in the VIS at 3, 4, 5, and 15 WAP (Figure 3.34). SWIR2 spectra also allowed 

for detection of Palmer amaranth at this low density at 4 WAP. At 5 WAP SWIR1 spectra 

allowed for differentiation between all densities of Palmer amaranth.  

 Comparisons of the highest density of Palmer amaranth (8 plants m-2) compared with 

weed-free soybean only allowed for slightly more detection of Palmer amaranth than Palmer 

amaranth at the lowest density. In 2016, Palmer amaranth was only detected at 11 WAP at 

scattered spectra in SWIR1 (Figure 3.35). In 2017, detection of Palmer amaranth at 8 plants m-2 

was observed at 4 WAP in the blue region of the VIS. Additional detection was present at 8 

WAP throughout the VIS and at 15 WAP in the VIS, SWIR2 regions (Figure 3.36).  

 Density comparisons of Palmer amaranth at 1 plant m-2 and 8 plants m-2 resulted in 

minimal differentiation between densities. In 2016 and 2017, no differentiation between Palmer 

amaranth densities across dates occurred (Figure 3.37, Figure 3.38). Similarly, comparisons of 

Palmer amaranth at 2 and 4 plants m-2 had minimal spectral differentiation both years with the 

exception of 11 WAP in the VIS. (Figure 3.39, Figure 3.40).  
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3.4 Differentiation of weed densities in sweetpotato  

Detection of weed density for crabgrass in the presence sweetpotato was greater than in 

presence soybean. If spectra were not significant in the groupwise Kruskal-Wallis test at the p Ò 

0.2 level, these spectra will not be discussed as part of more specific comparisons of weed 

densities.  

3.4.1 Differentiation of large crabgrass densities in sweetpotato 

In 2016, weed-free plots with 1 large crabgrass m-2 had spectral differences at 4 WAP in 

the red region of the VIS (Figure 3.41). At 4 and 5 WAP, differences at the same crabgrass 

density occurred in the NIR and mixed spectra in SWIR2.  By 7 WAP differences were only 

observed in the blue and green portion of the VIS, and SWIR2 spectra (centered at 2200 nm). In 

2017 at 4 WAP, spectral differences were observed in the green and red portions of the VIS and 

across SWIR1 and SWIR2 (Figure 3.42). At 5 WAP, blue and red spectra in the VIS, and spectra 

centered at 2000 and 2300 nm in the SWIR2 allowed for differentiation between the weed-free 

plots and lowest density of large crabgrass.  

Large crabgrass at 16 plants m-2 compared to weed-free soybean was detectable at more 

spectra than the same comparison with large crabgrass at 1 plant m-2. In 2016 at 4 WAP, 

detection of large crabgrass at 16 plants m-2 occurred in the blue and red regions of the VIS, NIR 

(Figure 3.43). At 4, 5, and 8 WAP spectra in SWIR2 provided differentiation of large crabgrass 

density, with additional spectra becoming important at 7 WAP in SWIR2. In 2017, detection of 

large crabgrass at 16 plants m-2 occurred at 4, 5, and 8 WAP in the VIS, and SWIR2 regions. 

Spectra in the NIR were only important at 4 WAP. SWIR1 Spectra could only be used for 

detection of large crabgrass at 16 plants m-2 at 5 and 8 WAP.  
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Comparisons of low (1 m-2) and high (16 m-2) densities of large crabgrass in 2016 were 

separable in the NIR at 4 WAP. Additional differentiation occurring at 7 WAP in SWIR1 and 

limited spectra in SWIR2. In 2017, differentiation was more pronounced than 2016 with large 

crabgrass density differentiation occurring at 4 and 5 WAP throughout the VIS, SWIR1, and 

SWIR2 regions (Figure 3.46). Differentiation also occurred at 8 WAP in the red and blue regions 

of the VIS and scattered spectra across SWIR1 and SWIR2.  

Comparisons of large crabgrass densities of 2 and 4 plants m-2 in 2016 allowed for 

differentiation at 4 WAP in the blue and red regions of VIS and in the NIR (Figure 3.47). 

Differentiation between these densities also occurred at 5 WAP in the blue and red regions of the 

VIS and across SWIR1 and SWIR2. At 7 WAP SWIR1 and spectra in SWIR2 centered around 

2200 nm were important for density differentiation. In 2017, NIR spectra provided density 

differentiation at 4 WAP, with additional differentiation at 8 WAP in SWIR1 and SWIR2.  

3.4.2 Differentiation of Palmer amaranth densities in sweetpotato 

Palmer amaranth density was detected at early reading dates when grown with 

sweetpotato. In 2016, a comparison of weed-free sweetpotato and Palmer amaranth (1 m-2) 

indicated that differentiation could occur as early as 4 WAP in the blue and red regions of the 

VIS and in SWIR2 (Figure 3.49). In 2017, Palmer amaranth (1 m-2) was detected at 3 and 4 

WAP in the VIS (Figure 3.50). Spectra in SWIR 2 were also important for detection during the 

same period, with additional spectra showing detection in SWIR1 at 4 WAP.  

The high density of Palmer amaranth (8 plants m-2) compared to the weed-free treatment 

showed differences in the NIR at 2-3 WAP both seasons. In 2016, detection of Palmer amaranth 

did not occur until 7 WAP across the VIS, SWIR1, and SWIR2 regions (Figure 3.51). In 2017, at 
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3 WAP Palmer amaranth could be detected in the green and red portions of the VIS and 

throughout the SWIR1 and SWIR2 regions (Figure 3.52). By 4 WAP, differentiation occurred 

primarily in the NIR due to higher reflectance of Palmer amaranth in this region.  

Comparisons of 1 Palmer amaranth m-2 and 8 plants m-2 were similar to comparisons of 

the same Palmer amaranth treatments and weed-free sweetpotato in 2016 but not in 2017. In 

2016, differences between these densities did not occur until 7 WAP and were present in the 

VIS, 1200-2300 nm in the NIR, and across SWIR1 and SWIR2 (Figure 3.53). In 2017 at 3 WAP 

high and low densities of Palmer amaranth were more separable than in 2016 (Figure 3.54). At 4 

WAP densities could be differentiated in the blue and red regions of the VIS, shortwave regions 

of NIR and across SWIR2. Differentiation between these densities of Palmer amaranth continued 

in the red and blue regions of the VIS, and SWIR2 at 5WAP, and was primarily concentrated in 

NIR spectra by 8 WAP. 

In 2016, densities that are more similar (2 and 4 m-2) had limited spectra that allowed for 

differentiation in the SWIR1 at 4 WAP (Figure 3.55). Differentiation did occur at 7 WAP and 

concentrated in, SWIR1. In 2017, differentiation of these treatments was only possible at 8 WAP 

in the NIR (Figure 3.56).  

3.5 Detection of weed density without soybean  

Detection of weed density without a crop present was more consistent in identifying large 

portions of spectra that allowed for density discrimination. If spectra were not significant in the 

groupwise Kruskal-Wallis test at the p Ò 0.2 level, these spectra will not be discussed as part of 

more specific comparisons of weed densities. However, detection of both weeds when compared 

to a bare ground control occurred earlier for both species when density was highest. Similar to 
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results observed when weeds were in the presence of a crop, weed densities in the middle of the 

treatment range had limited differentiation.  

3.5.1 Detection of large crabgrass density without soybean 

Detection of large crabgrass without soybean was density dependent. In 2016, 

comparison of the bare ground control and large crabgrass at 1 m-2 occurred in the blue region of 

the VIS at 5 WAP. Substantially more spectra provided differentiation at 7 and 11 WAP across 

the VIS and in limited spectra in SWIR1 and SWIR2 (Figure 3.57). In 2017, Detection at the low 

density of large crabgrass was similar to 2016. Blue regions of the VIS were important for 

detection. By 8 and 15 WAP, large crabgrass could be detected across the VIS, SWIR1, and 

SWIR2.  

Detection of large crabgrass at 16 plants m-2 occurred earlier than at the lower large 

crabgrass density (1 plant m-2) when compared to bare ground. In 2016, large crabgrass was 

differentiated at 4, 5, 7, and 11 WAP in SWIR2 (Figure 3.59). From 5 WAP until 11 WAP all 

spectra in the VIS region could be used for detection of large crabgrass. In 2017, spectra across 

the VIS, parts of SWIR1, and all of SWIR2 could be used for detection of large crabgrass at 3, 4, 

5, 8, and 15 WAP (Figure 3.60).  

Spectra for differentiation of large crabgrass density were inconsistent between years. In 

2016, differentiation between large crabgrass at 1 m-2 and 16 m-2 occurred only in the blue region 

of the VIS at 5 WAP (Figure 3.61). In 2017, additional spectra were useful for differentiation of 

density. At 4 WAP, spectra across the VIS and in the longwave regions of SWIR 2 allowed for 

differentiation (Figure 3.62). At 5 and 8 WAP spectra in SWIR2 were useful. Additional spectra 

at 8 and 15 WAP allowed for differentiation in the blue and red portions of the VIS.  
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Comparison of 2 and 4 m-2 indicated that spectra for differentiation were inconsistent 

between years and WAP. In 2016, detection of a difference in density did not occur until 11WAP 

in the VIS and SWIR1 (Figure 3.63). In 2017, differences were detected earlier at 4 WAP in the 

blue portion of the VIS (Figure 3.64). Density differentiation also occurred at 5 WAP in the VIS, 

and at 5 and 15 WAP in SWIR2.  

