ABSTRACT

BASINGER, NICHOLAS TUSCHAK. Interference an@pectralChanges oPalmer
Amaranth(Amaranthugpalmei S. Wats) andLarge GabgrasgDigitaria sanguinalis(L.)
Scop.] Bensity inSweetpotatandSoybeamandUse ofSpectroscopy fobiscriminationof
Crop andWeedSpecies- (Under the direction dDr. Katherine M. Jennings

Field studies were conducted in 2016 and 2017 in Clinton, Niétermine the effect
of interspecific and intraspecific weed competitarPalmer amaranttAgmaranthugpalmeri
S.Wats) and large crabgrasBigitaria sanguinalis(L.) Scop] densitiesn soybean
0 AG6 5aRd6 € o v i svegeetmotatoPalmer amaranth and large crabgrass were
established at densities of 0, 1, 2, 4, 8 and 0, 1, 2, 4, and 16mfgmespectively. Wed
densities were established in the presence and absesmehotromnd maintained season
long. For sweetpdtato, arectangular hyperbola model was applied to marketable.yield
Predictedmarketableyield loss for sweetpotato ranged from 35% to 76% faqydarabgrass
at 1 to 16 plants Mirow, and 50% t&79% for Palmer amaranth at 1 to 8 plant$row when
compared to the weeftee sweetpotatoFor soybean, nedicted yield loss with Palmer
amaranth ranged from 14% to 38% for densities 1 to 8 plaftsith a maximum vyield loss
estimate of 49%. Similarly, predictémbsfor soybean growwith large crabgrass was 9% to
38% for densities 1 to 1®2with a maximum yield loss estimate of 50Results indicate
that Palmer amaranth is more competitive thagel@rabgrass at lower densities, but that
significant yield loss can occur when high densities of either weed are present.

Remote sensing experiments weonductedn the aforementioned field stigs
Field spectroscopgtata were collected over variousgmological time points in each year.
Weed species differentiation occurred at more spectral bands in sweetpotato than in soybean

for both yearslue to increaskweed biomass anmeéducedcrop canopywhen compared to

soybeanWeeds species were differeftia from one another at 1 plant’ras 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 occurre8 later 4
WAP for each species. Differgation of weed densities only occurred betweenxbed
free orlowestdensity(1 plant m?) of each weed speciesid highest densitig8 plants Tt
for Palmer amaranth and 16 plantgfor large crabgrassifferentiation between species
and density \Wwre not consistent across cropping system, phenatoggasonThe findings
of this study suggest that crop and phenological changes in season and between seasons play
key rolesin the ability to detect weed presence apdctra at whickweedspecies andensity
can be differentiated

An additional remote sensing study was conducted in 2016 and@@%gess the
capability of using hyperspectral remote sensing to differentiate between four crops
cucumber(Cucumis melp peanut Arachishypogeal . i6l BesoybeanElycine max
(L.) Merr. A G 6 5 ]3sBvéetpotatg§lpomoea batatak . L am. §,@QmdYournvgetlso n 6
Palmer amaranttiAfnaranthus palmeis. Wats) common ragweedAmbrosiaartimisiifolia
L.), yellow nutsedg€Cyperus esculentus), andlarge crabgrasdjigitaria sanguinalis(L.)
Scop.]. Spectra were collected at various phenologicatpongs from upper and lower
leavesusing a leaf cligand from nadifor canopy reflectancesing a handheld fiberoptic
Differentiation between speciesagred at the leaf level at 2 weeks after planting (WAP)
through the end of the study both ye&iswer leaf spectral differences were greatest in 2017
in NIR spectra with high reflectance values for Palmer amaranth, peanut, cucumber, soybean,
and sweetpatto. The ability for the translation of species differentiability from leaf level

spectra to canopy level spectra is not consistent. 8hdts from this study indicate that



differentiation of plant species is a result of not only plant biochemistrydasated byleaf

level measurementsut also influenced by plant phenological and morphological traits.
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Field studies wereonductediuring2016 and 201 North Carolina neaClintonto determine

the influence of densitieseed density on weed biomass and soybean biomass and yield. Two
weed species were considerBd/mer amaranttA(naranthus palmers. Wats) and large
crabgrassigitaria sanguinalis(L.) Scop]. Density treatmentsonisisted of 0, 1, 2, 4, 8fifor
Palmer amaranth and 0, 1, 2, 4, 18 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 avb-parameter rectangular hyperbola model. Predicted yield loss for
soybean grown with Palmer amaranth ranged from 14% to 38% for densities 1 to 8 flants m
with a maximum vyield loss estimate of 49%. Similarly, preditdsdfor soybean grown with

large e¢abgrass was 9% to 38% for densities 1 tonFavith 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 densitwéhef weed are present.
Soybean biomass was not affected by weed density. Weed biomassstit to linear

regression model for Palmer amaranth and large crabgnasswith and without soybean.



Weed biomass rincreased with increasing weed densitg avas higher for Palmer amaranth

and large crabgrass densities when not grown with soybewvidual weedbiomass for large
crabgrass grown without soybean was greatest at the lowest density compared to all densities of
large crabgrass grown with soylbetndividual weed biomass was higher for all densities of

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

Nomenclature: Palmer AmaranthAmaranthus palmets. Wats.; large crabgrad3igitaria
sanguinalis(L.) Scop.;Glycinemax(L) Merr.

Key words: Competition, crop biomass, weed biomass, weed density, yield loss.



Understanding weedrop interactiongareimperative to optimize weed management
strategies across cropping systems. Understanding these interactions prafidesfasmation
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 interventismecessary to minimize crop loss (Coble and
Mortensen 1992). With increasing documented cases of evolved resistance of weeds to herbicide
understanding weedrop interactions can further inform weed management approaches to
maximize crop Yyields. Most plibhed studies of weed and crop competition are for soybean, far
exceeding studies of the same type for other crops (Zimdahl 2004). Thblerimarizes several
of these key studies.

Palmer amaranth and large crabgrass are consistently rartkedap 10 most
troublesome and common weeds, respectip@lgbster 2018 Palmer amaranth has become
increasinty troublesome across the Southeast,-sbdth and MidWestUnited States
(Bagavathiannan and Norsworthy 2016; Datigl.2015; Kohrtet al.2017; Wéster 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 (Hed).Z®dlmer amaranth is considered
most aggressive having the highest growth rate, bismesumulation, and total leaf area when
compared to othekmaranthuspecies Amaranthusudis, Amaranthugetorflexus and
Amaranthusalbug (Horak and Loughlin 2000). Palmer amaranth can significantly reduce yield
in corn, peanut, cotton, sorghum ancestpotato (Massinget al.2001; Burkeet al.2007;
Morganet al.2001; Mooreet al.2004; Meyerst 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 repductive capacity (Bensatt al.2003).Several studies have evaluated the



impact of Palmer amaranth interference in soybean (Beztsdl?003; Klingman and Oliver
1994; Songet al.2017) However only limited information is available on natural intrasibie
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). Althouglbigitaria species haveeatlined 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 (Bleap 201
Hidayat and Preston 199Zaforestet al.2017; Volenberg and Stoltenberg 200&ditionally,
resistant biotypes of large crabgrass do not show reduced fithess when compared with
susceptible biotypes, indicating that resistant biotypes can still compete readily with crops
(Weidelholt 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, watermeloh peppée
respectively (Fu and Ashley 2006; Monks and Schultheis 1998; Aguyoh and Masiunas 2003).
Large crabgrass, as part of a grassy weed complex including giant fSetaiftiafaberi Herrm.)
andbarnyardgrasg=chinochloa cruggalli (L.) Beauv], could reduce corn{ea maizd..) yields
16% when allowed to grow taller than 23 cm. Although theedhas been studied in several
cropping systems, no study has focusethemnterspecificor intraspecific interference of large
crabgrass in soybean.

Despitea largeamount ofresearcttonductecn weed interference in soybedme
intraspecificcompetition of Palmer amarandinlarge crabgrass, and interference of large

crabgrass in soybeanvenot yetbeen quantifiedh soybean Yet, Palmer amaranth andde



crabgrass are pervasive in soybean and understanding thempezhd weedveed interactions
in this system would provide useful insight to make weed management deci$ierefore, the
objectives of this study are to determine the impact of intc#gpand interspecifienterference

of Palmer amaranth and large crabgrass at five densitszs/bean.

Materials and Methods

Field studies were conducted in 2016 and 2017 in conventiegraiyn soybean (Stowe
et al. 2018) at the Horticultural Cropg$tarch 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 presnce or absence, weed species, and weed density. Additionally, each replicate
contained a weeftee 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-meedheck were established and
weeds removely 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 soybsarereremoved by handpon emergence, allowing the weeds
at prescribed treatment densities to persist.

Soybeans and weeds were planted in a Norfolk loamy sexed¢amy, kaolinitic,
thermic Typic Kandiudulfswith humic matter 0.31% and soil pH 5.9 in 2016, and an

Orangebuy loamy sand (findoamy, kaolinitic, thermic Typic Kandiudults) with humic matter



0.47% and soil pH 5.9 in 2017.gkeplantfertilizer (N, P, K) of 80-168 kg ha was applied on
June 72016 and June 6, 2017. Plot size was 1 m wide and contained 45owkyng Soybean
0AG653606 (Monsanto Company, St. Loui s, MO) wa
hat using a fourow vacuum planter. Seeds were spaced at 10 cm wihiand 30 cm
between rowsOne dafter planting, Palmer amaranth and lacgebgrass 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 @0d3arge crabgrass seeds were
purchased from Azlin Seed Service (IAzSeed 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 201{Table 12). Palmer amaranth and large crabgrass seedlings were thinned to
densities of 1, 2, 4, 8 and 1, 2, 4, and 16 plantsraspectively, using n¥ quadrat to ensure
proper spatial densities.

When soybean reached the R6 growth stage, 5 soybeats phd 5 plants from either
weed species were harvested from each plot to determine crop and weed litanéssvere
cut into small pieces and placed in-plg paper bag measuring 40 by 30 by 89 cm, at which
time bags were weighed to record plantlired. 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 (individuatdsatjyided by
the number of plats harvested (5) to determiaeerageresh and dry wplant? and then
multiplied bythe numberof soybean plants ¥or weed density rAto determine crop and weed

biomass .



Soybean was harvested at full maturity (R8 growth stage) in each yeas. Wéaiatcut
using a handheld hedge trimmer (HL 100 K, Stihl USXjrginia Beach, VA) placed inarge2-
ply paper bags as previously described, and transported to the Cherry Research Farm, Goldsboro,
NC for threshingPlants from each plot were threshethgsa small plot soybean thresheryB
Swanson Agricultural Research Equipment, Seymour, IL) and placed in a seed cleaner to remove
any remaining plant material. Clean seextkthen weighed to determine soybean yield for each
plot. Yield loss was calculatl as a percent of the wefede control for each replication.

For dry biomass wt for crop and weednndividual weed biomass, and soybean yield,
prior to statistical analysis, homogeneity of variance was tested by plotting redizhtalsvere
subjeced 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 tolitesaféorendsvere
used if the interaction of treatment and year was not significant and means could be averaged
over yearsWhen the year and treatment interaction was significant, response variables were
analyzed by year. Weed biomas¥,rindividual weed biomass, and yield were log transformed
for analysisLog-transformediata for weed biomass#individual weed wt, and crop biomass
was subjected to ANOVA using the MIXED procedure in SAS 9.4. Year by weed by density
interactionswverenot significant and therefore means calculated over ydassintraspecifc
weed competition, @ed biomass pen? and ndividualweed biomass response interactions for
weed density and year were not significant and data veenbioed over yearsndividual weed
biomasgesponse did not fit linear, quadratic or higher order regression modeisaand
compared using differences of least squared means (T&pl&dr.interspecificcompetition,

interactions for weed density and year were not significant for individual bhieenass response



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 amaranthreldre, individual weed biomass was
compared using difference$ leastsquare means, comparing individual weed biomass at each
density for weeds grown with and without soybean for both weed species (T3ble 1.

Weed species response in the presencealbsence of the soybean crop for weed

biomass it was fit to a linear regression model with the equation:

Y =y + bx [1.1]

WhereY is the estimated biomassZyois they-interceptfor the regression linendb is
the slope for the predicted values of weasmass 11f. Individual weeddry biomass responses to
weed density with and without a soybean crop were compared using differences of least squared
means.

Soybean yield reductions wemdeledas a percent reduction in yield as compared to

weedfree yieldusing a rectangular hyperbola function (Cousins 1985):
Yr= (ID)/[1+(ID/A)] [1.2]

Descriptions of each variable are as follo¥sis the reduction in yield as a function of weed
density,l is the yield loss associated per weed as weed density approachesigehe,

asymptote of yield loss as weed density approaches infinitpasdhe weed densityields

from weedfree plots were used as 100% vyield or zero percent yield loss, from which yield loss
estimates were calculated. PROC NLIN in SAS 9.4 was wseltain yield loss estimates as a

percent yield loss, using the rectangular hyperbola model.



Results and Discussion
Intraspecific Interference. Interactions of weed density by year were not significant, therefore
weed biomass rhresponse to weed densit® was averaged across years for large crabgrass
and Palmer amaranth. Palmer amaranth and large crabgrass biofrgrssvmwithout soybean
increased with increased weed density according to ANOVA (p<0.05) for a linear regression
model Eigure 11, Figure 12).