3.5.2 Detection of Palmer amaranth without soybean  

Palmer amaranth detection occurred earlier than that of large crabgrass. When compared 

to bare ground in 2016, Palmer amaranth at 1 plant m-2 was detected in the VIS at 4 WAP 

(Figure 3.65). Spectra in addition to the VIS was detected in the SWIR1 and SWIR2 at 5 and 7 

WAP. In 2017, Palmer amaranth at 1 m-2 was detected a week earlier in 2017 at 3 WAP in the 

VIS, SWIR1, and SWIR2. Throughout the remainder of the 2017 data collection dates, VIS, 

SWIR1, and SWIR2 allowed for differentiation of Palmer amaranth from bare ground. 

The highest density of Palmer amaranth (8 m-2), when compared to bare ground 

treatments, was similar to Palmer amaranth at the low density. In 2016, Palmer amaranth could 

be detected in the blue region of the VIS at 4 WAP (Figure 3.67). From 5 WAP through 11 WAP 

Palmer amaranth could be differentiated across the VIS, SWIR1, and SWIR2. In 2017, Palmer 

amaranth could be detected a week earlier at 3 WAP and was differentiable from bare ground 

across the VIS, SWIR1, and SWIR2 regions (Figure 3.68). Differentiation continued in the VIS 

and SWIR2 at 4 WAP, with the addition of spectra in SWIR1 at 5, 8, and 15 WAP.  

3.6 Detection of weed density without sweetpotato  

In the absence of sweetpotato, large crabgrass detection occurred and was detected earlier 

at high densities when compared to when sweetpotato was present. If spectra were not significant 
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in the groupwise Kruskal-Wallis test at the p Ò 0.2 level, these spectra will not be discussed as 

part of more specific comparisons of weed densities.  

3.6.1 Detection of large crabgrass density without sweetpotato 

In 2016, detection of large crabgrass at low density (1 plant m-2) compared to bare ground 

occurred at 4 WAP in the red region of the VIS and across spectra in the NIR (Figure 3.69). At 5 

WAP detection of large crabgrass at the lowest density occurred in the SWIR1 and SWIR2 

regions. At 11 WAP detection of large crabgrass was present in the blue region of the VIS, at 

750 nm in the NIR and across spectra in SWIR1. In 2017, detection of large crabgrass at 1 plant 

m-2 occurred in the blue region of the VIS at 3 WAP and across the VIS at 4 WAP (Figure 3.70). 

At 5, 8 and 15 WAP detection of large crabgrass was possible across spectra in the VIS, SWIR1, 

and SWIR2, with variable spectra in the NIR.  

Large crabgrass at the high density, when compared to bare ground, was differentiable in 

both 2016 and 2017. In 2016, large crabgrass could be detected in the blue and red regions of the 

VIS and across the SWIR1 and SWIR2 at 5 and 7 WAP (Figure 3.71). Spectra in the NIR could 

be used for detection of large crabgrass at 5, 7 and 11 WAP but spectra were varied between data 

collection dates. In 2017, detection of the high density of large crabgrass occurred in the VIS, 

SWIR1, and SWIR2 from 3 WAP through 15 WAP (Figure 3.72). NIR also provided detection 

of large crabgrass but was varied across 4, 3, and 8 WAP.  

In 2016, spectra for large crabgrass at 1 m-2 and 16 m-2 allowed for density differentiation 

at 4 WAP in the blue and red portions of the VIS, NIR centered around 900 nm and across, 

SWIR1 and SWIR2 (Figure 3.73). In 2017, there were more spectra that allowed for 

differentiation of large crabgrass density (Figure74). At 3, 4 and 5 WAP, differences in density 
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could be detected across the VIS, SWIR1, and SWIR2. At 4 and 5 WAP, NIR spectra allowed 

for differentiation of large crabgrass density, but not across the entire NIR region.  

Middle densities (2 and 4 plants m-2) were less distinguishable from one another, similar 

to these densities in soybean. In 2016, differences could be detected at 7 and 11 WAP in the 

SWIR1 region (Figure 3.75). In 2017, large crabgrass at 4 m-2 had greater absorption in the VIS 

at 4 WAP, and the SWIR1 and SWIR2 that allowed for differentiation between densities at 4, 5, 

and 8 WAP (Figure 3.76).   

3.6.2 Detection of Palmer amaranth density without sweetpotato 

Palmer amaranth detection occurred earlier than densities of large crabgrass when grown 

without sweetpotato. In 2016, differences between Palmer amaranth grown at 1 plant m-2 

compared to the bare ground control could be detected at 4 and 5 WAP in the blue and red 

regions of the VIS, portions of the NIR, portions of SWIR1 and across SWIR 2 (Figure 3.77). 

Differences also occurred at 7 WAP in the VIS, NIR (1200-2300 nm), and across both SWIR 

regions at 7 and 11 WAP. In 2017, Palmer amaranth spectra were consistently different from 2-25 

WAP in the VIS (Figure 3.78). Spectra in the NIR and SWIR2 region were important at 4 WAP. 

Spectra across SWIR1 provided detection of Palmer amaranth at 5, 8, and 15 WAP.  

In 2016, Palmer amaranth at the highest density (8 m-2 row) compared to the bare ground 

control had strong differences across measured spectra from 4 to 7 WAP (Figure 3.79). In 2017, 

spectra across the VIS and in SWIR1 and SWIR2 allowed for detection of Palmer amaranth from 

3 WAP to 8 WAP (Figure 3.80). Detection of Palmer amaranth was also possible across these 

timings in the NIR with varied spectra of significance. By 15 WAP detection could only occur in 

the VIS and SWIR1 regions.  
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 Comparing the lowest (1 m-2 row) and highest (8 m-2 row) Palmer amaranth density 

showed differences, but not as strong as those with bare ground. In 2016, densities of Palmer 

amaranth were differentiable at 4 WAP in the SWIR1 and SWIR2 regions (Figure 3.81). At 5 

WAP spectra in the NIR and SIWR1 provided differentiation between densities, with little to no 

differentiation at later data collection dates. In 2017, Palmer amaranth at 8 plants m-2 row tended 

to have high reflectance in the NIR at 4 and 5 WAP timings which allowed for differentiation of 

these densities (Figure 3.82). Additional spectra in the SWIR2 region were important at the 4 

WAP timing.  

 Moderate densities of 2 and 4 Palmer amaranth m-2 had few spectra showing 

differentiability, but specific timepoints allowed for differentiation of densities. In 2016 at 5 

WAP, differentiation occurred in the NIR and SWIR1 regions due to the increased reflectance of 

Palmer amaranth at 4 plants m-2 (Figure 3.83). In 2017, differentiation occurred only at 3 WAP 

in the VIS and SWIR2 regions (Figure 3.84).  

3.7 Weed and crop phenology 

Phenology of crop and weed species was not affected by crop presence/absence or by 

cropping system and were combined over crop and weed species (Table 3.2). Annual differences 

in phenological timing were different between years as defined by Meier (2001). Early season 

differentiation in both systems is tied to phenological differences between crop and weed 

species. At the earliest data collection dates, across years and cropping systems, weed species 

and density did not have established canopies and could not be differentiated from either weed-

free or bare ground treatments. Rapid establishment of weed species canopies, especially with 

Palmer amaranth, leads to increased absorption in VIS early in the season. Similarly, early 

detection of large crabgrass was due to increased canopy coverage of higher density treatments.  
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The establishment of weed canopy was critical to the differentiation between crop species and 

density. 

Weed species phenology did not differ between densities, but overall weed biomass and 

height did change due to interspecific competition with each crop and intraspecific competition 

due to increased weed density. Higher weed density tended to fill out a canopy more quickly, but 

individual plants tended to be smaller overall (Basinger 2018). Lower density weed species 

towards the end of the season in each year tended to have greater canopy density per plant but 

similar overall as higher plant densities. Higher densities of weed species tended to have greater 

absorption in the VIS and SWIR1 and SWIR2 earlier in the season. As canopies of lower density 

treatments became established differences between weed densities were observed at fewer 

SWIR1 and SWIR2 spectra but continued in the VIS region.  