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 incre@geasing individual dry
biomass plant of weeds with increasing density has been observed by others @uake
2007).Figure 1.1 and Figure 1.2 attempt to estimate the density at which intraspecific
competition occurs as measured by individual waethass. Decreaseddividual 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 stuggrop biomass miwas unaffected bydmer
amaranth and large crabgrass dengita not shown)Crop biomass reductigmue to weed
competition have been documented by previous research as a response to increased weed
competition (Monks and Oliver 1988; Gre&racewiczet al.2012; Norswotty et al.2008;
Klingman and Oliver 1994).&beansn this studywere planted at a high density, aliogthe
crop to readily compete with wee®oybearbiomass may respond differently when planted in
wider rowswhich can influencsoybearplant heightor leaf area indewhich are contributors

to crop biomassHowe and Oliver 198McWhorter and Sciumbato 1988

10



Palmer amaranth and large crabgrass biom&sseneased linearly with increasing weed
density.Weed biomass rhresponse to weed density didtmave year by treatment interactions
andwasable to be combined over yeararge crabgrass biomass?was affected by weed
density according to ANOVA at p<0.05 when data was fit to linegression (Figure 1.1).
However,Palmer amaranth biomass?mgrown with soybean increased with increased density
but ANOVA was p<0.1 for a linear regressimodel (Figure 1.2)Weed biomass rfwas lowest
for both weed species when grown with soybean indicating that soybean does compete and
reduce weed biomassarincreases of Palmer amaranth bioma%swith increasing density in
soybean has been reported by others (Klingman and Oliver 1B@®ased weed biomass’m
is due to increasing weed density, not due to increased individual weed biomass @able 1.

For large crabgrass, individual plant biomass remained constant whenntedgpecific
competition of soybean. However, individual weed biomass was higher at the two lower
densities for large crabgrass grown without soybean than compared to large crgiogvass
with soybeanTable 13). Individual biomass was not different at the two highest densities,
indicating that the reduction in biomass was due to interspecific competition at lower weed
densitiesAt higher densities, the reduction in individuabimass is likely due to the intraspecific
competition.Individual plant biomass for Palmer amaranth was higher for all densities when
grown without soyban (intraspecific competitionsreater biomass for Palmer amaranth grown
without soybean relative to wh grown withsoybearindicates 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 mpiénts
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Soybean Yield Yield responses tthe densityof 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 madaigCo
1985) for large crabgrass (Figure 1.3) and Palmer amaranth (Figure 1.4). In the present study,
higherl parameters for Palmer amaranth when compared to large crabgrass indicate that Palmer
amaranth is more competitive than large crabgrass at lowsitids Thd parameter for yield

loss as weed density approaches zero for large crabgrass and Palmer amaranth was calculated as
9% and 20% respectivelyparameters estimates averaged 33% for snap bean and 40% for bell
pepperl parameters for large crgtass in the present studserelower than those seen in snap

bean and bell pepper, indicatihgghercompetitive capacity of soybean than these crops. Lower

| values indicated that large crabgrass is less competitive with soybeans than Palmer amaranth.
Pdmer 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).
parameters for Palmer amaramtbrereported as 11.8 to 104.6%snybeans (Bensch 2003),

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

regression model, estimating the maximum estimated yieldatasgdingo the rectangular

hyperbola model, was 50% and 49% for large crabgrak®almer amaranth respectively.

Predicted values fok 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)argecrabgass interference estimates for paramateave been

reported as 62% in snap bean (Aguyoh and Masiunas 2003), diid9d.for bell pepper (Fu

and Asheley 2006 Although| parameters indicate that Palmer amaranth is more competitive

than large crabgrass lawer densities, similar yield reductions did occur at 8 and 16 plaats m
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for Palmer amaranth and large crabgrass respectively. Yield reductions estimated at 50% and
49% for large crabgrass and Palmer amaranth respectively, indicate that manageneset of t
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 lgsrto light the competitive nature of large
crabgrass, which can be controlled with PQ®ibicidesout could be overlooked witine
integrationof new soybean seed technologies resistant to dicamba which is ineffective in
controlling grasses such as lagabgrass.

Decision supporsystems such as WebHAS and Pocket HERBhave been developed
to determine thresholds for weeds and agg@iersin making management decisiafiennet
et al. 2003)As means of comparison weed densities in the presentster@ entered into the
WebHADSS system to estimate soybean yield |&%8.Palmer amaranth, yield loss estimates
from WebHADSS were 33 and 70% for 1 and 8 plants. Mhese estimates were higher than
thoseobservedn the study (1438%).Results from thistudy suggest that large crabgrass may
be more competitivehan the data used in this systehar large crabgrass, WebHABSield
loss estimates were 1 and 16% for 1 and 16 plarte/inich were lower than predicted losses
from this study (8B8%).0One ofthe issues with the WebHAES system is that it does not allow
for input of soybean stand densignd row spacing. Furthermore, these systems need additional
updates to reflect current creprietiesand more recent researdthe planting density in this
study could have contributed to greater competition for light and other resources with Palmer
amaranth than is assumed by the Webts8Bystem. Additionally, the underestimation of yield
loss due to large crabgrasserferencenay be due to lack of specifig of Digitaria species in

the WebHALSS system.
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Results from this study provide estimations for the effect of sdasgnnterference of
large crabgrass and Palmer amaranth on soybean, and the impact of intraspecific and
interspecific interference of éise weds in soybeanWeeds were established at planting
simulating season long interference and maxenmizaspecific weed competitio®oybean was
able to reduce weed biomass at lower densities, which has potential to limit weed
competitiveness. Weedmerging later, after soybean emergence, as a result of missed herbicide
application, or poor activation sbil-appliedherbicides, are less competitive than weeds
emerging with the crop (Cowaet al.1998; Dielmaret al.1995; Fu and Ashley 2006; Hoek
al. 2006). Furthermore, resistant Palmer amaranth or large crabgrass biotypes that escape
herbicide application, show only moderate reductions (Chetradi2012) or no reductions in
fithess (Giacominet al.2014;Weiderholtand Stoltenberg 1996) allovgrfor weed competition
resulting in yield reductiong.herefore, 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 (Hoek al.2006;Howe and Oliver 1987Reductionsn large crabgrass
individual biomass at higher densitisrelikely due to intraspecific competition between
crabgrass plants. Palmer amaranth individual biomass was reduced at all densities indicating that
soybean waslde 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 wekbiomassAdditional 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 restiant biotypes over varying management conditions (irrigation, tillage
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systems, and fertilization regimes) would provide insight into additional management strategies

to limit weed competition.
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Table 1.1Yield reductions and effect of weed interference in soyb&ycine max..).

Weed Species Weed Yield Reference
Density Reduction
Americansloughgrass BeckmanniayzigachngSteud.) 100 m? 80% Song et al. 2017
Fernald
Annual sowthistle Sonchus oleracell. 100 m? 81% Song et al. 2017
barnyardgrass Echinochloa crugalli 100 nv? 89% Song et al. 2017
(L.) Beauv.
common cocklebur  XanthiumstrumariumL. 1lper0.3m 30% Rushing and Oliver 1998
row
common Chenopodium alburh. 100 m? 77% Sorg et al. 2017
lambsquarters
common ragweed Ambrosia artemisiifolid.. 100 nm? 88% Song et al. 2017
common sunflower  HelianthusannusL. 3 per n? 47 to 72% Allen et al. 2000
hemp dogbane Apocynum cannabinuin 28t0 40 per 62t094 %  Webster et al. 2000
m-2
jimsonwesd Datura stramoniuni 1.6 mirow 41% Kirkpatrick et al. 1983
johnsongrass Sorghum halepenge.) Pers 3.3mtrow 11% Sims and Oliver 1990
Palmer amaranth Amaranthus palmei$. Watts. 8 mitrow 79% Bensch et al. 2003
pitted morningglory  Ipomoeaacunosal. 6.2perm? 81% Norsworthy and Oliver 2002
redroot pigweed AmaranthugetroflexusL. 8 nttrow 38% Bensch et al. 2003
sicklepod Senna obtusifoligl.) H.S. Irwin & 3.3 m! row 29% Sims and Oliver 1990
Barneby
tall waterhemp Amaranthugubercdatus (Moq.) 8 nttrow 56% Bensch et al. 2003
Sauer.
velvetleaf Abutilon theophrastMedik. 60 2 53% Weaver 1991
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Table 12 Monthly rainfall (mm) and growing degree day (bas€Q)pat
Horticultural Crops Research Station, Clinton, NC from Ma8&ptember

2016 and 2017. Data collected framon-site weather station.

Rainfall GDD
Month 2016 2017 2016 2017
mm Cc
May 135.9 142.2 330 357
June 92.7 149.9 473 437
July 154.7 86.4 569 527
August 107.2 124.5 533 493
September 287.0 131.8 437 393
Total 777.5 634.8 2347 2207
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Table 13. Mean individual weed biomass (kg) averaged over 20
and 2017, followed bthe standarcerror in parenthesis, for large
crabgrass and Palmer amaranth at four densities, growa in th

presence and absence of soyb:

Crops Research Station, Clinton, NC.

Density Crop No crop p-valué
(m?)
large crabgrass kgP
1 0.06 (0.03) a 0.36(0.24) ab <0.0001
2 0.08 (0.04) a 0.17(0.09) a 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 amarantt

0.15(0.08) a 0.57(0.37) a 0.0045

0.16 (0.16) a 0.37(0.17) a 0.0096

1
2

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

dp-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

(U=0.05) according to Tukeyod.
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Figure 11. Largecrabgass dry biomass (kg) fras a function of increasing large crabgrass
density m?. Large crabgrass was grown with soybean
Horticultural Crops Research Station near Clinton, NC in 2016 and R&Bn values for 2016
and 2.7 for dry biomass rAwith and without soybean were fit to a linear model (equation:
y=Yo + bX). The following are the equation parameters for each regression line with the standard
error in parentheses. When grown with soybgar0.0231(0.0252)= 0.0524(0.00302)R*=

0.99. When grown without soybeggr0.272(0.0575)b=0.0573(0.00691)R?>= 0.97.
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Figure 12. Palmeramaranth dry biomass (kgy%as a function of increasing Palmer amaranth

density m?. Pal mer amar anth was griwithauhsoywean dithes oy b e an
Horticultural Crops Research Station near Clinton, NC in 2016 and RBn values for 2016

and 2017 for dry biomassfwith and without soybean were fit to a linear model (equation:

y=Yo + bX). The following are the equation @eneters for each regression line with the standard

error in parentheses. When grown with soybgan0.105(0.0647)h= 0.0512(0.0140)R?>= 0.87.

When grown without soybeap=0.382(0.0101)b=0.0950(0.00219R%= 0.99.
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Figure 13. Soybeard A G 6 5 @16s8 pelicant when compared to wéree yield from large
crabgrassMean soybean yield loss for 2016 and 2017 is plotted as a function of increasing large
crabgrass density Aat the Horticultural Crops Research Station near Clinton, NC. Data were fit
to a rectangular hyperbola model (equatiég (ID)/(1+(1D/A))), Yris the yield reduction due

to weed competition densitlyjs the percent yield loss as a function of weed density as weed
density approaches zeid,is defined by weed density, aAds the percent yield loss as weed
density approaches infinitifhe following are the equation parameters for the rectangular
hyperbola model, followed by the standard error given in parentiesed7(4.75)A= 50.47

(17.34),R%= 0.84.
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Figure 14. Soybeard AG 65356yi el d | oss p efreeyell.Meawyieln ¢ o mp
loss of soybean for 2016 and 2017 is plotted as a function of increasing Palmer amaranth density
mat the Horticultural Crops Research Station near Clinton, NC. Data were fi¢¢taagular

hyperbola model (equatiolk= (ID)/(1+(ID/A))), Yris the yield reduction due to weed

competition densityj, is the percent yield loss as a function of weed density as weed density
approaches zer@ is defined by weed density, aAds the pecent yield loss as weed density

approaches infinityThe following are the equation parameters for the rectangular hyperbola

model, followed by the standard error given in parenthéseX).28 (7.19)A= 49.42 (10.40),

R’=0.84.
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CHAPTER 2
Interspecific andintraspecific interference of Palmer amaranth and large crabgrassin
sweetpotato

(Formatted for submission to Weed Science)
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Interspecific and intraspecific interference of Palmer amaranth and large crabgrassin
sweetpotato
Nicholas T. Basinger, Kherine M. Jennings, David W. Monk3avid L. JordanWesley J.

Evermangrin L. Hestir, Matthew D. Waldschmidt, Stephen C. Smith, and Cavell Brownie

* First, second, third, seventh and eighth authors: Graduate Student, Associate Professor, Professtir, TRebniciargnd Graduate Student,
Department of Horticultural Science, North Carolina State University, Raleigh, NC 27695; Fourth AssistentProfessor,
Department of Civil and Environmental Engineering, University of California, Merced, MeZée®5343. Fifth and sixth authors:
Department of Crop and Soil Sciences, North Carolina State University, Raleigh, NC Rit@®5author: Emeritu$rofesor,

Department of Statistics, North Carolina State University, Raleigh, NC 2@&®fesponding duh o rnéaik naBasing@ncsu.edu

Field studies were conducted in 2016 and 2017 in Clinton, NC to determine the effect of Palmer
amaranth Amaranthus palmei$s. Wats) and large crabgrasPigitaria sanguinalis(L.) Scop]
densities on 06 @aualityygarketablé yieldwwdcmwp bpmass 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, 12, 4, and 16 plants Arow, respectively. Weed densities were established in the
presence and absence of sweetpotato 1 d after sweetpotato transplanting and maintaired season
long. A rectangular hyperbola model was applied to markeyadddand predictd yield loss for
sweetpotato ranged from 35 to 76% for large crabgrass at 1 to 16 piaatsirB0 to 79% for

Palmer amaranth at 1 to 8 plant€when compared to the weéee plots. Weed biomassim

row increased linearly with increasing weed densitgtividual 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 liaearplateaunodel for large crabgrass

and Palmer amaranth when grow the absencef @ crop,and decreased linearly from 1 to 4
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plants m? row but was not affected from 4 plantsmow to the highest density for Palmer
amaranth and large crabgrass of 8 and 16 plartsespectivelyResults indicatat densities of
1to 2 weedsn?, reductions in individual weed dry wt results framterferenceawith
sweetpotatolnterferencewithin weed species dtplants nfand 8 and 16 plantsfifor Palmer

amaranth and large crabgrassspectively, reduced individual weed dry wt

Nomenclature: Palmer amarantimaranthus palmei$. Wats.; large crabgrad3igitaria

sanguinalis(L.) Scop.; sweetpotatépomoea batatak Lam. o6 Covi ngt onod.