 

4. Discussion 

4.1 Weed species differentiation 

Results from this study show that spectral differentiation can occur between weed species 

and weed density. There has been successful discrimination of species in both agricultural and 

non-agricultural environments (Koger et al. 2004; Henry et al. 2004; Santos et al. 2011; Schmidt 

and Skidmore 2003; Ustin et al. 2009). However, the inconsistency of spectral differentiation 

across years and phenological time-points complicates discrimination. These are multivariate 

systems and environmental conditions may alter phenology and spectra may not be uniform from 

year to year (Table 3.1). These differences may have caused spectral variation due to variable 

rainfall or other environmental conditions.   
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Weed species differentiation had limited spectra for weed species separation when in the 

presence of a crop and was not successful at low weed densities. Species differentiation in both 

systems was density dependent. The lack of differentiation at lower densities is likely due to the 

mixture of crop and limited weed species canopy. Weed biomass was lower when crops were 

present, and weed species at low densities often had lower canopy coverage over the crop, 

limiting their spectral contribution. (Basinger 2018). Greater weed densities had higher biomass 

per mm-2 and contributed more to the mixed spectra. At the highest weed density, each species 

was more readily differentiated, compared to the lower densities due to increased weed canopy 

reflectance. Differentiation of weed species, when mixed with either crop, occurred later than 

would be acceptable for implementing chemical control of Palmer amaranth, but control options 

for large crabgrass would still be available.  

This study demonstrates that weed species differentiation does not occur equally across 

cropping systems. Differentiation between species occurred more readily in sweetpotato than in 

soybean. Crop canopy structures of soybean and sweetpotato are very different from one another. 

Sweetpotato has a prostrate growth habit and has limited competitive ability with weeds (Meyers 

et al. 2010). Due to its growth habit sweetpotato has a non-complex leaf canopy structure with 

only 1-2 leaf layers, while soybean has a canopy that is more upright, multibranched with 

significantly more leaf layers. As a result, a sweetpotato canopy may have a higher albedo than 

that of soybean but may scatter incident radiation less due to the less complex canopy.  

4.2 Weed density differentiation 

Determination of weed density was possible when the crop was both absent and present 

but was often crop specific. Detection of weed density occurred earlier at low densities when a 

crop was not present due to lack of a mixed spectral with the crop. Estimation of plant density 
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has been successful using hyperspectral remote sensing (Thorp et al. 2008), but not with mixed 

species. Detection of Palmer amaranth occurred in both systems early due to rapid biomass 

accumulation (Horak and Loughlin 2000). Large crabgrass was slower establishing a canopy 

which made it more difficult to detect early season. Density differentiation between weed-free 

and lower weed densities has been demonstrated in soybean by others (Koger et al. 2004). Weed 

detection only at high densities could be problematic as significant losses can occur even at low 

densities of Palmer amaranth and large crabgrass in these crops (Allen et al. 2000; Basinger 

2018; Bensch et al. 2003; Meyers et al. 2010; Song et al. 2017; Williams and Hayes 1984).  

4.3 Phenology 

Plant phenology is important for differentiation and detection of weed species. Phenology 

is not often considered in studies using remote sensing for species discrimination (Schmidt and 

Skidmore 2003, Santos et al. 2016), but spectral reflectance does change with changing crop 

phenology (Vina et al. 2004). Phenology and biophysical characteristics are inherently linked 

with one another and are correlated with hyperspectral reflectance (Lausch et al. 2015). High 

temporal data collection in the early season is important for the detection of weed species as 

plant phenology changes rapidly during this time. Early season detection is also important in 

agricultural systems because weed management strategies are often most effective when weeds 

are small.  

In this study, differential phenology between crop and weed species often allowed for 

differentiation of weed species and density. Detection and differentiation variability between 

these systems is due to the differences in canopy structures of the crop and weed biomass. Weed 

establishment of canopy biomass greatly influenced the ability to detect weed presence. 
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Interspecies competition between the crop and weeds influenced the establishment of weed 

canopies between cropping systems. 

Sweetpotato is less competitive with weeds than soybean (Basinger 2018), allowing for 

greater biomass accumulation of weed species in this system (Basinger 2018). Weed biomass in 

the sweetpotato system was greater than that of soybean. In sweetpotato, weed height exceeded 

sweetpotato canopy height by 3 to 4 WAP. Therefore, the reflectance as observed by the sensor 

is comprised of greater reflectance from the weed species present making weed species and 

density more easily differentiable.  

 Soybean is more competitive with weed species and resulted in lower weed biomass than 

observed in sweetpotato (Basinger 2018). Weed biomass reduction in soybean is likely the 

reason for poor discrimination of weed species and density. Large crabgrass was difficult to 

detect in soybean and soybean did not allow for large numbers of large crabgrass leaves through 

the soybean canopy. Detection of large crabgrass occurred, during the onset of this weedôs 

reproductive structures, as they were able to protrude through the soybean canopy. Palmer 

amaranth was more readily detected at low densities due to a quick establishing tall broadleaf 

canopy that was present above the soybean canopy. However, once the soybean canopy became 

established determination of Palmer density became more difficult due to increased leaf area of 

the crop.  

In soybean, increased leaf layers due to the multi-scaffold branched trifoliate leaves 

produce more leaf layers than that of sweetpotato, increasing radiative transfer for soybean. This 

type of structure is similar to that of Palmer amaranth, making differentiation of the two species 

difficult. Palmer amaranth was detected in this system when the canopy became established more 
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quickly than soybean and was detectable in the VIS and NIR.  Large crabgrass was difficult to 

detect in soybean due to decreased plant biomass caused by the competitive nature of soybean.  

In both production systems reproductive structures and senescence of weed species 

allowed for late season differentiation between densities due to the increased number of 

senescing reproductive structures present among the crop. Late-season differentiation of both 

weed species was possible when flowering or senescence occurred. However, to prevent 

movement and persistence of these weeds, and utilize site-specific weed management tactics, 

early season detection is critical.  

Future studies should consider the use of hyperspectral imagery and spatial statistics for 

detection of weeds early in the season. In this study, plant phenology was important in detection 

and differentiation of weed species and should be incorporated in future studies. Additional 

challenges of identification of site-specific weed management include the development of an 

appropriate threshold to determine when weed management is necessary. This study focused on 

the detection and differentiation of weed species that were not intermixed with one another but 

utilized reflectance spectra to differentiate. Consideration of mixed weed species within a 

cropping system should be considered as it more accurately reflects the natural occurrence of 

weeds in agricultural systems.  
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Table 3.1. Mean monthly temperature, growing degree days (GDD), and 

precipitation. Clinton Horticultural Crops Research Station, Clinton, NC from June 

to November for 2016 and 2017 

 Average Monthly 

Temp  

GDD  Precipitation  

Month Year Year Year 

 2016 2017 2016 2017 2016 2017 

 (oC) (base 10o C) (mm) 

June 25 24 473 437 93 150 

July 28 27 568 527 154 86 

August 27 26 538 493 107 125 

September 24 23 437 393 287 132 

October 18 18 274 272 281 53 

November 12 11 93 74 20 31 

 

 



 

87 

Table 3.2. Weeks after planting (WAP), date, growing degree days (GDD), mean plant phenology and mean plant height over 

treatments in soybean when spectral measurements were taken in 2016 and 2017. Horticultural Crops Research Station, Clinton, 

NC. 

 WAP Date GDDb _______________________Plant Phenologya_______________________ _________Plant height (cm)__________ 

   Soybean Large Crabgrass Palmer Amaranth Soybean Large 

Crabgrass 

Palmer 

Amaranth 

   _____________________________________________________2016_____________________________________________________ 

0 WAP June 6, 2016 0 Seed Seed Seed 0 0 0 

3 WAP June 29, 2016 358 Trifoliate leaf 

on the 2nd node 

unfolded 

2 true leaves 4 true leaves 8 3 5 

4 WAP July 7, 2016 503 Trifoliate leaf 

on the 5th node 

unfolded 

5th true leaf 

expanded 

2 side shoots 

visible 

12 13 15 

5 WAP July 15, 2016 562 Trifoliate leaf 

on the 7th node 

unfolded 

3rd internode 

visible 

5 side shoots 

visible 

20 28 40 

7 WAP July 28, 2016 801 First flowers 

opened 

First awns visible Full Flowering: 

50% of flowers 

open, first petals 

may have fallen 

26 40 75 

11 WAP August 26, 

2016 

819 End of 

flowering with 

pods visible 

Caryopsis watery 

ripe 

Nearly all fruits 

have reached final 

size 

48 82 140 
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Table 3.2 Continued. 

   _____________________________________________________2017_____________________________________________________ 

0 WAP June 12, 2017 0 Seed Seed Seed 0 0 0 

2 WAP June 28, 2017 266 Trifoliate on 

the 2nd node 

unfolded 

2 true leaves 

visible 

4 true leaves 

visible 

8 

 

 

3 5 

3 WAP July 6, 2017 429 Trifoliate on 

the 3rd node 

unfolded 

3 tillers visible 4 side shoots 

visible 

13 13 15 

4 WAP July 13, 2017 551 3rd side shoot 

of 1st order 

visible 

5th internode 

extended 

9 or more 

extended 

internodes 

20 28 40 

5 WAP July 19, 2017 671 

 

 

 

1st flower buds 

visible 

Flag sheath just 

visibly swollen 

First individual 

flowers visible, 

but still closed 

26 53 75 

8 WAP August 10, 

2017 

1038 About 60% of 

flowers open 

Full Flowering: 

50% of flowers 

open 

Nearly all fruits 

have reached final 

size 

49 82 143 

15 WAP September 13, 

2017 

1536 About 30% of 

pods have 

reached final 

length (15-20 

mm) 

Beginning of 

ripening or seed 

coloration/desicca

tion; 

fruit fully  ripe 

Seeds are fully 

ripe/ beginning of 

leaf fall 

90 83 143 

aMean plant phenology based on Meier (2001) 
bGrowing Degree Days are calculated from the day of crop and weed planting using a base temperature of 10 oC 
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Table 3.3. Weeks after planting (WAP), date, growing degree days, mean plant phenologya and mean plant height over treatments 

in sweetpotato when spectral measurements were taken in 2016 and 2017. Horticultural Crops Research Station, Clinton, NC. 