Key words: Competition, crop biomass, weed biomass, weed density, yield loss.

30



A significantincrease in sweetpotafpomoea batatak Lam.) hain the Southeastern
United StategUS) has occurred in the pas¢cadeandhasprovento bea valuable crop with a
national farmgate value of $705.7 million in 2016, up from $298.4 million in 2008DA-
NASS 2017). North Caroling the largest sweetpotato producing stateounting fob4% of
US production(USDA-NASS 2016) North Carolina in conjunction witbther large sweetpotato
producing statemcluding California, Mississippi, and Louisianagcaint for 94% of
sweetpotato production in théS (USDA-NASS 2016)Unfortunately due to its prostrate
growth habit and relatively slow growtsweetpotat@oes notompetewell with many
problematic weeds in the crop, resulting in reduced yields (Meyats2010). Large crabgrass
[Digitaria sanguinalis(L.) Scop] and Palmer amaranfAmaranthus palmei$. Wats) arein
the top five most common weeds in North Carolina sweetpatéto Palmer amaranth being
identified as the number one most troublesoraedvin the crop (Webstet al.2010).Palmer
amaranth has beeaportedo betaller, havefastergrowthrates, greater leaf area, and produce
more overall biomass when compared to ofhrmaranthuspecies(Horak and_oughlin 2000).
Seasorong Palmer antanth interference redudgield in bell pepper Capsicum annujrby
94% (Norsworthyet al.2008),48 to 63% ingrain sorghuniSorghum bicolofL.) Moench]
(Mooreet al.2004),11 to 91% incorn(Zea maizé..) (Massingaet al.2001),17 to 68% in
soybean(Glycine max..) (Klingman and Oliver 199457% in bmato(Solanumnycopersicum
L.) (Garveyet al.2013),36 to 81% insweetpotatgMeyerset al.2010), and8 to 67% inpeanut
(Arachis hypogaed.) (Burkeet al.2007)In the aforementioned studigseld wasreducednost
when Palmer amaranth was at high densities

There are limited herbicide options for use in sweetpotato (Kemble ZBdkyers rely

on PRE herbicides, which do not always provide efficacious weed control and require rainfall
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activation.Postemergence herbicidgptions for control of Palmer amaranthsweetpotat@re
limited to between rovapplication ofcarfentrazoner glyphosate (Kembl2017).The lack of
POSTherbicidedorces growers to utilize tillage for control of weeds until rowstloe at which
time growers have no additional control options other than mowing weeds above thanopyp
and hand weeding, which iscastlycontrol measureKM Jennings, personal communication).

Large crabgrass is commonly found in fruit and vegetalbps (Webstest 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 applicatmrsprayed 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-8oétydarboxylase herbicides,
including thoseegistered for use in sweetpotato, have been reported (He&@pHlGayat and
Preston 1997; Laforest al.2017; Volenberg and Stoltenberg 200&8hen present season long,
large crabgrass reduced yield in bell pepper by 46% (Norswetialy2008), snajpean
(Phaseolus vulgarit.) by 47 to 50% (Aguyoh and Masiunas 2003) and waterm&aruflus
lanatus(Thunb).] by 82% (Monks and Schultheis 1998).

Due to Palmer amaranth and large crabgrass being commonly reported by growers in
sweetpotato, understandithe 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 sweetplotatodyie
guality (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

Fieldstudes wer e conducted in conventionally gr
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 saedgamy, kaolinitic,thermic
Typic Kandiudulty with humic matter 0.31% and pH 5.9. In 2017 the study was established in
an Orangeburg loamy sand (fiteamy, kaolinitic, thermic Typic Kandiudults) with humic
matter 0.47% and pH 5.9 reatments in the studyg both yearsvere arranged in a randomized
complete block design with three replications and consisted of combinations of weed species,
weed densityandcrop presence or absence. To determine crop and weed response to varying
intraspecific weed densities, weeds wereldistiaed either in the presence or absence of
sweetpotato. To facilitaténe establishmenof treatments, sweetpotato was planted in the entire
study.One dafter transplanting, sweetpotato Aaoted cuttings were removed by hand to
establish no sweetpotatreatments. Immediately after removal of sweetpotato from the crop
free plots, Palmer amaranth and large crabgrasswgsethroadcast across the width of the
planted row. After seeding, the entire study was irrigated with a 1.27 cm of water usingadverhe
irrigation to aid in seed germination. Palmer amaranth and large crabgrassandtt@nned to
treatment densities of 0 (weéee check), 1, 2, 4 and 8, and O (w«ext check) 1, 2, 4, and 16
plants n? of row, respectively, when Palmer amaranth efsroximately 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). Daiws were maintained at these densities, and border
rows maintained free of weeds seatmmg by weekly hand remova. Covi ngt ondé cut t i |

a propagation bed were transplanted at amow spacing of approximately 30 cm on June 9,
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2016 and June 12017.At thetime of weed thinning, sweetpotato averaged one to two
expanded leaves on each plaRtots consisted of one row that 5 m long with a wieed border
row between plots with 1.1 m between rov@&ultural practices for conventional sweetpotato
production in North Carolina were followed (Kemble 2017) tredveathemwas appropriate for
sweetpotato production on the site in bothTalfle 21).
Two d prior to sweetpotato harvest, 5 sweetpotato plants and 5 plants of each weed
species were randoynharvested from each plot for aboveground biomBgsnass samples
were placed in-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 dryvavm individual weed
biomass was multiplied by the number of sweetpotato plants or weeds in 1 m of row,
respectively.
Sweetpotatstorage roots were harvested approximately 110 d after transplanting with a
tractormounted twerow chain digger and hand graded ijtea mbo (O 8. 9 c¢cm i n di
4.4 cm but < 8.9 cm), and canner (Ti@b@l. 5 but <

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

Data for crop and weed biomass (individual weed drguvam row), yield and quality
were subjected to ANOVA using the MIXED procedure in S88%$9.4, SAS Instituténc.,
Cary, NC). Treatmenyr, andtreatment byr were viewed as fixed effects, while rep witlyin
was treated asrandomeffect If thetreament byyr interaction was nosignificant, a contrast

statement was used to test for a linear tfendlependent variablgaveraged oveyr)  [2.1]
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with increasing weed density separately for each weed type. Also, if treatmgnntgraction

was na-significant, an estimate statement was used to compareresgansesf dependent
variablesfor the two weed types (averaged oyeanddensitiesoth with and without the

highest density). All response variables, except canner and percent marketable yeettjusaes

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 dataMean percent reduction in sweetpotato marketable yileld to weed density was
calculated for each weed type combined over yr using treatmentisgimgansandmodeled

using asinglerectangular hyperbola functipas described by Cousins (198t each weed

type

whereYris the yield reduction due to weed competition densitythe percent yield loss as a
function of weed density as weed density approachesResajefined by weed density, aAd
is the percent yield loss as weed density approaches infinity. Yield losedodfree plotswas
considered to beerosince marketable yield loss estimates were calculated based on the
marketable yield of theveedfreeplots. SAS PROC NLIN was used to fit the rectangular

hyperbola to means for percent yield reductmmeach wee type.

Effects of weed density on weed biomas$nmow and individual weed dry wt were
subjected to ANOVA using PROC GLMnlog-transformediomass and weed winteractions
betweenyr andcrop vs. no crop, andetween yr aneveed density were not sigigént, therefore

means over ywvereobtained for density and crop vs no crop combinations for each weedftype
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ANOVA indicated significaneffects of weedlensityand crop vs. no crofinear or norlinear

regression analysis was performasifollows.

For each weed type,aed biomass rhand individual weed biomass when in the

presence of a crop were fit to a linear model:

Y =yw+ax [2.2]

WhereY is the estimated biomassiyois they-intercept anda is the slope for the predicted
values ofweedbiomas m. Individual weed biomass in the absence of a cropliiitear-plateau
modelwhichis comprised ofwo functions: the first describing the linear increase or decrease of
weed biomasat lower weed densitieand the second to describe the platgfaveed biomasat

high weed densities as describeSphabenberger and Pierce (2002)

0 OO0 [2.3]

W w0

Where yis they-interceptof the initial segmented ling,is the slope of the line, andis the
weed density at whictine two functiongoin. Y for valuesx less than fit the linear function,
while Y values forx greater than or equal ¥ areconstant. Due tthelimited number of weed
densities established in this stuthelinearplateaumodé provides an informative though
unrealisticapproximaion for individual weed biomass responas density increaseadditional

weed densities in the study would have allowed a m@@ningfulmodel to be fit to the data
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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 Arow for large crabgrass was significant accordmgmNOVA
(p=0.01) for linear regression but was significant at the p=0.07 level for Palmer amaranth, with
biomass 11f increasing with increasing weed density. Biomagsow was higher for Palmer
amaranth and large crabgrass at all densities when growthg absence of sweetpotato (Figure
2.1 and2.2).

Individual weed biomass was greatest for both weeds at the lowest deridiie®r
amaranth and large crabgrass in the absence of the crop was fitlewetrplateaumodel,
where estimates for indiual dry biomass indicategtecreases from 1 to 3 plantsmow for
Palmer amaranth and 1 to 4 plant$ raw for large crabgrasand remained unchanged from 4
plants m? row to the highest density of 8 or 16 plant® row for Palmer amaranth and large
crabgrass, respectivelyhis finding was similar to the trend observed in peanut (Betled.
2007) for Palmer amaranth. The authors believe that the reduction in individual weed biomass wt
for Palmer amaranth and large crabgrass in lower weed densitiad @ plants r) (Figure
2.3, Figure2 4) is a result of increasing intraspecific competitidhthese lower densities,
weeds are not in close proximity to each other and therefore, provide limited interference with
adjacent weedd.heestimated denses 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, Gzirdé003, 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 aoyabs variability
between treatments (data not shown).

Weed density effects on large crabgraigsbiomass m row in sweetpotato were
significant according to ANOVA (p=0.003) for linear regressibime lespons®f dry biomass
m row for large crabgrag&igure 21) was linear, where biomass increased with increasing
density. Likewisetheresponsef Palmer amaranth density whaoropwas present was
significant ata p=0.06level according to ANOVA for linear regressideredicted response of
Palmer araranth dry biomass Awas also linear with, biomass increasing with increasing
density Figure 22) similar to thabbservedn peanut (Burke et al. 200yt unlike soybean
which exhibited a rectangular hyperbolic treBéginger 2018Benschet al.2003).

Individual weed biomass was unaffectedthgdensityof Palmer amaranth and large
crabgrasgrownin the presence of sweetpotédkpgure 2.3, Figure 2.4Minimal differences
between weeds grown with and without a crop at higher densities indiattbeltrop provides
limited competition with the weeds and is contributing minimally to reductions in weed biomass
at higher densitiesndividual weed biomass was lower for all weed densities when grown with
sweetpotato, compared to individual weed bissngrown without sweetpotato, indicating that
sweetpotato does compete with both weedstbabmpetitive ability is low. Including
additional weed densities in future studies may allow for better estimation of individual weed
biomass response and therastion 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 crabgra3able 22). There was no yby treatment interaction for sweetpotato
yield, thereforedata were combined over yr. Analysis of variance indicated that weed density
for both Palmer amaranth and large crabgrass did not affect cannePgilehetr amaranth and
large crabgrass densitie®refit to the rectangular hyperbola model (Cousens 198Bgure2.5,
Figure2.6) andyield loss associated with Palmer amaranth density ranged from 50 to 80% with
a single Palmer plant Arowto eight plants M row when compared to the wefée treament

Large crabgrass showed similar yield reductions to Palmer amaranth but at higher weed
densitiesMarketable yield was reduced by 35% with a single large crabgrassvmand 77%

with 16 large crabgrassfmow. Theinitial yield loss per weed asegd density approaches zero
parametet, for marketable yielin Palmer amaranth and large crabgmaas 119% and 61%
respectivelyThe highell parameter for Palmer amaranth indicates higher competitive capacity
at low densities. This is consistent withother study in sweetpotato (Meyers et al. 2010) but
higher tharl parameters in soybean (Bensch et al. 2003), peanut (Burke et al. 2007), and corn
(Massinga et al. 2001) for Palmer amarahftarameters in the present study indicate that
Palmer amarantleven at low densities can greatly reduce marketable yield. Large crabgrass was
less competitive than Palmer amaranth at lower densitiethdlutalue for large crabgrass in
sweetpotatavashigher than those in snap bean (Aguyoh and Masiunas ZBf}3)arameteA,

the asymptotef the regression model estimating theximum yield losslue toweeddensity
wasestimated at 87 % fd?almer amaranth ar@8% forlarge crabgrasdeyers et al. (2010)
estimated maximum marketable yield losses of 90% at Pamaranth densities of 6.5 plants

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

amaranth with sweetpotatd@.o reduce interference of Palmer amaranth and large crabgrass,
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growers should use a combination tifaacious PRE herbicides as outlined by Meyatral.

(2013), in combination with tillage, hand removal, and mow#ithough POST herbicides for
Palmer amaranth are limited, POST herbicide options for selective grass control in sweetpotato
are availabléKemble 2017) and should be utilized to minimize yield loss. Growers should not
dismiss the impact adither weed as a single plafibf Palmer amaranth artarge crabgrass

reduced marketable yields B9% and35%respectively.