WAP Date GDDb ______________________Plant Phenology______________________ _________Plant height (cm)__________ 

   Sweetpotato Large Crabgrass Palmer Amaranth Vine 

length 

Large 

Crabgrass 

Palmer 

Amaranth 

   __________________________________________________2016__________________________________________________ 

0 WAP June 6, 2016 0 Non-rooted 

cutting 

Seed Seed 13 0 0 

3 WAP June 29, 2016 358 7 true leaves 

visible 

2 true leaves 4 true leaves 

visible 

20 3 3 

4 WAP July 7, 2016 503 9 or more side 

shoots visible 

7th true leaf 

expanded 

2 side shoots 

visible 

49 14 18 

5 WAP July 15, 2016 562 Initiation of 

storage root 

development 

4th internode 

visible 

5 side shoots 

visible 

63 35 43 

7 WAP July 28, 2016 801 Vine canopy 

filled out 70% 

First awns Visible Full Flowering: 

50% of flowers 

open, first petals 

may have fallen 

104 59 85 

11 WAP August 26, 

2016 

819 Storage roots 

begin to swell 

Caryopsis watery 

ripe 

Nearly all fruits 

have reached final 

size 

142 68 204 

   __________________________________________________2017__________________________________________________ 

0 WAP June 12, 2017 0 Non-rooted 

cutting 

Seed Seed 13 0 0 

2 WAP June 28, 2017 266 7 true leaves 

visible 

2 true leaves 4 true leaves 20 3 3 
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Table 3.3. Continued 

3 WAP July 6, 2017 429 First side 

shoot visible 

3 tillers visible 4 side shoots 

visible 

51 17 14 

4 WAP July 13, 2017 551 9 or more 

extended 

internodes 

3rd internode 

extended 

9 or more 

extended 

internodes 

61 35 43 

5 WAP July 19, 2017 671 

 

 

 

Initiation of 

storage root 

development 

Flag sheath 

extending 

First individual 

flowers visible, 

but still closed 

104 59 85 

8 WAP August 10, 

2017 

1038 Vine canopy 

filled out 

80%, vine 

growth 

slowing 

Full Flowering: 

50% of flowers 

open 

Nearly all fruits 

have reached final 

size 

142 68 153 

15 

WAPc 

September 13, 

2017 

1536 Nearly all 

storage roots 

have reached 

final size 

Beginning of 

ripening or seed 

coloration/desiccat

ion; 

fruit fully  ripe 

Seeds are fully 

ripe/ beginning of 

leaf fall 

______ 102 142 

aMean plant phenology based on Meier (2001) 
bGrowing Degree Days are calculated from the day of crop and weed planting using a base temperature of 10 oC 
cMean vine length was not measured on September 13, 2017  
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Table 3.4 Dates of data collection, weeks after planting (WAP), and areas of the measured spectra where significance occurred at 

the pÒ0.2 level as a result of the Kruskal-Wallis test in soybean. Horticulture Field Lab, Raleigh, NC, 2016-2017. 

 

WAP Date VIS 

(350-700 nm) 

NIR 

(700-1300 nm) 

SWIR 1 

(1300-1900 nm) 

SWIR 2 

(1900-2500 nm) 
 

0 WAP June 6, 2016 

    

 

3 WAP June 29, 2016a 

    

 

4 WAP July 7, 2016 

Blue only    

 

5 WAP July 15, 2016 

All VIS   All SWIR 1 All SWIR 2 

 

7 WAP July 28, 2016 

All VIS   1400-1490 nm 1900-2000 nm 

 

11 WAP August 26, 2016 

All VIS   1400-1510nm 1900-2100 nm 

 

    
__________________________________________________2017__________________________________________________ 

 

0 WAP June 12, 2017 
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Table 3.4. Continued.   

2 WAP June 28, 2017 

    

 

3 WAP July 6, 2017 

All VIS   1400-1900 All SWIR 2 

 

4 WAP July 13, 2017 

All VIS   1400-1900 All SWIR 2 

 

5 WAP July 19, 2017 

All VIS   1400-1900 All SWIR 2 

 

8 WAP August 10, 2017 

All VIS   1450-1550 All SWIR 2 

 

15 WAP September 13, 

2017 All VIS  All NIR  All SWIR1 All SWIR 2 

 

 

  



 

93 

Table 3.5 Dates of data collection, weeks after planting (WAP), and areas of the measured spectra where significance occurred at 

the pÒ0.2 level as a result of the Kruskal-Wallis test in sweetpotato. Horticulture Field Lab, Raleigh, NC, 2016-2017. 
WAP Date VIS 

(350-700 nm) 

NIR 

(700-1300 nm) 

SWIR 1 

(1300-1900 nm) 

SWIR 2 

(1900-2500 nm) 

0 WAP June 6, 2016 

    

3 WAP June 29, 2016a 

    

4 WAP July 7, 2016 

Blue and Red only All NIR  1450-1550 All SWIR 2 

5 WAP July 15, 2016 

Blue and Red only All NIR  All SWIR 1 All SWIR 2 

7 WAP July 28, 2016 

All VIS  1200-1300 All SWIR 1 All SWIR 2 

11 WAP August 26, 2016 

Blue only 750 nm All SWIR 1  

    
__________________________________________________2017__________________________________________________ 

0 WAP June 12, 2017 
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Table 3.5. Continued. 

2 WAP June 28, 2017 

All VIS    2100-1500 

3 WAP July 6, 2017 

All VIS   All SWIR 1 All SWIR 2 

4 WAP July 13, 2017 

All VIS  All NIR  All SWIR 1 All SWIR 2 

5 WAP July 19, 2017 

All VIS  

700-900 

980-2100 

1180-1300 

All SWIR 1 All SWIR 2 

8 WAP August 10, 2017 

All VIS  
Red edge 

860-1300 
All SWIR 1 All SWIR 2 

15 WAP September 13, 2017 
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Figure 3.1. Spectral reflectance for all Palmer amaranth and large crabgrass densities in soybean grouped by weeks after planting 

(WAP), Horticultural Crops Research Station, Clinton, NC 2016. Each line represents a weed species and density, with p-values 

resulting from the Kruskal-Wallis test, plotted as a continuous variable at each wavelength where p Ò 0.2 comparing all treatments. 

For ease of interpretation, weed species and density spectra in the presence and absence of a crop are plotted separately. P-values 

reported are overall groupwise p-values for weed species and density in the presence and absence of the crop. SB = soybean óAG6536ô 

[Glycine max (L.) Merr.], PA = Palmer amaranth (Amaranthus palmeri S. Wats.), LC = large crabgrass [Digitaria sanguinalis (L.) 

Scop], WF = weed-free 
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Figure 3.2. Spectral reflectance for all Palmer amaranth and large crabgrass densities without soybean grouped by weeks after planting 

(WAP), Horticultural Crops Research Station, Clinton, NC 2016. Each line represents a weed species and density, with p-values 

resulting from the Kruskal-Wallis test, plotted as a continuous variable at each wavelength where p Ò 0.2. For ease of interpretation, 

weed species and density spectra in the presence and absence of a crop are plotted separately. P-values reported are overall groupwise 

p-values for weed species and density in the presence and absence of the crop. SB = soybean óAG6536ô [Glycine max (L.) Merr.], PA 

= Palmer amaranth (Amaranthus palmeri S. Wats.), LC = large crabgrass [Digitaria sanguinalis (L.) Scop], BG = bare ground 
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Figure 3.3. Spectral reflectance for all Palmer amaranth and large crabgrass densities in soybean grouped by weeks after planting 

(WAP), Horticultural Crops Research Station, Clinton, NC 2017. Each line represents a weed species and density, with p-values 

resulting from the Kruskal-Wallis test, plotted as a continuous variable at each wavelength where p Ò 0.2. For ease of interpretation, 

weed species and density spectra in the presence and absence of a crop are plotted separately. P-values reported are overall groupwise 

p-values for weed species and density in the presence and absence of the crop. SB = soybean óAG6536ô [Glycine max (L.) Merr.], PA 

= Palmer amaranth (Amaranthus palmeri S. Wats.), LC = large crabgrass [Digitaria sanguinalis (L.) Scop], WF = weed-free 
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Figure 3.4. Spectral reflectance for all Palmer amaranth and large crabgrass densities without soybean grouped by weeks after planting 

(WAP), Horticultural Crops Research Station, Clinton, NC 2017. Each line represents a weed species and density, with p-values 

resulting from the Kruskal-Wallis test, plotted as a continuous variable at each wavelength where p Ò 0.2. For ease of interpretation, 

weed species and density spectra in the presence and absence of a crop are plotted separately. P-values reported are overall groupwise 

p-values for weed species and density in the presence and absence of the crop. SB = soybean óAG6536ô [Glycine max (L.) Merr.], PA 

= Palmer amaranth (Amaranthus palmeri S. Wats.), LC = large crabgrass [Digitaria sanguinalis (L.) Scop], BG = bare ground 
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Figure 3.5. Spectral reflectance for all Palmer amaranth and large crabgrass densities in sweetpotato grouped by weeks after planting 

(WAP), Horticultural Crops Research Station, Clinton, NC 2016. Each line represents a weed species and density, with p-values 

resulting from the Kruskal-Wallis test, plotted as a continuous variable at each wavelength where p Ò 0.2. For ease of interpretation, 

weed species and density spectra in the presence and absence of a crop are plotted separately. P-values reported are overall groupwise 

p-values for weed species and density in the presence and absence of the crop. SP= sweetpotato óCovingtonô (Ipomoea batatas L. 