This study demonstratelsat 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 bioth&sdemonstrates that a
sweetpotat@anopy 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 criticafreegubriods forttese
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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Table2.1. Monthly rainfall (mm) and growing degree day (ba8¢eC) at
Horticultural Crops Research Station, Clinton, NC from May to Septembe

2016 and 2017. Data collected fram-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 bweed density of large crabgrag3iditaria sanguinalis(L.) Scop.] and

Palmer amaranttAgnaranthus palmes .

gradeat Horticultural Crops Research Station, Clinton, NC averaged over 2016 and :

Wat s)

on

6Covirhgt ol

Weed densitym?) Sweetpotatyield®
Jumbo No. 1 Canner Total
kg Tha

0 Weedfree 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 crabass 3,888 b 17,888 bc 4,938 ab 26,714 bc
4 large crabgrass 1,861 b 14535 bcde 3,810 b 20,206 cde
16 large crabgrass 1,077 b 9,766 de 4,900 ab 15,745 de
1 Palmer amarantt 4,881 b 15,729 bcd 6,000 a 26,611 bc
2 Palmer amarantl 3,901 b 13,912 cde 5599 ab 23,412  bcd
4 Palmer amarantr 1,704 b 9,882 de 5781 ab 17,368 cde
8 Palmer amarantr 0 b 8,074 e 4,803 ab 12,878 e
PDifferentl et t er s within a col umn r e @mcoedngton t

Tukeyds HSD

signi f
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Figure 21. Dry biomass (kg) m as a function of increasing large crabgrass densttinrthe

presence orabsenoef conventionally grown sweetpotato
Research Station near Clinton, NC in 2016 and 2017. Dry biomagsrimean values, with
barsrepresenting standard error of the mean, over 2016 and 2017 for crop presence and absence
were fit to a linear model wittheequationy=yo + ax. Equation parameters for the data are

given with standard errors in parentheses after each value. When #ipatat® crop was

presento= 0.0956(0.0621)= 0.146(0.00747)R?>= 0.99. When crop was absent

y0=0.455(0.176), a=0.191(0.021%¢= 0.97.
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Figure 22. Dry biomasgkg) m? as a function of increasing Palmer amaranth densftinrthe

presence or absemc o f

conventionally

gr own

sweet potato

Research Station near Clinton, NC in 2016 and 2017. Dry biomagsrimean valuesyith

bars representing standard error of the mean, over 2016 and 2017 for crop presensenaed ab

were fit to a linear model witthe equation y=yo + ax. Equation parameters for the data are

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

present/o= 0.161(0.123)a= 0.101(0.0266)R?>= 0.88. When crop vgaabsent 4=0.545(0.146),

a=0.115(0.0317)R*= 0.87.
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Figure 23. Meanindividual dry biomass (kgwith bars representing standard error of the mean,

as a function of increasing large crabgrass densftinrthe presence or absence of

conventionallgr own sweet potato 6Covington6é at the Ho
Clinton, NC in 2016 and 2017. Equation parameters for the data are given with standard errors in
parentheses after each valDey biomass i for mean values averaged over 2@h@l 2017 for

crop presence was fit to a linear model with equatyeyy + ax, where equation parameters are

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

of sweetpotato were fit tolmearplateaunodel: Y= yo+ ax if x < Xo andY=yo+axoif X € X

whereyo= 1.05(0.0256)a= -0.179(0.00966), andx 4.00(0.1618)Re= 0.99.
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Figure 24. Mean ndividual dry biomass (kgWwith bars representing standard error of the mean,

as a function of increasing Palmenaranth density rain the presence or absence of
conventionally grown sweetpotato 6Covington
Clinton, NC in 2016 and 2017. Equation parameters for the data are given with standard errors in
parentheses a&ft each valueDry biomass n# for mean values averaged over 2016 and 2017 for

crop presence was fit to a linear model with equatyeyy + ax, where equation parameters are

yo= 0.314(0.0713), ana=-0.0217(0.0155) Regression for individual weed bionmasise

absence of sweetpotato were fit tin@arplateaumodel:Y= yot+ axif X < X andY=yot+axoif X

O o whereyo= 1.268(0.0265)a= -0.328(0.0168), andox 3.00(0.0.850)R2= 0.99.
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Figure 25. Sweetpotato marketable yield loss as a percent afi¢leelfreeyield, with bars

representing standard error of the mean, as a function of increasing large crabgrass démsity m
the presence of conventionally grown sweetpot
Research Station near Clinton, NC in 8@ihd 2017. Marketable yield values are calculated by
summing number 1 and jumbo grades and values averaged over 2016 and 204/@ré&fat

a rectangular hyperbola model with equatigs= (ID)/(1+(ID/A)), WhereYris the yield

reduction due to weedmpetition densityl is the percent yield loss as a function of weed

density as weed density approaches Zerig,defined by weed density, aAds the percent yield

loss as weed density approaches infiriiguation parameters for the data are giveh wit

standard errors in parentheses after each value. When the sweetpotato crop waspresent

61.07(15.33)A= 83.01 (7.611)R?= 0.98.

50



80

60 -

40 -

Soybean yield loss (%)

20 A

— pred. yield loss

0 - T T T T
0 2 4 6 8

Palmer amaranth density (plants m'2)
Figure 26. Sweetpotato marketable yield loss as a percent afi¢eelfreeyield, with bars

representing standard errof the mean, as a function of increasing Palmer amaranth derfsity m

in the presence of conventionally grown sweet
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 204/@ré&fat

a rectangular hyperbola model with equatigss (ID)/(1+(ID/A)), WhereYris the yield

reduction due to weed competition densditig the percent yield loss agumction of weed

density as weed density approaches Zerig,defined by weed density, aAds the percent yield

loss as weed density approaches infirliguation parameters for the data are given with

standard errors in parentheses after each valuen\ite sweetpotato crop was predent

119.4(38.96)A= 86.93 (7.745)R2= 0.98.
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CHAPTER 3

Analysis of spectral variability of weed species and density in soybean and sweetpotato
cropping systems.

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

Key words Amaranthus palmei$. Wats Digitaria sanguinalis(L.) Scop, Glycine max.. Merr.
0 AG 6 pdBnbea batatak. Lam.6 Covi ngt on 6, riesrdiectingnatoe nsi n g,
agriculture, crop species, wedénsity spectroscopyphenology

Highlights
1 Weed species (Palmer amaranth and large crabgrass) can be differentiated in sweetpotato
and soybean systems
1 Highest weed densities allowed for early detecéind differentiation of weed species
with and without a crop present.
1 Weeds are detected earlier when no crop is present

1 Weed and crop phenologyimportant for detection and differentiation of weed species

and should be consideradfuture studies

Abstract

Utilization of remote sensing in agriculainas great potential to chante methods of field
scouting for weeddrevious remote sensing research Ibesnfocused on the ability to detect
and differentiate between speciel@wever, hese studiesave not addressed weed density
variability throughout a field. Furthermore, the impact of changing phenologyps and
weedswithin and between growing seasons hasheein investigated.o address these research
gaps field studies were conducted iri@@nd 2017 at the Horticultural Crops Research Station
near Clinton, NCDensities of two problematic weed species, Palmer amarantaranthus
palmeriS. Wats.) and large crabgrdgsgitaria sanguinalis(L.) Scop.]were planted at four
densities in swepotato 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 oves vario
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phenologicatime pointsin each yeaDifferentiation betweeplantspecies andveeddensity
wasnot consistent across cropping system, phenology or sa&fsaal species differentiation
occurred at more spectral bandshasweetpotato than ithe soybeansystemin both years.
Differentiation between large crabgrass and Palmer amaamtititplant rif occuredas early as

4 weeks after planting (WAP) when no crop was predarthe presence ofsaveetpotato or
soybeangdifferentiation occurred at thedhest density of each wesgecied! to 5 WAP.
Differentiationof weed densities only occurred betweenvieedfree orlowestdensityandthe
highest densities afachweedspecieg1 and 8 plants rafor Palmer amaranth, and 1 and 16
plants m?for large crabgrassjue to greater weed biomass at the highest deMgégd densities
in the middle of the range (2 plants’rand 4 plants m) for each species were not differentiable
at the phenological time points measurBoe rateof the establishmentf canopy especially

with Palmer amaranth, frequently allowed for differentiation of species and densityneathe
infrared(NIR) in sweetpotat@nd greater alesption inthe visible regionYIS) in the blue and
red rangelLarge crabgrasisad a slower ratef establishmenthan Palmeamaranthand became
differentiableduring tilleringandestablishment of panicle$his differentiabilitywasrelatedto
wavelengths in the shortwave infranegjion 1 and ZSWIR1 and SWIR2. The findings of this
study suggedhatcroppingsystemandphenologcal change®sf plant species season and
between seasomay a key role in the ability to detect weed presence and differentiate between
speciesand densityMultiple phenological time points should be considered turéustudies,

due tothevariability 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 productiigespite a steady increase in the globatéage of
arable | and since the early 196006s, a sharp d
the same periodAO 2018).This decline requires increased productivity of arable [&nd.
raise land productivity, negative factors impactimgds must be minimized to meet the
population demands for food. A significant contributor to crop yield loss is competition with
weedsWeeds can reduce yield agronomicand horticultural crops that contribute to the world
supply of food: 79% in soybed@lycine max.. Merr.) (Benschet al.2003), 91% in coriiZea
maizelL.) (Massingeaet al.2001), 90% in cottofGossypium hirsuturh.) (Rowlandet al.1999),
53% in tomatdSolanum lycopersicuin) (Garveyet al.2013), and 90% for sweetpotato

(Ipomoea baitasL. Lam.) (Meyerset al.2010).

With the introduction oherbicideresistantrops and the lack of rotation of herbicide
chemistriesthe agricultural ecosystem in production fields is changing due to increasing
anthropogenic selection pressures oedvpopulationsThis pressure over time has resulted in
theselectionof weed biotypes that are resistanh@bicide Globally there are over 485 species
with resistanceo at least one herbicidal mode of action (HeaB208ome weed species have
devel@ed resistance to multiple herbicidal modes of action making them difficult to control.
With fewer herbicide options to manage resistant weeds, agricultural production sgstéms
arable land are under thre®ith resistance on the rise, weeds @ftenmore difficult to control,
and gowers need to be abie monitorfields, identify weed specieanddensitiesanddetermine
thefluctuationof these weed populations between ye@ddlecting the aforementioned data on

fields will allow for growers to imi@ment appropriately timed weed control measures and
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minimize crop loss due to weed interfererCeop losses associated with weaeterference is
estimated at $1Million for soybean, and $27 billion for comoughly 50% of the yield for each
of these anpsin the United States and Cang@ltaniet al.2016 2017). Concerns from the
public about weed resistance, environmental impacts of pestieige possild restrictions on

herbicide usenay force new management strategies for weeds.

To minimize diect or indirect crop loss to weeds, weed management is critical. One
approach to weed management is the use espeeific weed managemefite-specificweed
management is designed to control weeds only where th@yesentand to reduce
environmentalmpacts of herbicide applications and tilla§ée-specificmanagement can
reduce herbicide inputs, soil compaction affeétargetherbicide application (Brown and Noble
2005).Site-specificmanagement requires accurate scouting of fields to deternvireed
management is needed. In agricultwr@ps weed management must take place early in the
season to minimize the interference weeds have in the drop so, scoirg for weeds must
be done at targeted timingsdetermine the appropriate time fbe implementation of weed
control. Recommendations resulting from a scouting exercise are frequently tied to the quality of
the scouting data, and accurate scouting cdimeeconsuming Remote sensing may provide a
solution for accurate and timely s¢img of agricultural fields. Remote sensing has been utilized
in agriculture to predict yield and biomass (Inneaml.2007), determine crop nutrient or water
stress Basscet al.2016; Bellvertet al.2014; Mahajaret al.2017), and detect the presenoés
insects or plant disease (Franke dwhz2007). Remote sensing for weed detection has been
attempted since t atall3B% Rithgrdsdedad I®E6EThdsdvattemgte a

weed detection, along with later attem@sawvn et al.1994;Everitt et al.1987, 1992; Medliret
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al. 2000, Yang and Everitt 2010) were successful in discriminatggfdsbut unable to connect

discrimination to management decisions.

Researcliocused on remote sensing of weeds and invasive species has used gatellite o
data collected using aerial sensdtisift et al.2007 Menges et al. 1995These methods often
lack the spatial and temporal resolution to detect weeds intermixed with crops. Additionally,
many studies have been conducted using sensors that are gplacitad, and may only
contain wavelengths in the visible (VIS) or shortwave portions of theinieared (NIR). The
use of hyperspectral remote sensing has been able to allow for discrimination of weed species
(Grayet al.2009), and detection of hednile drift (Kogeret al.2004a) in agriculturagettings
Hyperspectral data provides greater specésblutionand could allow for the detection of
differences between crop and weed species, while also detecting biophysical differences.
Research utilizig hyperspectral data that takes into account weed density and crop/weed
phenology as a means of weed deteasdimited. Studies examining reflectance spectra often
are conducted in only a single year (Kogeal.2004h or have limited temporal dataléection

dates (Hunet al.2007; Goekt 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

2.1Location

Field studies were conductadthé Covi ngt oné sweet potin2006 and 0A
and D17 at the Horticultural Crops Research Station near Clinton, N (852 7 0 °INs &/ 57880
W). Thestudieswereconductedn a Norfolk loamy sand (findkbamy, kaolinitic, thermic Typic
Kandiudults)with 0.31% humic matter and pH 5a8&d anOrangeburg loagnsand (fineloamy,
kaolinitic, thermic Typic Kandiudults)ith humic matter 0.47% and pH 592016 and 2017,

respectivelyBoth crops were planted on June€016 and June 12, 2017.
2.2 Experimental Design and Treatments

6Covingt ond Bsgwweeettraneptastdd at arcow spading of approximately
30 cm. Plots consisted of two rows, one serving as a treatment row and the other serving as a
buffer row between plotSweetpotato plots wetkl mwideand 5mlong 6 AG65366 soyb
was plantedt a seeding rate of 321,000 seed$ising a fowrow vacuum plantesuch that
there was a 10 cin-row spacingSoybean plots consisted of 4 rowach 30 cm wide by 5 m

long.

The experimental design was a split plot design with cropping systera a$ithe plot
factor and weed treatments randomized within each whole plot factor. Each whole plot factor
contained three replication3reatments were combinations of c(ggeetpotato or soybean)
presence or absence, weed spg&l@dmer amarantand lage crabgrassgndweed densityThe
day followingcropplanting, designated plots were seeded by hand with each weed species. In
plotsdesignated aso crop (sweetpotato or soybean), sweetpotato was pulled by hand prior to

weed seed dispersal asdybearwas pulled upon emergendgalmer amaranth at approximately

58



8 cm tall and large crabgrass at two expanded leassgs, thinned to 1, 2, 4, 8 and 1, 2, 4, and
16 plants ¥ respectively These wed densities were maintained weekly using hand removal.
Additionally, a plot containing no weeds served as a vilesddcheck plot, and a plot containing

no crops and no weeds was utilized dsigegroundtreatment.

2.3 Data collection

Spectral datavere collected across five dates in 2016 and six dates in @0d&termine
the effect of phenology on spectwariability, andfor detection of weed species and density.
Spectral measurements were collected usigeatrometer (Spectral Evolution, PSM400, 1
Canal St., Lawrence, MA)ith fiberopticwith a 2% field of view, between 10:00 and 14:00 h, in
full sunlight. Spectrometemeasurements 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 spral 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 taka 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. 3.4.2Wickham 2013)Visual quality controlwasperformedfor each graph and
data contaimg interference or noise was removed. Reflectance spectra weg dopeddy
date, crop type, weed type and the presence or absence diacbpsubset of data was
subjected to the KruskaVallis test to determine overgtoupwisedifferences at eacbf the
2151 bands reportdorder and Foreman 200€yomparisons 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 Whitney U-test(Corder and

Forman 2009Schmidt and Skidmore 20Q3)he null hypothesis being tested states that median
reflectance for each reported band is not different between weed species or densitypfLevels
significance were set at a p O 0.2 due to | im
additional wavelengths may provide confidencéhimdifferentiationof weed species and

density.P-values are reported as a continuous variable for eachavavglt h whelmam p O 0
agricultural setting in which this study was conducted, outcomes of misidentification would

result in mistaking a crop plant for weed or vice velfsaite-specificweed management isegh

goal, even at levels such &S p . 2 praveiblergficial for use in a weed control program.

3. Results
3.1 Differentiationof all treatments

Groupwise differentiation including all combinations of weed species, weed damsity
crop presencer absence were compared with one anothleroughout the rest of this paper,
results for spectra will be discussed corresponttirtige following spectral regions: visible
(VIS= 350700 nm), neamfrared (NIR= 70¢300), shortwavénfrared region one
(SWIR1=1506?900), and shortwavimfrared region twqSWIR2=19002500).The shortwave
infraredspectral region wasubdividednto SWIR1 and SWIRZ2 to provide more meaningful
results given the large spectral range of the SYgétion

In both yearsspectra irthe VISwereimportant for differentiation ofrop, weed species,
and weed densitiyn soybear(Table 3.4) Detection of overall differences in 20&sobserved

at 4 WAP in soybean in the blue region of the spectrum <508iguré 31, Figure 32). At 5
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WAP, spectral differences were observed irspdictralregions except NIR. By 7 and 11 WAP,
VIS remained important distinguishing between treatments, but fewer spectra in the SWIR1 and
SWIR2 regims allowed for differentiatian

Overall comparisons for soybean in 2017 indicated edifitarentiation etween
treatmentsat 3 WAP even though plants in 2Dvere less pénologically advanced than 2016 at
the 4WAP dateKigure 33, Figure 34). However,the heightof soybean and weeds was similar
at 4 WAP in 2016 and 3WAP in 201Detection acrss spectra wagreater in 2017, with
differentiation occurring throughout the VIS and SWIR2 regions throughout the season. Large
portions of the SWIRL1 region, greater than 140Q were important for differentiation between
treatments from 3 to 8 WALt 15 WAP, diffeentiation between treatments wasssibleacross

the measured spectra, including NIR which was not an impapaatrakegion in either season.

In 2016, dfferences between treatmentsredetected at the sar@AP in sweetpotato
as soybeafirable 3.5) At 4 WAP differences among treatments were detected ioltleeand
red regions of the VIS, NIR, a small region of SWIR1 and throughout S\(\Aigare 35, Figure
3.6). By 5 WAP differentiation between treatments occurred across the measured sy#ttra
variable detection in the NIR at 7 and 11 WAP

Differences between treatmeimssweetpotat@ould be detecteith 2017in the VIS and
longwave spectra of SWRat 2 WAP Figure 37, Figure 38). By 3WAP, differences were
similarto 2WAP with additional spctra differentiable throughout the SWiRRnd SWIR2
region.From 4 to 8 WAP spectra could be used to differentiate between treatmahtsf the
VIS, SWIR1 and SWIRZ2 regions. During the same time period, spectra for differentiation
between treatments weevariable in the NIR. Data at 15 WAP did not allow for differentiation

betweertreatmentscross the measured spectra.
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Differentiation between species, densdgdcrop presnces was most prevalent in VIS,
SWIR1 and SWIRZ2 regionsf the spectrum in sdean.Spectra for dferentiation in
sweetpotataveredifferent than soybean and included additional spectra in the NIR region. The
lack of consistengpectrakegions fodifferentiationindicates that spectral reflectance is affected
by crop typeand plaat phenology. Weed and crgpenologyand crop canopy structuptay
crucial rolesto determine whagpectra can be used for species and density discrimination.
3.2 Differentiation of weedpecies
Weed pecies differentiation occredwith soybean in 201énd 2017If spectra were not
significant in thegroupwiseKruskatWa | | i s test at the p O 0.2 | ev.

discussed as part of more specific comparisons of species.
3.21 Weed species differentiation (Palmer amaranth and large crabgrass) in soybean

Early season differentiation both yearpitally started at-3f WAP. At low weed
densities (1 M), weedspecies could not be distinguished from one anath2016 at any
timing (Figure 39). In 2017, weedspecies differentiation was possible at 1 plarftimthe VIS
SWIR1 and SWIRZegions 84 WAP (Figure 310). Very little species differentiation occurred
at 5 and 8 WAP in 201 However, 815 WAPIn 2017 Palmer amaranth and large crabgrass

were differentiable from eadtherin the blue and red regions of the VIS

At high densities oPalmer amaranth and large crabgr8ssnd 16 plants
respectivelydifferentiation did occur i”2016 until 7 WAPat scattered spectra in SWIR1 and
SWIR2 (Figure 311).By 11 WAP greater differentiation between species occurred and was
confined to spdca in the SWIR1 and SWIR2 regiaria 2017at 4 WAPdifferentiation occurred
in theblue portion of the&/IS andscattered spectra BWIR1. The blue region of VIS continued

to provide differentiation between species from 5 to 15 WAP, with additionarapedhe red
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region of the VIS becoming important at 8 and 15 WERigure 312). Additional differentiation

did occur, buspectravere scattered in the SW1Rand SWIRZrom 5 to15 WAP.

When a soybean crop was not presemeedspeciedlifferentiation vasnot observedn
2016 at lowdensitieg1 plant n?) (Figure 313).1n 2017, weed species differentiation did occur
at low densities in theed and blue regions of thdS at 3WAP andacross the VIS at WAP
similar to results with soybeaAdditional gectra could be used for differentiation of weed
species without soybean in the SWIR1 and SWIR2 regi®msctra in the NIR and SWIR1

region were important foveedspecies discrimination at the 15 WAP timifiggure 314).

In 2016 when no soybean was ggat and weeds wereltdgh densitiesspecies were
indistinguishable from one anotha&eross all measured spedtiFégure 315).1n 2017, species
differentiation occurregdporadicallythrough the VIS spectrum at 3WAPigure 316), different
than result®f these weeds when grown with soybdaarge crabgrass had higher reflectance

across théllR, SWIR1, andSWIR2 and waslifferentiablefrom 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 othewatveed densitiegigure
3.17,Figure 318). Palmeramarantthad high NIR reflectance when compatedarge crabgrass
at 4 and 5 WAPLate season differemtiionoccurred at 11 WAP itheblueportion of the VIS,
SWIR1 spectra centered around 1500 nm, in the longwave portions of SWIR017,for weed
species at low densitiespectra were limited faspecies differentiatiorSpeciesvere only
distinguishable from each othernarrow portions 06WIR2 at 4 WAR 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 adtdifiarentiation
notobservedat lower densitiedn 2016 differentiabn occurred in the NIR at 4, 3and 11
WAP (Figure 319). Palmer amaranth had a greater reflectance at 7 WAP across the measured
spectraandallowed for differentiatiorirom large crabgras$n 2017,speciesvere
distinguishable in the blue and green portion of the VIS, and shortwave regions @iglRe
3.20). Differentiation occurred at thededge (690 nm) arnghortwave portions of SWIR1 and
SWIR2at 5 WAP.By 8 WAP,Palmer amaranth and large crabgnasse distinguibable across

spectra in the VISSWIR1, andSWIR2.

Species differentiation when no sweetpotato crop was presemtred irearly seasoat
low densities oPalmer amaranth and large crabgi@sglant m? row) (Figure 321, 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 prasdnitVAP in 2016differentiation
was confined to the blue and red regions of the VIS and SWHRR17, diferertiation
occurred at the 2 WAR theblue portion othe VIS, transitioning to the blue and red regions at
3 WAP, and then only in the red region by 4 WAWR spectra provided differentiation 4t 5,

and 8 WAR with additional spectra in SWIR1 and SWIB&come important by 8WAP.

At the highesdensity of each weed specia2016Palmer amarant{8 plants rnf) and
large crabgrasél6 plants i), differentiation occurred at 4 WAP in tined and blue regions of
theVIS, NIR andlarge portions oEWIR2 (Figure 323).In the same yeat 5 WAPdifferences
betweenweedspeciesvereconcentrated in NIRnd SWIR2 region8y 7 WAPthere was
differentiationbetween large crabgrass and Palmer amararntte VIS longwave portion of
NIR, SWIR1 andSWIR2. In 2017, spectrdor species were different at 4, 5, and 8 WAP across

spectran the VIS, SWIR1andSWIR2 (Figure 324), but not at other timings.
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3.3Differentiationof weed denggsin soybean

Detection oflargecrabgrassand Palmer amaranttensity in tke presence of soybean
varied across timing, year, and spectripatweed densitylf spectra were not significant in the
groupwiseKruskatWa | | i s test at the p O 0.2 Ilevel, the:

more specific comparisons of weeehdities.
3.3.1 Differentiationof large crabgrassiensitesin soybean

Weedfreesoybean compared to the lowest density of large crabgras$) (@howed
little differentiationin 2016(Figure 325).1n 2017, large crabgrass at 1 plant was
differentiable fromweedfreesoybearnn the VIS, NIR, SWIR1landSWIR2at ANVAP. At5

WAP spectravere different in all regionexceptthe NIR (Figure 326).

When comparingveedfree soybearwith the highest density of large crabgrass (1§ m
only limited differerces occurredn 2016 differencedid not occur until 8 WAP in a small
portion of the SWIR1 regio(Figure 327). In 2017, limited differentiation betweeveedfree
soybearand highest large crabgrass densgitis observedifferentiation waobservedn the
blue region of the VIS at 4, 8 and 15 WABther spectral regions (NIR, SWIRINdSWIR2)

were only important for differentiation at 15 WAPigure 328).

Comparisons of the lowest and highest densities of large crabgrass (1 and 16 plants m
with soybeanwerevaried in spectral responses between timings, yaadsspectran 2016,
large crabgrasdensitywas only detectable in limited spectra at 11 WAP in SWR@gure
3.29).In 2017, large crabgrass at these densitesseparable in th¥lS and VIR1 and

SWIR2 regionsat 4 WAP and 15 WAPHigure 330), butnot at other timings
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Treatmentensitief large crabgrass @tand 4 rif, which represents intermediate
densities lackedifferentiationacrossall data collection dates in 261(Figure 331). A similar
response wagbservedn 2017, with only limited differentiation occurring at 15 WAP in the VIS

and scattered spectra in the SWiaghd SWIRZFigure 332).
3.3.2 Differentiationof Palmer amarantldensitesin soybean

Palmer amaranth dengitvas more easily detected than large crabgrassybeanin
2016, comparisons of Palmer amaranth at 1 plahandweedfree werenot distinguishable
from one anotheffFigure 333). However, h 2017, detection of Palmer amaraathhe same
densityocaurred in the VIS at 3, 4, 5, and 15 WAHRdure 334). SWIR2 spectra also allowed
for detection of Palmer amaranth at this low density\&tA4P. At5 WAP SWIR1 spectra

allowed for differentiatiorbetween all densities of Palmer amaranth.

Comparisons oftte highest density of Palmer amaraf&iplants f) compared with
weedfreesoybean only allowed for slightly more detection of Palemearantithan Palmer
amaranth at the lowest densily 2016, Palmer amaranth wassly detected at1 WAP at
scatteredsectra in SWIRXFigure 335). In 2017, detection of Palmer amaranth at 8 plants m
wasobservedait4 WAP in theblue region of th&/IS. Additional detection was present at 8

WAP throughouthe VIS and at 15 WAP in the VIS, SW2RegiongFigure 336).

Density comparisons of Palmer amaranth at 1 plahana 8 plants mresulted in
minimal differentiation between densitids. 2016and 2017no differentiation betweeRalmer
amaranttdensities acrossatesoccured (Figure 337, Figure 338). Similarly, comparisons of
Palmer amaranth at 2 and 4 plantémad minimal spectral differentiation both yewiigh the

exceptionof 11 WAP in the VIS (Figure 339, Figure 340).
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3.4 Differentiationof weeddensitesin sweetpotato

Detection of weed density farabgrass in the presence sweetpotato was greater than in
presence soybeal.spectra were not significant in tiggoupwiseKruskatWa | | i s t est at
0.2 level, these spectra will not be discussed as part of more specific comparisons of weed

densites.
3.4.1 Differentiationof large crabgrassiensitesin sweetpotato

In 2016 weedfree plots with 1 large crabgrassihad spectratlifferences at VAP in
the red region of the VIS~{gure 341). At 4 and5 WAP, differences athe samerabgrass
densty occurredn theNIR and mixed spectra in SWIRBy 7 WAP differences were only
observedn the blue and green portion of the VIS, and SWIR2 spéo#ratered at 2200 nmin
2017at 4 WAR spectralifferences werebservedn thegreen and red portisrof theVIS and
acrossSWIR1 and SWIRZFigure 342). At 5 WAP, blueand redspectra in the VISand spectra
centered at 2000 and 2300 nm in the SWaR@wed for differentiation between the wekde

plots and lowest density of large crabgrass.