Lam.), PA= Palmer amaranth (Amaranthus palmeri S. Wats.), LC= large crabgrass [Digitaria sanguinalis (L.) Scop], WF= weed-free 
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Figure 3.6. Spectral reflectance for all Palmer amaranth and large crabgrass densities without sweetpotato grouped by weeks after 

planting (WAP), Horticultural Crops Research Station, Clinton, NC 2016. Each line represents a weed species and density, with p-

values resulting from the Kruskal-Wallis test, plotted as a continuous variable at each wavelength where p Ò 0.2. For ease of 

interpretation, weed species and density spectra in the presence and absence of a crop are plotted separately. P-values reported are 

overall groupwise p-values for weed species and density in the presence and absence of the crop. SP= sweetpotato óCovingtonô 

(Ipomoea batatas L. Lam.), PA= Palmer amaranth (Amaranthus palmeri S. Wats.), LC= large crabgrass [Digitaria sanguinalis (L.) 

Scop], BG= bare ground 
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Figure 3.7. Spectral reflectance for all Palmer amaranth and large crabgrass densities in sweetpotato grouped by weeks after planting 

(WAP), Horticultural Crops Research Station, Clinton, NC 2017. Each line represents a weed species and density, with p-values 

resulting from the Kruskal-Wallis test, plotted as a continuous variable at each wavelength where p Ò 0.2. For ease of interpretation, 

weed species and density spectra in the presence and absence of a crop are plotted separately. P-values reported are overall groupwise 

p-values for weed species and density in the presence and absence of the crop. SP= sweetpotato óCovingtonô (Ipomoea batatas L. 

Lam.), PA= Palmer amaranth (Amaranthus palmeri S. Wats.), LC= large crabgrass [Digitaria sanguinalis (L.) Scop], WF= weed-free 
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Figure 3.8. Spectral reflectance for all Palmer amaranth and large crabgrass densities without sweetpotato grouped by weeks after 

planting (WAP), Horticultural Crops Research Station, Clinton, NC 2017. Each line represents a weed species and density, with p-

values resulting from the Kruskal-Wallis test, plotted as a continuous variable at each wavelength where p Ò 0.2. For ease of 

interpretation, weed species and density spectra in the presence and absence of a crop are plotted separately. P-values reported are 

overall groupwise p-values for weed species and density in the presence and absence of the crop. SP= sweetpotato óCovingtonô 

(Ipomoea batatas L. Lam.), PA= Palmer amaranth (Amaranthus palmeri S. Wats.), LC= large crabgrass [Digitaria sanguinalis (L.) 

Scop], BG= bare ground 
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Figure 3.9. Spectral reflectance of Palmer amaranth at 1 plant m-2 compared with large crabgrass at 1 plant m-2 in soybean grouped by 

weeks after planting (WAP), Horticultural Crops Research Station, Clinton, NC 2016. Each line represents a weed species and 

density, with p-values resulting from the Mann-Whitney U test, plotted as a continuous variable at each wavelength where p Ò 0.2. SB 

= soybean óAG6536ô [Glycine max (L.) Merr.], PA = Palmer amaranth (Amaranthus palmeri S. Wats.), LC = large crabgrass 

[Digitaria sanguinalis (L.) Scop]. 
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Figure 3.10. Spectral reflectance of Palmer amaranth at 1 plant m-2 compared with large crabgrass at 1 plant m-2 in soybean grouped 

by weeks after planting (WAP), Horticultural Crops Research Station, Clinton, NC 2017. Each line represents a weed species and 

density, with p-values resulting from the Mann-Whitney U test, plotted as a continuous variable at each wavelength where p Ò 0.2. SB 

= soybean óAG6536ô [Glycine max (L.) Merr.], PA = Palmer amaranth (Amaranthus palmeri S. Wats.), LC = large crabgrass 

[Digitaria sanguinalis (L.) Scop]. 
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Figure 3.11. Spectral reflectance of Palmer amaranth at 8 plants m-2 compared with large crabgrass at 16 plants m-2 in soybean 

grouped by weeks after planting (WAP), Horticultural Crops Research Station, Clinton, NC 2016. Each line represents a weed species 

and density, with p-values resulting from the Mann-Whitney U test, plotted as a continuous variable at each wavelength where p Ò 0.2. 

SB = soybean óAG6536ô [Glycine max (L.) Merr.], PA = Palmer amaranth (Amaranthus palmeri S. Wats.), LC = large crabgrass 

[Digitaria sanguinalis (L.) Scop]. 
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Figure 3.12. Spectral reflectance of Palmer amaranth at 8 plants m-2 compared with large crabgrass at 16 plants m-2 in soybean 

grouped by weeks after planting (WAP), Horticultural Crops Research Station, Clinton, NC 2017. Each line represents a weed species 

and density, with p-values resulting from the Mann-Whitney U test, plotted as a continuous variable at each wavelength where p Ò 0.2. 

SB = soybean óAG6536ô [Glycine max (L.) Merr.], PA = Palmer amaranth (Amaranthus palmeri S. Wats.), LC = large crabgrass 

[Digitaria sanguinalis (L.) Scop]. 
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Figure 3.13. Spectral reflectance of Palmer amaranth at 1 plant m-2 compared with large crabgrass at 1 plant m-2 without soybean 

grouped by weeks after planting (WAP), Horticultural Crops Research Station, Clinton, NC 2016. Each line represents a weed species 

and density, with p-values resulting from the Mann-Whitney U test, plotted as a continuous variable at each wavelength where p Ò 0.2. 

SB = soybean óAG6536ô [Glycine max (L.) Merr.], PA = Palmer amaranth (Amaranthus palmeri S. Wats.), LC = large crabgrass 

[Digitaria sanguinalis (L.) Scop]. 
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Figure 3.14. Spectral reflectance of Palmer amaranth at 1 plant m-2 compared with large crabgrass at 1 plant m-2 without soybean 

grouped by weeks after planting (WAP), Horticultural Crops Research Station, Clinton, NC 2017. Each line represents a weed species 

and density, with p-values resulting from the Mann-Whitney U test, plotted as a continuous variable at each wavelength where p Ò 0.2. 

SB = soybean óAG6536ô [Glycine max (L.) Merr.], PA = Palmer amaranth (Amaranthus palmeri S. Wats.), LC = large crabgrass 

[Digitaria sanguinalis (L.) Scop]. 
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Figure 3.15. Spectral reflectance of Palmer amaranth at 8 plants m-2 compared with large crabgrass at 16 plants m-2 without soybean 

grouped by weeks after planting (WAP), Horticultural Crops Research Station, Clinton, NC 2016. Each line represents a weed species 

and density, with p-values resulting from the Mann-Whitney U test, plotted as a continuous variable at each wavelength where p Ò 0.2. 

SB = soybean óAG6536ô [Glycine max (L.) Merr.], PA = Palmer amaranth (Amaranthus palmeri S. Wats.), LC = large crabgrass 

[Digitaria sanguinalis (L.) Scop]. 
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Figure 3.16. Spectral reflectance of Palmer amaranth at 8 plants m-2 compared with large crabgrass at 16 plants m-2 without soybean 

grouped by weeks after planting (WAP), Horticultural Crops Research Station, Clinton, NC 2017. Each line represents a weed species 

and density, with p-values resulting from the Mann-Whitney U test, plotted as a continuous variable at each wavelength where p Ò 0.2. 

SB = soybean óAG6536ô [Glycine max (L.) Merr.], PA = Palmer amaranth (Amaranthus palmeri S. Wats.), LC = large crabgrass 

[Digitaria sanguinalis (L.) Scop]. 
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Figure 3.17. Spectral reflectance of Palmer amaranth at 1 plant m-2 compared with large crabgrass at 1 plant m-2 in sweetpotato 

grouped by weeks after planting (WAP), Horticultural Crops Research Station, Clinton, NC 2016. Each line represents a weed species 

and density, with p-values resulting from the Mann-Whitney U test, plotted as a continuous variable at each wavelength where p Ò 0.2. 