Large cabgrass at 1plantsm? compared taveedfree soybearwas detectable at more
spectra than the same comparison with large crabgrass at 1 gldnt2016at 4 WAP,
detection of large crabgrass atd&ntsm occurred in thélue and red regions of thdS, NIR
(Figure 343).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 plant$wccurred at 4, 5, and 8 WRAIn the VIS, and SWIR2 regions.
Spectra in the NIR were only important at 4 WARVIR1 Spectra could only be used for

detection of large crabgrass at 16 plantsatns and 8 WAP.
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Comparisons of low (1 1) and high (16 M) densities of large crabgraies2016 were
separablén theNIR at 4 WAP. Additional differentiation occurring at 7 WAP in SWIR1 and
limited spectra in SWIR2. In 2017, differentiation was more pronounced thanm2illérge
crabgrass density differentiation ocangat 4 and 5 WAP ttoughout the VIS, SWIRland
SWIR2 regionsKigure 346). 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 crabgragnsitiesof 2 and 4 plants rin 2016 alowed for
differentiation at 4 WAP in the blue and red regions of VIS and in the(NitiRire 347).
Differentiation between these densities also occurred at 5 WAP in the blue and red regions of the
VIS and across SWIR1 and SWIR&. 7 WAP SWIR1 and spectia SWIR2 centered around
2200 nm were important for density differentiatiotm2017, NIR spectra provided density

differentiation at 4 WAP, with additiondifferentiationat 8 WAP in SWIR1 and SWIR2.
3.4.2 Differentiationof Palmer amaranth dengsin sweetpotato

Palmer amaranth density was detected at early reading dates when grown with
sweetpotatoln 2016, acomparison ofveedfree sweetpotato and Palmer amarafitimi?)
indicated that differemdtion could occur as early asMAP in the blue anded regions of the
VIS andin SWIR2 (Figure 349). In 2017 Palmer amarantfi n1%) was detected at 3 and 4
WAP in the VIS(Figure 350). Spectra in SWIR 2 were algaportantfor detection during the

same period, with additional spectra showing detectid®WIR1 at 4 WAP.

The high density of Palmer amarag@plants ) compared to theveedfreetreatment
showed differences in the NIR aB2WAP both seasonk 2016 detection of Palmer amaranth

did not occur until 7 WAP across the VIS, SWIR1, and SMi&giongFigure 351). 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 regioRsglre 352). By 4 WAP, differentiation occurred

primarily in the NIR due to higher reflectamof Palmer amaranth in this region.

Comparisons of 1 Palmer amaranti? and 8 plants Miweresimilar to comparisons of
the samd”almer amaranttreatmentand weeedree sweetpotatan 2016 but not in 2017n
2016, differences between these densitiesidtoccuruntil 7 WAP and were present in the
VIS, 12002300 nm in the NIR, and across SWIR1 and SWIRByre 353). In 2017 at 3 WAP
high and lowdensitiesof Palmer amaranth were maeparableéhan in 2016 Figure 354). At 4
WAP densities could bdifferentiated 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

NIR spectra by 8 WAP.

In 2016, ensities that are more similar (2 and #)rhad limited spectra that allowed for
differentiationin the SWIR1 at 4 WAPHigure 355). Differentiation did occur at 7 WABnd
concentrated in, SWIR1n 2017, differentiatin of these treatmenigas only possible at 8 WAP

in the NIR(Figure 356).
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 degsdiscrimination.If spectra were not significant in the
groupwiseKruskatWa | | i s test at the p O 0.2 Ilevel, the:
more specific comparisons of weed densitiéswvever, detection of both weeds when compared

to abaregroundcontrol occurred earlier for both species when densityhighestSimilar to
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resultsobservedvhen weeds were in the presence of a crop, weed densities in the middle of the

treatment range had limited differentiation.
3.5.1 Detectiorof large crabgrasslensity witlout soybean

Detection of large crabgrass wailit soybean was density dependémf2016,
comparison of théaregroundcontrol and large crabgrass at £ occurredn the blue region of
the VIS at 5 WAP. Substantially more spectra provided differentiatidraatl 11WAP across
the VIS andn limited spectra irBWIRL and SWIRZFigure 357). In 2017, Detection at the low
density of large crabgrass was similar to 2@l@e regions of the VIS were important for
detectionBy 8 and 18/NAP, large crabgrass could be detected across the VIS, S\WitR1

SWIR2.

Detection of large crabgrass at 16 plantsouncurred earlier than at the lowarge
crabgrasslensity(1 plant m?) when compared tbareground In 2016, large crabgrass was
differentiated at 4, 5, 7, and 11 WAP in SWI@2gure 359). From 5 WAPuntil 11 WAP all
spectra in the VIS region could be used for detection of large crabigr@€d.7, 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 WARFigure 360).

Spectra ér differentiationof large crabgrass density were inconsistent between years.
2016, differentiation between largeabgrass at 1 thand 16 i occurred only in the blue region
of the VIS ats WAP (Figure 361). In 2017 additional spectra were usefal differentiation of
density.At 4 WAP, spectra across the VIS and in the longwave regions of SWIR 2 allowed for
differentiation(Figure 362). At 5 and 8 WAP spectra in SWIR2 were useful. Additional spectra

at 8 and 15 WAP allowed for differentiationtime blue and red portions of the VIS.
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Comparison of 2 and 4 findicated thaspectra fodifferentiation werenconsistent
between years and WAP. In 2016, detectioa @fferencein density did nobccuruntil 11WAP
in the VIS and SWIR1Kigure 363). In 2017, differences were detected earlier at 4 WAP in the
blue portion of the VISKigure 364). Density differentiation also occurred at 5 WAP in the VIS,

and at 5 and5 WAPIn SWIR2.
3.5.2 Detection of Palmer amaranth without soybean

Palmer amarahtdetection occurred earlier than that of large crabgvdsen compared
to baregroundin 2016 Palmer amaranth at 1 plantiwas detected in the VIS at 4 WAP
(Figure 365). Spectra in addition to the VIS was detected in the QVRIRISWIR2 at5 and 7
WAP.In 2017,Palmer amaranth at 1hwas deteted a week earlier in 2017 aW\BAP in the
VIS, SWIR], andSWIR2 Throughouthe remainder of the 2017 data collection dates, VIS,

SWIR1, and SWIR2 allowed for differentiation of Palmer amaranth from bare groun

The highest density of Palmer amaranth (§,rwvhen compared tbareground
treatmentswas similar to Palmer amaranth at the low densit016, Palmer amaranth could
be detected in the blue region of the VIS at 4 WRigyre 367). From 5 WAP throgh 11 WAP
Palmer amaranth could be differentiated across the VIS, SVeRIISWIR2In 2017, Palmer
amaranth could be detected a week eaali® WAPand was differentiable frommareground
across the VIS, SWIRBAnd SWIR2 regionsHjgure 368). Differentation continuedn the VIS

and SWIR2 at 4 WAP, with the addition gfectran SWIR1 at 5, 8, and 15 WAP.
3.6 Detection of weed density without sweetpotato

In the absence of sweetpotato, large crabgrass detection ocaudrgds detected earlier

at hich densitiesvhen compared to when sweetpotato was preBesgectra were not significant
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in thegroupwiseKruskatWa | | i s test at the p O 0.2 level,

part of more specific comparisons of weed densities.
3.6.1 Detecton of large crabgrass density without sweetpotato

In 2016,detectionof large crabgrass at low densfflyplant m?) compared tdareground
occurred at 4 WAP in thieed region of th&/IS and across spectra in the NlRgure 369). At 5
WAP detection of airgecrabgrasst 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 SWIRL1. In 2017, detection of large crabgrasstat 1 pla
m occurred in the blue region of the VIS at 3 WAP and across the VIS at 4(FRiguiRe 370).
At 5, 8 and 15 WAP detection of large crabgrass was possible across spectra in the VIS, SWIR1

andSWIR2, with variable spectra in the NIR

Large crabgrasg ¢he high densitywhen compared to bare groumdgs differentiablen
both 2016 and 201Tnh 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 iAgure 371). Spectra in the NIR add
be used for detection of large crabgrass at 5, 7 and 11 WAP but spectra were varied between data
collection datesin 2017, detection of the high density of large crabgrass ocaartbd VIS,
SWIR1, andSWIR2 from 3 WAP through 15 WARFigure 372).NIR also provided detection

of large crabgrass but was varied across 4, 3, and 8 WAP.

In 2016, pectra for large crabgrass at Zand 16m™ allowed for density differentiation
at 4 WAP in the blue and red portions of the VIS, NIR centered around 9@@aacross,
SWIR1 and SWIRZFigure 373). In 2017, there were more spectra that allowed for

differentiation of large crabgrass dengifygure74).At 3, 4 and 5 WAP, differences density
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could be detected across the VIS, SWIRIASWIR2.At 4 and5 WAP, NIR spectra allowed

for differentiation of large crabgrass density, but not across the entire NIR region.

Middle densities (2 and 4 plants3nwere less distinguishable from one anatisenilar
to these densities in soybe#m 2016, differences codlbe detected at 7 and 11 WAP in the
SWIR1 region(Figure 375). In 2017, large crabgrass at 4imad 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 376).
3.6.2 Detection of Palmer amaranth density without sweetpotato

Palmer amaranth detection occurred earlier tersitiesf large crabgrass when grown
without sweetpotatdn 2016,differences betweeRalmer amaranth grown at 1 plant m
compared to thbaregroundcontrolcould be detectedt 4and SWAP in theblue and red
regions of the VIS, portions of the NIR, portionsSWIR1 and across SWIR Figure 377).
Differences also occurred at 7 WAP in the VIS, NIR (12D nm), and across both SWIR
regionsat 7 and 11 WAPIn 2017, Palmer amaranth spectra were consistently different ffém 2
WAP in the VIS(Figure 378). Spectra in the NIRNdSWIR2 region were important at 4 WAP.

Spectra across SWIR1 provided detection of Palmer amaranth at 5, 8, akP15 W

In 2016,Palmer amaranth at the highest density (Braw) compared to thbareground
controlhad stronglifferencesacross measured spectra fromoZ WAP (Figure 379).1n 2017,
spectra across the VIS and in SWIR1 and SWIR2 allowed for detedtemer amarantiiom
3 WAP to 8 WAP(Figure 380). Detection of Palmer amaranth vedsopossible across these
timings in the NIR with varied spectra of significance. By 15 WAP detection couldonlyin

the VIS and SWIRL1 regions.
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Comparing the lowst (1 n?row) and highest (8 rhrow) Palmer amaranth density
showed differencedut not as strong as those witireground In 2016, densities of Palmer
amaranth were differentiable at 4 WAP in the SWIR1 and SWIR2 reffromsre 381). At 5
WAP specta inthe NIRand SIWR1 provided differentiation between densities, with little to no
differentiation ataterdata collection dates. In 201Falmeramaranth at 8 plants frow tended
to have high reflectance in the NIR at 4 and 5 WAP timings which allder differentiation of
these densitied=igure 382). Additional spectra in the SWIR2 region were important at the 4

WAP timing.

Moderate densitiesf 2 and 4 Palmer amaranth?rhad few spectra showing
differentiability, but specific timepoints allogd fordifferentiationof densitiesin 2016 at 5
WAP, differentiation occurreth the NIR and SWIRL1 regions duetteeincreasedeflectane of
Palmer amaranth at 4 plantgrfFigure 383). In 2017, differentiation occurred only at 3 WAP

in theVIS and SVIR2 regions Figure 384).
3.7 Weed and crop phenology

Phenology of crop and weed species was not affected by crop presence/absence or by
croppingsystemand were combined over crop and weed spd@iaisle 32). Annual differences
in phenological timingvere different between years as defined by Meier (2001). Early season
differentiation in both systems is tied to phenological differences between crop and weed
speciesAt 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 orbaregroundtreatmentsRapid establishment of weedexies canopiegspecially with
Palmer amarantheads to increased absorption in \@&y in theseasonSimilarly, early

detection of large crabgrass was due to increased canopy coverage of higher density treatments.
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Theestablishmenof weed canopy was critical tbedifferentiationbeween crop species and

density.

Weed species phenology didtdiffer between densities, but overaleedbiomass 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 (Basir®f8. Lower density weed species
towards the end of the season in each year tended to have greater canopy density per plant but
similar overall asigher plant densitiesligher densities of weed specieaded to have greater
absorptiorin the VIS and SWIR1 and SWIRgarlier in the seasoAs canopies of lower density
treatmentdecame established differences between weed densitieshgenwedt fewer

SWIR1 and SWIR2 spectra but continued in the VISargi

4. Discussion

4.1 Weed species differentiation

Results from this study show that spectral differentiation can occur between weed species
and weed density. Thehas been successful discrimination of species in both agricultural and
nonagricultural @vironments (Kogeet al.2004; Henryet al.2004; Santost al.2011; Schmidt
and Skidmore 2003; Ustet al.2009).However, the inconsistency of spectral differentiation
across years and phenological tipants complicates discrimination. These aretailiate
systems and environmental conditionayralter phenology and spectra may not be uniform from
year to yearTable 31). These differences may have caused spectral variation due to variable

rainfall or other environmental conditions.
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Weed speciedifferentiation 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 dependdrite lack of differentiation at lower densitiesilsely dueto the
mixture of crop andimited weed species canopyeed 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. (Basing2018. Greate weed densities had higher biomass
per mm2 and contributed more to the mixed speciiathe highest weed density, each species
was more readily differentiated, compared to the lower denditieso increased weed canopy
reflectanceDifferentiation ofweed speciesvhen mixed with either cropccurred 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 differt@mi does not occur equally across
cropping systemdDifferentiation between species occurred more readily in sweetpotato than in
soybeanCrop canopy structures of soybean and sweetpotateayaifferent fromoneanother.
Sweetpotato has a prostrate\gth habit and has limited competitive ability with weeds (Meyers
et al.2010).Due to its growth habit sweetpotato has a-noomplex leaf canopy structure with
only 1-2 leaf layers, while soybean has a canopy that is more upright, multibranched with
significantly more leaf layersAs a result, &weetpotat@anopymayhavea higheralbedo than

that ofsoybearbut may scatter incident radiation less due to the less complex canopy.
4.2 Weed density differentiation

Determination of weed density was possiteen the crop was both absent and present
but was often croppecific Detection of weed density occurred earlier at low densities when a

crop was not present due to lack of a mixed spectral with theEstimation of plant density
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has been successfidinghyperspectral remote sensing (Thet@l.2008), but not with mixed
speciesDetection of Palmer amaranth occurred in both systems early due to rapid biomass
accumulation (Horak anidoughlin 2000).Large crabgrass was slower establishing a canopy
which made it more difficult to deteetirly seasarDensity differentiation between weéce

and lower weedensiteshasbeen demonstrated in soybdanothergKogeret al.2004).Weed
detection only at high densities could be problematic as signifieesg$ can occur even at low
densities of Palmer amaranth and large crabgrass in theseAllepsef al. 2000Basinger

2018 Bensch et al. 2003/leyerset al.201Q Songet al.2017 Williams and Hayes 1984

4.3 Phenology

Plant phenology is importanif differentiation and detection of weed species. Phenology
is not often considered in studies using remote sensing for species discrimination (Schmidt and
Skidmore 2003, Santa al.2016) but spectral reflectance does change with charayiog
phenoloy (Vina et al.2004) Phenology and biophysical characteristics are inherently linked
with one anotheandare correlated with hyperspectral reflectance (Lae$eth.2015).High
temporal data collection in the early season is important for the detetii@ed species as
plant phenology changes rapidly during this tifBarly season detection is also imamit in
agricultural systems becauseed management strategies are often most effective when weeds

are small.

In this studydifferential phenology étween crop and weed species often allowed for
differentiation of weed species and dendigtection and differentiation variability between
these systems is due to the differences in canopy structures of the crop and weed \Westhss.

establishment ofamopy biomass greatly influenced the ability to detect weed presence.
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Interspecies competition between the crop and weeds influencest#idishmenof weed

canopies between cropping systems.

Sweetpotato is less competitive with wedkan soybeafBasirger2018, allowing for
greater biomass accumulation of weed spenidésis systen{Basinger2018. Weed biomass in
the sweetpotato system was greater than that of soylpeameetpotato, weed height exceeded
sweetpotato canopy height bya34 WAP. Therefore, the reflectance abservedy the sensor
is comprised of greater reflectance from the weed species pnegking weed species and

density more easilglifferentiable

Soybean is more competitivath weed species and resulted in lower weed bigrtizan
observedn sweetpotato (Basing@018. Weed biomasseduction insoybearis likely the
reason for poor discrimination of weed speciesdensity Large cabgrass was difficult to
detect in soybean arsdybeardid not allow for large numbers ofrfge crabgrass leaves through
the soybean canopy. Detection of large crabgrass occurred, during the dhisetvetds
reproductive structures, as thegre able tgrotrude through the soybean canopy. Palmer
amaranth was more readily detected at low iiessdue to a quick establishitajl broadleaf
canopythat was present above the soybean canldpwever, once the soybean canopy became
established determination of Palngdensity became more difficult due to increased leaf area of

the crop.

In soybeanincreased leaf layers due to the masltaffold branched trifoliate leaves
producemoreleaf layers than that of sweetpotaiticreasing radiative transfer for soybgahis
type of structure is similar to that of Palmer amaranth, making differentiaititve 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 MNiRye crabgrass was difficult to

detect in soybean due to decreased plant bionzassed by the competitive nature of soybean.

In both production systems reproductive structures and senescence of weed species
allowed for late season differentiation between densities dihe tiocreasechumber of
senescing reproductive struasrpresnt among the crop. Lateason differentiation of both
weed species was possible when flowering or senescence occurred. However, to prevent
movement and persistence of these weeds, and wilegpecificweed management tactjcs

early season detectias critical.

Future studies should consider the use of hyperspectral imagery and spatial statistics for
detection of weeds early in the seadarthis study plant phenology was important in detection
and differentiation of weed species and should berpurated in future studieAdditional
challenges of identification afite-specificweed management include the development of an
appropriate threshold to determine when weed management is necessary. This study focused on
the detection and differentiatiaf weed species that were not intermixed with amatherbut
utilized reflectance spectra to differentiaBmnsideration of mixed weed species within a
cropping system should be considered as it more accurately reflects the natural occurrence of

weedsn agricultural systems.
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Table 3.1. Mean monly temperature, growing degree days (GDD), and
precipitation Clinton Horticultural Crops Research Station, Clinton, fidtn June
to Novemberor 2016 and 2017

AverageMonthly GDD Precipitation
Temp
Month Year Year Year
2016 2017 2016 2017 2016 2017
(°C) (base 10C) (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




Table 3.2Weeks after planting (WAP), date, growing degree d&@®D), mean plant phenology and mean plant height over
treatments in soybean when spectral measurements were taken in 2016 and 2017. Horticultural Crops Research Station
NC.

WAP Date GDD" Plant Phenolody Plant height (cm)———
Soybean Large Crabgrass Palmer Amaranth Soybean Large Palmer
Crabgrass Amaranth

2016
o100

0 WAP  June 6, 2016 0 Seed Seed Seed 0 0 0
3WAP June 29,2016 358  Trifoliate leaf 2 true leaves 4 true leaves 8 3 5
on the 29node
unfolded
4 WAP  July 7, 2016 503  Trifoliate leaf 51 true leaf 2 side shoots 12 13 15
on the %' node expanded visible
unfolded
5WAP July 15,2016 562  Trifoliate leaf 3%internode 5 side shoots 20 28 40
on the 7" node visible visible
unfolded
7WAP  July 28,2016 801 First flowers  First awns visible Full Flowering: 26 40 75
opened 50% of flowes

open, first petals
may have fallen
11 WAP August 26, 819 End of Caryopsis watery Nearly all fruits 48 82 140
2016 flowering with ripe have reached finga
pods visible size



Table 3.2 Continued.

0 WAP
2 WAP

3 WAP

4 WAP

5 WAP

8 WAP

15 WAP

June 12,2017 O
June 28, 2017 266

July 6, 2017 429

July 13,2017 551

July 19, 2017 671

August 10, 1038
2017

Septembel3, 1536
2017

2017
Seed Seed Seed 0 0 0
Trifoliate on 2 true leaves 4 true leaves 8 3 5
the 29 node visible visible
unfolded
Trifoliate on 3 tillers visible 4 side shoots 13 13 15
the 39 node visible
unfolded
39side shoot  5Minternode 9 or more 20 28 40
of 15 order extended extended
visible internodes
15'flower buds  Flag sheath just  First individual 26 53 75
visible visibly swollen flowers visible,
but still closed
About 60% of  Full Flowering: Nearly all fruits 49 82 143
flowers open  50% of flowers have reached fina
open size
About 30% of Beginning of Seeds are fully 90 83 143

pods have
reached final
length (1520
mm)

tion;
fruit fully ripe

ripening or seed ripe/ beginning of
coloration/desicce

leaf fall

8Mean plant phenology based on Meier (2001)

bGrowing DegreeDays are calculated from the day of crop and weed planting using a base temperatd@ of 10
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Table 3.3 Weeks after planting (WAP), date, growing degree dagsnplantphenology andmeanplant heighiover treatments
in sweetpotato when spectral rmaeements were taken in 2016 and 2017. Horticultural Crops Research Station, Clinton, N

WAP Date GDD" PlantPhenology Plant height (cm)———
Sweetpotato  Large Crabgrass Palmer Amaranth Vine Large Palmer

length Crabgrass Amaranth
2016

0 WAP  June 6, 2016 0 Non-rooted Seed Seed 13 0 0
cutting
3WAP June 29, 2016 358 7 true leaves 2 true leaves 4 true leaves 20 3 3
visible visible
4 WAP  July 7, 2016 503 9 or more side 7" true leaf 2 side shoots 49 14 18
shoots visible expanded visible
5WAP July 15,2016 562 Initiation of 4™ internode 5 side shoots 63 35 43
storage root visible visible
development
7WAP July 28,2016 801  Vine canopy Firstawns Visible Full Flowering: 104 59 85
filled out 70% 50% of flowers

open, first petals
may have fallen

11 WAP August 26, 819  Storage roots Caryopsis watery Nearly all fruits 142 68 204
2016 begin to swell ripe havereached final
size
2017
O WAP June 12,2017 O Non-rooted Seed Seed 13 0 0
cutting
2 WAP  June 28, 2017 266 7 true leaves 2 true leaes 4 true leaves 20 3 3
visible
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Table 3.3. Continued

3WAP  July 6, 2017 429

4 WAP  July 13,2017 551

5WAP July 19,2017 671

8 WAP  August 10, 1038
2017

15 September 13 1536

WAP® 2017

Firstside
shoot visible
9 or more
extended
internodes
Initiation of
storage root
development

Vine canopy
filled out
80%, vine

growth
slowing
Nearly all
storage roots

final size

3 tillers visible

39 internode
extended

Flag sheath
extending

Full Flowering

50% of flowers

open

Beginning of

ripening or seed
have reached coloration/desiccat

ion;
fruit fully ripe

4 side shoots 51
visible
9 or more 61
extended
internodes
First individual 104
flowers visible,
but still closed

Nearly all fruits 142
have reached fina
size

Seeds are fully ——
ripe/ begining of
leaf fall

17

35

59

68

102

14

43

85

153

142

8Mean plant phenology based on Meier (2001)

bGrowingDegree Days are calculated from the day of crop and weed planting using a base temperat@e of 10

“‘Mean vine length was nateasure@n September 13, 2017
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Table3.4 Dates of data collection, weeks after planting (WAP), and areas of the mespaated where significance occurred

the pO0.2 Il evel aVdallisatestrinessybelart. Hodidultute lrield Udbr, Raseigha NC, 22067.

WAP  Date VIS NIR SWIR 1 SWIR 2
(350700 nm) (7001300 nm) (13061900 nm) (19062500 nm)

0 WAP  June6, 2016

3WAP  June 29, 2016

4WAP  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 14001490 nm 19062000 nm
11 WAP August 26, 2016

All VIS 14001510nm 19002100 nm

0 WAP  June 12, 2017
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Table 3.4. Continued.

2 WAP

3 WAP

4 WAP

5 WAP

8 WAP

15 WAP

June 28, 2017

July 6, 2017

July 13, 2017

July 19, 2017

August 10, 2017

September 13,
2017

All VIS

All VIS

All VIS

All VIS

All VIS

All NIR

14061900

14061900

14061900

145061550

All SWIR1

All SWIR 2

All SWIR 2

All SWIR 2

All SWIR 2

All SWIR 2
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Table 3.5 Dates of data collection, weeks aftanphg (WAP), and areas of the measured spectra where significance occurr
the pO0. 2 | evel aVdallisatestrineswaetpotato.dHbrtictllthre FiekdLab sRaleigh, NC, 2Z00%/.

WAP Date VIS NIR SWIR 1 SWIR 2
(350-700 nm) (7001300 nm)  (1300-1900 nm) (19062500 nm)

0 WAP June 6, 2016

3 WAP June 29, 201%6

4 WAP July 7, 2016

Blue and Red only All NIR 14501550 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 120061300 All SWIR 1 All SWIR 2
11 WAP  August 26, 2016
Blue only 750 nm All SWIR 1

0 WAP June 12, 2017



Table 3.5. Continued.