SP= sweetpotato óCovingtonô (Ipomoea batatas L. Lam.), PA= Palmer amaranth (Amaranthus palmeri S. Wats.), LC= large crabgrass 

[Digitaria sanguinalis (L.) Scop]. 
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Figure 3.18. Spectral reflectance of Palmer amaranth at 1 plant m-2 compared with large crabgrass at 1 plant m-2 in sweetpotato 

grouped by weeks after planting (WAP), Horticultural Crops Research Station, Clinton, NC 2017. Each line represents a weed species 

and density, with p-values resulting from the Mann-Whitney U test, plotted as a continuous variable at each wavelength where p Ò 0.2. 

SP= sweetpotato óCovingtonô (Ipomoea batatas L. Lam.), PA= Palmer amaranth (Amaranthus palmeri S. Wats.), LC= large crabgrass 

[Digitaria sanguinalis (L.) Scop]. 

  



 

113 

 
Figure 3.19. Spectral reflectance of Palmer amaranth at 8 plants m-2 compared with large crabgrass at 16 plants m-2 in sweetpotato 

grouped by weeks after planting (WAP), Horticultural Crops Research Station, Clinton, NC 2016. Each line represents a weed species 

and density, with p-values resulting from the Mann-Whitney U test, plotted as a continuous variable at each wavelength where p Ò 0.2. 

SP= sweetpotato óCovingtonô (Ipomoea batatas L. Lam.), PA= Palmer amaranth (Amaranthus palmeri S. Wats.), LC= large crabgrass 

[Digitaria sanguinalis (L.) Scop]. 

  



 

114 

 
Figure 3.20. Spectral reflectance of Palmer amaranth at 8 plants m-2 compared with large crabgrass at 16 plants m-2 in sweetpotato 

grouped by weeks after planting (WAP), Horticultural Crops Research Station, Clinton, NC 2017. Each line represents a weed species 

and density, with p-values resulting from the Mann-Whitney U test, plotted as a continuous variable at each wavelength where p Ò 0.2. 

SP= sweetpotato óCovingtonô (Ipomoea batatas L. Lam.), PA= Palmer amaranth (Amaranthus palmeri S. Wats.), LC= large crabgrass 

[Digitaria sanguinalis (L.) Scop]. 
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Figure 3.21. Spectral reflectance of Palmer amaranth at 1 plant m-2 compared with large crabgrass at 1 plant m-2 without sweetpotato 

grouped by weeks after planting (WAP), Horticultural Crops Research Station, Clinton, NC 2016. Each line represents a weed species 

and density, with p-values resulting from the Mann-Whitney U test, plotted as a continuous variable at each wavelength where p Ò 0.2. 

SP= sweetpotato óCovingtonô (Ipomoea batatas L. Lam.), PA= Palmer amaranth (Amaranthus palmeri S. Wats.), LC= large crabgrass 

[Digitaria sanguinalis (L.) Scop]. 
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Figure 3.22. Spectral reflectance of Palmer amaranth at 1 plant m-2 compared with large crabgrass at 1 plant m-2 without sweetpotato 

grouped by weeks after planting (WAP), Horticultural Crops Research Station, Clinton, NC 2017. Each line represents a weed species 

and density, with p-values resulting from the Mann-Whitney U test, plotted as a continuous variable at each wavelength where p Ò 0.2. 

SP= sweetpotato óCovingtonô (Ipomoea batatas L. Lam.), PA= Palmer amaranth (Amaranthus palmeri S. Wats.), LC= large crabgrass 

[Digitaria sanguinalis (L.) Scop]. 
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Figure 3.23. Spectral reflectance of Palmer amaranth at 8 plants m-2 compared with large crabgrass at 16 plants m-2 without 

sweetpotato grouped by weeks after planting (WAP), Horticultural Crops Research Station, Clinton, NC 2016. Each line represents a 

weed species and density, with p-values resulting from the Mann-Whitney U test, plotted as a continuous variable at each wavelength 

where p Ò 0.2. SP= sweetpotato óCovingtonô (Ipomoea batatas L. Lam.), PA= Palmer amaranth (Amaranthus palmeri S. Wats.), LC= 

large crabgrass [Digitaria sanguinalis (L.) Scop]. 
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Figure 3.24. Spectral reflectance of Palmer amaranth at 8 plants m-2 compared with large crabgrass at 16 plants m-2 without 

sweetpotato grouped by weeks after planting (WAP), Horticultural Crops Research Station, Clinton, NC 2017. Each line represents a 

weed species and density, with p-values resulting from the Mann-Whitney U test, plotted as a continuous variable at each wavelength 

where p Ò 0.2. SP= sweetpotato óCovingtonô (Ipomoea batatas L. Lam.), PA= Palmer amaranth (Amaranthus palmeri S. Wats.), LC= 

large crabgrass [Digitaria sanguinalis (L.) Scop]. 
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Figure 3.25. Spectral reflectance of weed-free plots compared with large crabgrass at 1 plant m-2 in soybean grouped by weeks after 

planting (WAP), Horticultural Crops Research Station, Clinton, NC 2016. Each line represents a weed species and density, with p-

values resulting from the Mann-Whitney U test, plotted as a continuous variable at each wavelength where p Ò 0.2. SB = soybean 

óAG6536ô [Glycine max (L.) Merr.], LC = large crabgrass [Digitaria sanguinalis (L.) Scop] WF= weed-free. 
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Figure 3.26. Spectral reflectance of weed-free plots compared with large crabgrass at 1 plant m-2 in soybean grouped by weeks after 

planting (WAP), Horticultural Crops Research Station, Clinton, NC 2017. Each line represents a weed species and density, with p-

values resulting from the Mann-Whitney U test, plotted as a continuous variable at each wavelength where p Ò 0.2. SB = soybean 

óAG6536ô [Glycine max (L.) Merr.], LC = large crabgrass [Digitaria sanguinalis (L.) Scop] WF= weed-free.  
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Figure 3.27. Spectral reflectance of weed-free plots compared with large crabgrass at 16 plants m-2 in soybean grouped by weeks after 

planting (WAP), Horticultural Crops Research Station, Clinton, NC 2016. Each line represents a weed species and density, with p-

values resulting from the Mann-Whitney U test, plotted as a continuous variable at each wavelength where p Ò 0.2. SB = soybean 

óAG6536ô [Glycine max (L.) Merr.], LC = large crabgrass [Digitaria sanguinalis (L.) Scop] WF= weed-free.  
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Figure 3.28. Spectral reflectance of weed-free plots compared with large crabgrass at 16 plants m-2 in soybean grouped by weeks after 

planting (WAP), Horticultural Crops Research Station, Clinton, NC 2017. Each line represents a weed species and density, with p-

values resulting from the Mann-Whitney U test, plotted as a continuous variable at each wavelength where p Ò 0.2. SB = soybean 

óAG6536ô [Glycine max (L.) Merr.], LC = large crabgrass [Digitaria sanguinalis (L.) Scop] WF= weed-free.  
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Figure 3.29. Spectral reflectance of large crabgrass at 1 plant m-2 compared with large crabgrass at 16 plants m-2 in soybean grouped 

by weeks after planting (WAP), Horticultural Crops Research Station, Clinton, NC 2016. Each line represents a weed species and 

density, with p-values resulting from the Mann-Whitney U test, plotted as a continuous variable at each wavelength where p Ò 0.2. SB 

= soybean óAG6536ô [Glycine max (L.) Merr.], LC = large crabgrass [Digitaria sanguinalis (L.) Scop]. 
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Figure 3.30. Spectral reflectance of large crabgrass at 1 plant m-2 compared with large crabgrass at 16 plants m-2 in soybean grouped 

by weeks after planting (WAP), Horticultural Crops Research Station, Clinton, NC 2017. Each line represents a weed species and 

density, with p-values resulting from the Mann-Whitney U test, plotted as a continuous variable at each wavelength where p Ò 0.2. SB 

= soybean óAG6536ô [Glycine max (L.) Merr.], LC = large crabgrass [Digitaria sanguinalis (L.) Scop]. 
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Figure 3.31. Spectral reflectance of large crabgrass at 2 plants m-2 compared with large crabgrass at 4 plants m-2 in soybean grouped 

by weeks after planting (WAP), Horticultural Crops Research Station, Clinton, NC 2016. Each line represents a weed species and 

density, with p-values resulting from the Mann-Whitney U test, plotted as a continuous variable at each wavelength where p Ò 0.2. SB 

= soybean óAG6536ô [Glycine max (L.) Merr.], LC = large crabgrass [Digitaria sanguinalis (L.) Scop]. 
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Figure 3.32. Spectral reflectance of large crabgrass at 2 plants m-2 compared with large crabgrass at 4 plants m-2 in soybean grouped 

by weeks after planting (WAP), Horticultural Crops Research Station, Clinton, NC 2017. Each line represents a weed species and 

density, with p-values resulting from the Mann-Whitney U test, plotted as a continuous variable at each wavelength where p Ò 0.2. SB 

= soybean óAG6536ô [Glycine max (L.) Merr.], LC = large crabgrass [Digitaria sanguinalis (L.) Scop]. 
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Figure 3.33. Spectral reflectance of weed-free plots compared with Palmer amaranth at 1 plant m-2 in soybean grouped by weeks after 

planting (WAP), Horticultural Crops Research Station, Clinton, NC 2016. Each line represents a weed species and density, with p-

values resulting from the Mann-Whitney U test, plotted as a continuous variable at each wavelength where p Ò 0.2. SB = soybean 

óAG6536ô [Glycine max (L.) Merr.], PA = Palmer amaranth (Amaranthus palmeri S. Wats.), WF= weed-free.  
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Figure 3.34. Spectral reflectance of weed-free plots compared with Palmer amaranth at 1 plant m-2 in soybean grouped by weeks after 

planting (WAP), Horticultural Crops Research Station, Clinton, NC 2017. Each line represents a weed species and density, with p-

values resulting from the Mann-Whitney U test, plotted as a continuous variable at each wavelength where p Ò 0.2. SB = soybean 

óAG6536ô [Glycine max (L.) Merr.], PA = Palmer amaranth (Amaranthus palmeri S. Wats.), WF= weed-free.  
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Figure 3.35. Spectral reflectance of weed-free plots compared with Palmer amaranth at 8 plants m-2 in soybean grouped by weeks after 

planting (WAP), Horticultural Crops Research Station, Clinton, NC 2016. Each line represents a weed species and density, with p-

values resulting from the Mann-Whitney U test, plotted as a continuous variable at each wavelength where p Ò 0.2. SB = soybean 

óAG6536ô [Glycine max (L.) Merr.], PA = Palmer amaranth (Amaranthus palmeri S. Wats.), WF= weed-free.  
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Figure 3.36. Spectral reflectance of weed-free plots compared with Palmer amaranth at 8 plants m-2 in soybean grouped by weeks after 

planting (WAP), Horticultural Crops Research Station, Clinton, NC 2017. Each line represents a weed species and density, with p-

values resulting from the Mann-Whitney U test, plotted as a continuous variable at each wavelength where p Ò 0.2. SB = soybean 

óAG6536ô [Glycine max (L.) Merr.], PA = Palmer amaranth (Amaranthus palmeri S. Wats.), WF= weed-free.  
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Figure 3.37. Spectral reflectance of Palmer amaranth at 1 plant m-2 compared with Palmer amaranth at 8 plants m-2 in soybean 

grouped by weeks after planting (WAP), Horticultural Crops Research Station, Clinton, NC 2016. Each line represents a weed species 

and density, with p-values resulting from the Mann-Whitney U test, plotted as a continuous variable at each wavelength where p Ò 0.2. 

SB = soybean óAG6536ô [Glycine max (L.) Merr.], PA = Palmer amaranth (Amaranthus palmeri S. Wats.). 
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Figure 3.38. Spectral reflectance of Palmer amaranth at 1 plant m-2 compared with Palmer amaranth at 8 plants m-2 in soybean 

grouped by weeks after planting (WAP), Horticultural Crops Research Station, Clinton, NC 2017. Each line represents a weed species 

and density, with p-values resulting from the Mann-Whitney U test, plotted as a continuous variable at each wavelength where p Ò 0.2. 

SB = soybean óAG6536ô [Glycine max (L.) Merr.], PA = Palmer amaranth (Amaranthus palmeri S. Wats.). 
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Figure 3.39. Spectral reflectance of Palmer amaranth at 2 plants m-2 compared with Palmer amaranth at 4 plants m-2 in soybean 

grouped by weeks after planting (WAP), Horticultural Crops Research Station, Clinton, NC 2016. Each line represents a weed species 

and density, with p-values resulting from the Mann-Whitney U test, plotted as a continuous variable at each wavelength where p Ò 0.2. 

SB = soybean óAG6536ô [Glycine max (L.) Merr.], PA = Palmer amaranth (Amaranthus palmeri S. Wats.). 
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Figure 3.40. Spectral reflectance of Palmer amaranth at 2 plants m-2 compared with Palmer amaranth at 4 plants m-2 in soybean 

grouped by weeks after planting (WAP), Horticultural Crops Research Station, Clinton, NC 2017. Each line represents a weed species 

and density, with p-values resulting from the Mann-Whitney U test, plotted as a continuous variable at each wavelength where p Ò 0.2. 

SB = soybean óAG6536ô [Glycine max (L.) Merr.], PA = Palmer amaranth (Amaranthus palmeri S. Wats.). 
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Figure 3.41. Spectral reflectance of weed-free plots compared with large crabgrass at 1 plant m-2 in sweetpotato grouped by weeks 

after planting (WAP), Horticultural Crops Research Station, Clinton, NC 2016. Each line represents a weed species and density, with 

p-values resulting from the Mann-Whitney U test, plotted as a continuous variable at each wavelength where p Ò 0.2. SP= sweetpotato 

óCovingtonô (Ipomoea batatas L. Lam.), LC= large crabgrass [Digitaria sanguinalis (L.) Scop], WF= weed-free. 
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Figure 3.42. Spectral reflectance of weed-free plots compared with large crabgrass at 1 plant m-2 in sweetpotato grouped by weeks 

after planting (WAP), Horticultural Crops Research Station, Clinton, NC 2017. Each line represents a weed species and density, with 

p-values resulting from the Mann-Whitney U test, plotted as a continuous variable at each wavelength where p Ò 0.2. SP= sweetpotato 

óCovingtonô (Ipomoea batatas L. Lam.), LC= large crabgrass [Digitaria sanguinalis (L.) Scop], WF= weed-free. 
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Figure 3.43. Spectral reflectance of weed-free plots compared with large crabgrass at 16 plants m-2 in sweetpotato grouped by weeks 

after planting (WAP), Horticultural Crops Research Station, Clinton, NC 2016. Each line represents a weed species and density, with 

p-values resulting from the Mann-Whitney U test, plotted as a continuous variable at each wavelength where p Ò 0.2. SP= sweetpotato 

óCovingtonô (Ipomoea batatas L. Lam.), LC= large crabgrass [Digitaria sanguinalis (L.) Scop], WF= weed-free. 
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Figure 3.44. Spectral reflectance of weed-free plots compared with large crabgrass at 16 plants m-2 in sweetpotato grouped by weeks 

after planting (WAP), Horticultural Crops Research Station, Clinton, NC 2017. Each line represents a weed species and density, with 

p-values resulting from the Mann-Whitney U test, plotted as a continuous variable at each wavelength where p Ò 0.2. SP= sweetpotato 

óCovingtonô (Ipomoea batatas L. Lam.), PA= Palmer amaranth (Amaranthus palmeri S. Wats.), LC= large crabgrass [Digitaria 

sanguinalis (L.) Scop]. 
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Figure 3.45. Spectral reflectance of large crabgrass at 1 plant m-2 compared with large crabgrass at 16 plants m-2 in sweetpotato 

grouped by weeks after planting (WAP), Horticultural Crops Research Station, Clinton, NC 2016. Each line represents a weed species 

and density, with p-values resulting from the Mann-Whitney U test, plotted as a continuous variable at each SP= sweetpotato 

óCovingtonô (Ipomoea batatas L. Lam.), LC= large crabgrass [Digitaria sanguinalis (L.) Scop]. 
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Figure 3.46. Spectral reflectance of large crabgrass at 1 plant m-2 compared with large crabgrass at 16 plants m-2 in sweetpotato 

grouped by weeks after planting (WAP), Horticultural Crops Research Station, Clinton, NC 2017. Each line represents a weed species 

and density, with p-values resulting from the Mann-Whitney U test, plotted as a continuous variable at each wavelength where p Ò 0.2. 

SP= sweetpotato óCovingtonô (Ipomoea batatas L. Lam.), LC= large crabgrass [Digitaria sanguinalis (L.) Scop]. 
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Figure 3.47. Spectral reflectance of large crabgrass at 2 plants m-2 compared with large crabgrass at 4 plants m-2 in sweetpotato 

grouped by weeks after planting (WAP), Horticultural Crops Research Station, Clinton, NC 2016. Each line represents a weed species 

and density, with p-values resulting from the Mann-Whitney U test, plotted as a continuous variable at each wavelength where p Ò 0.2. 

SP= sweetpotato óCovingtonô (Ipomoea batatas L. Lam.), LC= large crabgrass [Digitaria sanguinalis (L.) Scop]. 
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Figure 3.48. Spectral reflectance of large crabgrass at 2 plants m-2 compared with large crabgrass at 4 plants m-2 in sweetpotato 

grouped by weeks after planting (WAP), Horticultural Crops Research Station, Clinton, NC 2017. Each line represents a weed species 

and density, with p-values resulting from the Mann-Whitney U test, plotted as a continuous variable at each wavelength where p Ò 0.2. 

SP= sweetpotato óCovingtonô (Ipomoea batatas L. Lam.), LC= large crabgrass [Digitaria sanguinalis (L.) Scop]. 
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Figure 3.49. Spectral reflectance of weed-free plots compared with Palmer amaranth at 1 plant m-2 in sweetpotato grouped by weeks 

after planting (WAP), Horticultural Crops Research Station, Clinton, NC 2016. Each line represents a weed species and density, with 

p-values resulting from the Mann-Whitney U test, plotted as a continuous variable at each wavelength where p Ò 0.2. SP= sweetpotato 

óCovingtonô (Ipomoea batatas L. Lam.), PA= Palmer amaranth (Amaranthus palmeri S. Wats), WF= weed-free. 
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Figure 3.50. Spectral reflectance of weed-free plots compared with Palmer amaranth at 1 plant m-2 in sweetpotato grouped by weeks 

after planting (WAP), Horticultural Crops Research Station, Clinton, NC 2017.Each line represents a weed species and density, with 

p-values resulting from the Mann-Whitney U test, plotted as a continuous variable at each wavelength where p Ò 0.2. SP= sweetpotato 

óCovingtonô (Ipomoea batatas L. Lam.), PA= Palmer amaranth (Amaranthus palmeri S. Wats), WF= weed-free. 
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Figure 3.51. Spectral reflectance of weed-free plots compared with Palmer amaranth at 8 plants m-2 in sweetpotato grouped by weeks 

after planting (WAP), Horticultural Crops Research Station, Clinton, NC 2016. Each line represents a weed species and density, with 

p-values resulting from the Mann-Whitney U test, plotted as a continuous variable at each wavelength where p Ò 0.2. SP= sweetpotato 

óCovingtonô (Ipomoea batatas L. Lam.), PA= Palmer amaranth (Amaranthus palmeri S. Wats), WF= weed-free. 
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Figure 3.52. Spectral reflectance of weed-free plots compared with Palmer amaranth at 8 plants m-2 in sweetpotato grouped by weeks 

after planting (WAP), Horticultural Crops Research Station, Clinton, NC 2017. Each line represents a weed species and density, with 

p-values resulting from the Mann-Whitney U test, plotted as a continuous variable at each wavelength where p Ò 0.2. SP= sweetpotato 

óCovingtonô (Ipomoea batatas L. Lam.), PA= Palmer amaranth (Amaranthus palmeri S. Wats), WF= weed-free. 
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Figure 3.53. Spectral reflectance of Palmer amaranth at 1 plant m-2 compared with Palmer amaranth at 8 plants m-2 in sweetpotato 

grouped by weeks after planting (WAP), Horticultural Crops Research Station, Clinton, NC 2016. Each line represents a weed species 

and density, with p-values resulting from the Mann-Whitney U test, plotted as a continuous variable at each wavelength where p Ò 0.2. 

SP= sweetpotato óCovingtonô (Ipomoea batatas L. Lam.), PA= Palmer amaranth (Amaranthus palmeri S. Wats). 
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Figure 3.54. Spectral reflectance of Palmer amaranth at 1 plant m-2 compared with Palmer amaranth at 8 plants m-2 in sweetpotato 

grouped by weeks after planting (WAP), Horticultural Crops Research Station, Clinton, NC 2017. Each line represents a weed species 

and density, with p-values resulting from the Mann-Whitney U test, plotted as a continuous variable at each wavelength where p Ò 0.2. 

SP= sweetpotato óCovingtonô (Ipomoea batatas L. Lam.), PA= Palmer amaranth (Amaranthus palmeri S. Wats). 
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Figure 3.55. Spectral reflectance of Palmer amaranth at 2 plants m-2 compared with Palmer amaranth at 4 plants m-2 in sweetpotato 

grouped by weeks after planting (WAP), Horticultural Crops Research Station, Clinton, NC 2016. Each line represents a weed species 

and density, with p-values resulting from the Mann-Whitney U test, plotted as a continuous variable at each wavelength where p Ò 0.2. 

SP= sweetpotato óCovingtonô (Ipomoea batatas L. Lam.), PA= Palmer amaranth (Amaranthus palmeri S. Wats). 
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Figure 3.56. Spectral reflectance of Palmer amaranth at 2 plants m-2 compared with Palmer amaranth at 4 plants m-2 in sweetpotato 

grouped by weeks after planting (WAP), Horticultural Crops Research Station, Clinton, NC 2017. Each line represents a weed species 

and density, with p-values resulting from the Mann-Whitney U test, plotted as a continuous variable at each wavelength where p Ò 0.2. 

SP= sweetpotato óCovingtonô (Ipomoea batatas L. Lam.), PA= Palmer amaranth (Amaranthus palmeri S. Wats). 
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Figure 3.57. Spectral reflectance of bare ground plots compared with large crabgrass at 1 plant m-2 without soybean grouped by weeks 

after planting (WAP), Horticultural Crops Research Station, Clinton, NC 2016. Each line represents a weed species and density, with 

p-values resulting from the Mann-Whitney U test, plotted as a continuous variable at each wavelength where p Ò 0.2. SB = soybean 

óAG6536ô [Glycine max (L.) Merr.], LC = large crabgrass [Digitaria sanguinalis (L.) Scop], BG= bare ground. 
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Figure 3.58. Spectral reflectance of bare ground plots compared with large crabgrass at 1 plant m-2 without soybean grouped by weeks 

after planting (WAP), Horticultural Crops Research Station, Clinton, NC 2017. Each line represents a weed species and density, with 

p-values resulting from the Mann-Whitney U test, plotted as a continuous variable at each wavelength where p Ò 0.2. SB = soybean 

óAG6536ô [Glycine max (L.) Merr.], LC = large crabgrass [Digitaria sanguinalis (L.) Scop], BG= bare ground. 
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Figure 3.59. Spectral reflectance of bare ground plots compared with large crabgrass at 16 plants m-2 without soybean grouped by 

weeks after planting (WAP), Horticultural Crops Research Station, Clinton, NC 2016. Each line represents a weed species and 

density, with p-values resulting from the Mann-Whitney U test, plotted as a continuous variable at each wavelength where p Ò 0.2. SB 

= soybean óAG6536ô [Glycine max (L.) Merr.], LC = large crabgrass [Digitaria sanguinalis (L.) Scop], BG= bare ground. 
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Figure 3.60. Spectral reflectance of bare ground plots compared with large crabgrass at 16 plants m-2 without soybean grouped by 

weeks after planting (WAP), Horticultural Crops Research Station, Clinton, NC 2017. Each line represents a weed species and 

density, with p-values resulting from the Mann-Whitney U test, plotted as a continuous variable at each wavelength where p Ò 0.2. SB 

= soybean óAG6536ô [Glycine max (L.) Merr.], LC = large crabgrass [Digitaria sanguinalis (L.) Scop], BG= bare ground. 
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Figure 3.61. Spectral reflectance of large crabgrass at 1 plant m-2 compared with large crabgrass at 16 plants m-2 without soybean 

grouped by weeks after planting (WAP), Horticultural Crops Research Station, Clinton, NC 2016. Each line represents a weed species 

and density, with p-values resulting from the Mann-Whitney U test, plotted as a continuous variable at each wavelength where p Ò 0.2. 

SB = soybean óAG6536ô [Glycine max (L.) Merr.], LC = large crabgrass [Digitaria sanguinalis (L.) Scop]. 
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Figure 3.62. Spectral reflectance of large crabgrass at 1 plant m-2 compared with large crabgrass at 16 plants m-2 without soybean 

grouped by weeks after planting (WAP), Horticultural Crops Research Station, Clinton, NC 2017. Each line represents a weed species 

and density, with p-values resulting from the Mann-Whitney U test, plotted as a continuous variable at each wavelength where p Ò 0.2. 

SB = soybean óAG6536ô [Glycine max (L.) Merr.], LC = large crabgrass [Digitaria sanguinalis (L.) Scop]. 
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Figure 3.63. Spectral reflectance of large crabgrass at 2 plants m-2 compared with large crabgrass at 4 plants m-2 without soybean 

grouped by weeks after planting (WAP), Horticultural Crops Research Station, Clinton, NC 2016. Each line represents a weed species 

and density, with p-values resulting from the Mann-Whitney U test, plotted as a continuous variable at each wavelength where p Ò 0.2. 

SB = soybean óAG6536ô [Glycine max (L.) Merr.], LC = large crabgrass [Digitaria sanguinalis (L.) Scop]. 

 

  



 

158 

 
Figure 3.64. Spectral reflectance of large crabgrass at 2 plants m-2 compared with large crabgrass at 4 plants m-2 without soybean 

grouped by weeks after planting (WAP), Horticultural Crops Research Station, Clinton, NC 2017. Each line represents a weed species 

and density, with p-values resulting from the Mann-Whitney U test, plotted as a continuous variable at each wavelength where p Ò 0.2. 

SB = soybean óAG6536ô [Glycine max (L.) Merr.], LC = large crabgrass [Digitaria sanguinalis (L.) Scop]. 
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Figure 3.65. Spectral reflectance of bare ground plots compared with Palmer amaranth at 1 plant m-2 without soybean grouped by 

weeks after planting (WAP), Horticultural Crops Research Station, Clinton, NC 2016. Each line represents a weed species and 

density, with p-values resulting from the Mann-Whitney U test, plotted as a continuous variable at each wavelength where p Ò 0.2. SB 

= soybean óAG6536ô [Glycine max (L.) Merr.], PA = Palmer amaranth (Amaranthus palmeri S. Wats.), BG= bare ground. 

  