2 WAP

3 WAP

4 WAP

5 WAP

8 WAP

15 WAP

June 282017

July 6, 2017

July 13, 2017

July 19, 2017

August 10, 2017

September 13, 2017

All VIS

All VIS

All VIS

All VIS

All VIS

All NIR

700900
9802100
118061300

Red edge
860-1300

All SWIR 1

All SWIR 1

All SWIR 1

All SWIR 1

21061500

All SWIR 2

All SWIR 2

All SWIR 2

All SWIR 2
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3 WAP 4 WAP |
60

5 WAP

40+
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Figure 31. Spectral reflectance for all Palmer amaranth and large crabgrass densiigseargrouped by weeks after planting
(WAP), Horticultural Crops Research Station, Clinton, NC 2@k&h line represents a weed species and density, wilups
resulting from the Kruskalvallistestp| ot t ed as a continuous variable at each wave
For ease of interpretation, weed species and density apethre presence and absence of a crop are plotted separaigiye$
reported are overafjroupwisep-values for weed species and density in the presence and absence of tBeBcrogm. s oybean 06 AG

[Glycine maxL.) Merr.], PA = Palmer amarant\naanthus palmerS. Wats.), LC = large crabgrad3iditaria sanguinalis(L.)
Scop], WF = weedree
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Figure 32. Spectral reflectance for all Palmer amaranth and large crabgrass densities withoutgoypemhby weeks after planting
(WAP), HorticulturalCrops Research Statio@linton, NC 2016Each line represents a weed species and density, wilups
resulting from the Kruskalvallistestp| ot t ed as a conti nuous V ar Foadade of ingerpretatianc h wa v ¢
weed species artknsity spectra in the presence and absence of a crop are plotted sepavatabs Reported are overglloupwise
p-values for weed species and density in the presence and absence of tBeBcrog. s 0 y b e aGlycine m&(&.pbMNeh . PAl
= Palme amaranthAmaranthus palmei$. Wats.), LC = large crabgra®digitaria sanguinalis(L.) Scop],BG = bareground
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Figure 33. Spectral reflectance for all Palmer amaranth and large crabgrass densiidseargrouped by weeks after planting
(WAP), Horticultural Crops Research Stati@linton, NC 2017. Each line represents a weed species and density;uaitiep
resulting from the Kruskalvallistestp| ot t ed as a continuous variable at each wave
wedl species and density spectra in the presence and absence of a crop are plotted sepafagdyeported are overgloupwise
p-values for weed species and density in the presence and absence of tBeBcrog. s 0 y b e aGlycinke m&(&.pbMeh |0 PA[
= Palmer amaranttA(maranthus palmei$. Wats.), LC = large crabgra®digitaria sanguinalis(L.) Scop], WF = weedree
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Figure 34. Spectral reflectance for all Palmer amaranth and large crabgrass densities withoutgoylpeshby weeks aftetgmting
(WAP), Horticultural Crops Research Stati@inton, NC 2017Each line represents a weed species and density, wihups
resulting from the KruskalVallis test plotted as a continuousvarb | e at each wa v oreasegfinterpratétieny e p O
weed species and density spectra in the presence and absence of a crop are plotted sepatsslyeported are overglloupwise
p-values for weed species and density in the presemt@bsence of the crdp.B = s oy b e aGlycine m&(&.pbMNeh.[H PA
= Palmer amaranttA(maranthus palmei$. Wats.), LC = large crabgra®digitaria sanguinalis(L.) Scop],BG = bareground
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Figure 35. Spectral reflectance for all Palmer amarantti large crabgrass densitissweetpotatgrouped by weeks after planting
(WAP), Horticultural Crops Research Stati@inton, NC 2016Each line represents a weed species and density, wilups
resulting from the Kruskalvallistest plottedas@& ont i nuous variabl e at Foreaselofinegpnetatibre ngt h w
weed species and density spectra in the presence and absence of a crop are plotted sepataslyeported are onadl groupwise
p-values forweed species and densiitythe presence and absence of thectgoB = s we et p ot adpgomoeadbatataki ngt ond (
Lam.), PA= Palmer amaranti\(naranthus palmei$. Wats.), LC= large crabgrad3ifitaria sanguinalis(L.) Scop], WF=weedfree
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Figure 36. Spectral reflectance foll ®almer amaranth and large crabgrass densities without sweetpataped by weeks after
planting (WAP), Horticultural Crops Research StatiGhinton, NC 2016Each line represents a weed species and density, with p
values resulting from the Kruskallistestp| ot t ed as a continuous Vvarlkoandadeef at each w
interpretation, weed species and density spectra in the presence and absence of a crop are plotted seplacgalp&ted are
overallgroupwisep-values for wed species and density in the presence and absence of th8 &fep. sweet pot ato O6Covi

(Ipomoea batatak. Lam.), PA= Palmer amarantifharanthus palmei$. Wats.), LC= large crabgradlifitaria sanguinalis(L.)
Scop],BG=bareground

100



4 WAP

60+

40

20 Weed density (m’z)

SP WF
ESPLCH
2 HSPLC2
2 SPICa
- 0J mSPLC 16
o B SP PA 1
5 5 WAP 8 WAP | 15 WAP | BseEad
g W3P PA S
T p-value
o 0.20
0.15
60 0.10
005

407

20+

500 1000 1500 2000 2500 500 1000 1500 2000 2500 560 10b0 1550 20b0 2550
Wavelength (nm)

Figure 37. Sectral reflectance for all Palmer amaranth and large crabgrass denstestpotatgrouped by weeks after planting
(WAP), Horticultural Crops Research Stati@inton, NC 2017Each line represents a weed species and density, wihups
resultingfrom the KruskaWallistestp| ot t ed as a conti nuous VvV ar Foadade of ingerpretatianc h wa v ¢
weed species and density spectra in the presence and absence of a crop are plotted sepatsslyeported are overghioupnise
p-values for weed species and density in the presence and absence of tBePcrop. s we et p ot apgomoeadbatataki ngt oné (
Lam.), PA= Palmer amarantiaranthus palmei$. Wats.), LC= large crabgrad3igitaria sanguinalis(L.) Scop], WF=weedfree
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Figure 38. Spectral reflectance for all Palmer amaranth and large crabgrass densities without swgetppiddy weeks after

planting (WAP), Horticultural Crops Research StatiGhnton, NC 2017Each line represents a weed species and dendtyp-

values resulting from the Krusk#allistestp| ot t ed as a continuous Vvarlkoardadeef at each w
interpretation, weed species and density spectra in the presence and absence of a crop are plotted seplaegeaipoRed are
overallgroupwisep-values for weed species and density in the presence and absence of tBelcrop.s we et pot at o 6 Covi

(Ipomoea batatak. Lam.), PA= Palmer amarantifharanthus palmei$. Wats.), LC= large crabgradlifitaria sanguinalis(L.)
Scop],BG= bareground
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Figure 39. Spectral reflectance of Palmer amaranth at 1 pl&ntampared with large crabgrass at 1 plarftimsoybeargrouped by
weeks after planting (WAP), Horticultural Crops Research Staiiimton, NC 2016Each Ine represents a weed species and
density, with pvalues resulting from the MaAWhitney Utestp| ot t ed as a continuous var$Bbl

= s o0y bean Glgché&waxL3) 61érr.],[PA = Palmer amarantAinaranthus palmeis. Wats.), LC = large crabgrass
[Digitaria sanguinalis(L.) Scop].
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Figure 310. Spectral reflectance of Palmer amaranth at 1 pl&rdampared with large crabgrass at 1 plarftimsoybeargrouped

by weeks after planting (WAP), Horticultural Crops Rede&tation Clinton, NC 2017Each line represents a weed species and
density, with pvalues resulting from the MaAWhitney Utestp | ot t e d
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Figure 311. Spectral refleaince of Palmer amaranth at 8 ptamt?> compared with large crabgrass at 16 amt in soybean
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grouped by weeks after planting (WAP), Horticultural Crops Research Statiotgn, NC 2016Each line represents a weed species

and density, with ywaluesresulting from the ManiwWhitney Utestp | ot t e d
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Figure 312. Spectral refleaince of Palmer amaranth api@ntsm compared with large crabgrass atpléntsm in soybean
grouped by weeks after planting (WAP), Horticultural Crops Research Statiotgn, NC 2017Each line represents a weed species
and density, with ywaluesresulting from the ManiwWhitney Utestp| ot t ed as a continuous variable

SB = s oy b e aGlycirne m&E.pb\Neh.) PA[= Palmer amarantaranthus palmei$. Wats.), LC = large crabgrass
[Digitaria sanguinalis(L.) Scop].

106



3 WAP I 4 WAP | 5 WAP

60

40+

20+

Weed density (mfz)

No SBLC 1
0 No SB PA 1

500 1000 1500 2000 2500

7 WAP I 11 WAP p-value
0.15
.
Ho00

60+

Reflectance (%)

404

20+

560 1 OIOO 1 5|00 20|00 2560 560 1 dOO 1 560 20|00 25|00
Wavelength (nm)
Figure 313. Spectral refitance of Palmer amaranth at 1 plarnteompared with large crabgrass at 1 plarftwithout soybean
grouped by weeks after planting (WAP), Horticultural Crops Research St@tiotgn, NC2016.Each line represents a weed species
and density, with ywalues resulting from the Mankihitney Utestp| ot t ed as a continuous variable

SB = s o0y b e aGlycire m&& . pMeh. PA[= Palmer amarantAharanthus palmei$. Wats.), LC = large crabgrass
[Digitaria sanguinalis(L.) Scop].
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Figure 314. Spectral reflectece of Palmer amaranth at 1 plant oompared with large crabgrass at 1 plarftwithout soybean
grouped by weeks after planting (WAP), Horticultural Crops Research Statiotgn, NC2017.Each line represents a weed species

and density, with ywalues resulting from the Mamwhitney Utest plotted as a continuous variable at each wavelength ysher® 0 . 2 .
s 0 y b e aGlycine M&@&.bNel.Jh PA[= Palmer amarantnharanthus palmei$. Wats.), LC = large crabgrass

SB =
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Figure 315. Spectral reflectance of Palmer amaranthgaBtsm2 compared with largerabgrass at 1glantsm without soybean
grouped by weeks after planting (WAP), Horticultural Crops Research St@tiotgn, NC2016.Each line represents a weed species
and density, with ywalues resulting from the Mankhitney Utest plottedasa@nt i nuous variabl e at each v

SB = s o0y b e aGlycire m&& . pMeh. PA[= Palmer amarantAharanthus palmei$. Wats.), LC = large crabgrass
[Digitaria sanguinalis(L.) Scop].
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Figure 316. Spectral reflectance of Palmenaranth at §lantsm compared with large crabgrass atpléntsm without soybean
grouped by weeks after planting (WAP), Horticultural Crops Research Statiotgn, NC2017.Each line represents a weed species

and density, with ywalues resulting fom the ManAWhitney Utestp | ot t e d
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Figure 317. Spectral refldance of Palmer amaranth at 1 plant compared with large crabgrass at 1 plartimsweetpotato
grouped by weeks after planting (WAP), Horticultural Crops Research Statiotgn, NC2016.Each line represents a weed species
and density, with ywalues resulting from the Mankhitney Utestp| ot t ed as a continuous variable

SP= sweet pot apomoeadbGtataki Lang)t PAnRalmér amaranti(naranthus palmei$. Wats.), LC= large crabgrass
[Digitaria sanguinalis(L.) Scop]
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Figure 318. Spectralaflectance of Palmer amaranth at 1 plarftaompared with large crabgrass at 1 plartimsweetpotato
grouped by weeks after planting (WAP), Horticultural Crops Research Statioton, NC2017.Each line represents a weed species
and density, with ywalues resulting from the Mankhitney Utest plotted as a continuous variable at each wavelength woher® 0 . 2 .

SP= sweet pot apgomoeadbatatati Lang)tPédnRalmér amarantiaranthus palmei$. Wats.), LC= large crabgrass
[Digitaria sanguinalis(L.) Scop]
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Figure 319. Spectral reflectance of Palmer amaranthgaBtsm compared wit large crabgrass at peantsm in sweetpotato
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Figure 320. Spectral reflectaroof Palmer amaranth ap8ntsm? compared with large crabgrass atpléntsm in sweetpotato
grouped by weeks after planting (WAP), Horticultural Crops Research Statiotgn, NC2017.Each line represents a weed species
and density, with ywalues resulting from the ManiwWhitney Utestp | ot t e d
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Figure 321. Spectralaflectance of Palmer amaranth at 1 plarftaompared with large crabgrass at 1 plarftwithout sweetpotato
grouped by weeks after planting (WAP), Horticultural Crops Research St@tiotgn, NC2016.Each line represents a weed species
and density, wh p-values resulting from the Mankihitney Utestp| ot t ed as a continuous variable

SP= sweet pot apgomoeadbatatati Lang)tPédnRalmér amarantiaranthus palmei$. Wats.), LC= large crabgrass
[Digitaria sanguinalis(L.) Scop]

115



2 WAP | 3 WAP | 4 WAP
60
L//._‘IW‘/\*’\
. f tut
/ﬂ,\f\ .'f/\\ f’" “ w““ I"'/h |
407 r | =, /\ "y /“\* " 3 /\%.
W " ! ] |
f | A h /\'\’
| % v /\
20 y
9 Weed density (mfz)
= BNo SP LC 1
e 04 No SP PA 1
cC
% 5 WAP 8 WAP 15 WAP | p-\éalue
Ko} 0.15
& o0 010
e 0.00
fl,/‘
" \
40 ‘3 | /V/k\/\
! '; “lnn !
{ W W*,, i : ;
I [ | 1 )
20 g f\‘ ! , ,‘
! ¥ ! \ﬁu«r‘1 |
ﬁ ./’v: AN
D -

500 1000 1500 2000 2500

500

1000 1500 500

Wavelength (nm)

2000 2500

1000

1500

2000

2500

Figure 322. Spectralaflectance of Palmer amaranth at 1 plarftaompared with large crabgrass at 1 plartwithout sweetpotato

grouped by weeks after planting (WAP), Horticultural Crops Research Statiotgn, NC2017.Each line represents a weed species
and density, wh p-values resulting from the Mankhitney Utestp | ot t e d
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Figure 323. Spectralaflectance of Palmer amaranth gil&ntsm? compared with large crabgrass atpléntsm2 without
sweetpotat@rouped by weeks after planting (WAP), Horticultural Crops Research S@tinton, NC2016.Each line represents a
weed species and densityith p-values resulting from the ManrkVhitney Utest plotted as a continuous variable at each wavelength

where PBPO B6weet pot agomoeadbatatasi Lany)i Pé\xRalmér amarantiaranthus palme$. Wats.), LC=
large crabgrasdigitaria sanguinalis(L.) Scop}
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Figure 324. Spectral iéectance of Palmer amaranth apl@ntsm? compared with large crabgrass atpléntsm2 without
sweetpotat@rouped by weeks after planting (WAP), Horticultural Crops Research S@tiotgn, NC2017.Each line represents a
weed species and densityith p-values resulting from the ManrkVhitney Utest plotted as a continuous variable at each wavelength

where PBPO B6weet pot agomoeadbatatasi Lany)i Pé\xRalmér amarantiaranthus palme$. Wats.), LC=
large crabgrasdigitaria sanguinalis(L.) Scop}
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Figure 329. Spectral reflectance of large crabgrass at 1 pl&rdampared with large crabgrass atpl&ntsm in soybeargrouped
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Figure 330. Spectral reflectance of large crabgrass at 1 pl&rdampared with large crabgrass atgl@&ntsm™ in soybeargrouped
by weeks after planting (WAP), Horticultural Crops Research Sta@iimton, NC2017.Each line represents a weed species and
density, with pvalues resulting from the Manihitney Utest plotted as a continuous variable at each wavelength where pSB2 .

= s o0y bean Glgché&saiL3) 6érr.],[LC = large crabgras®|gitaria sanguinalis(L.) Scop].

124



3 WAP I 4 WAP | 5 WAP

404

20+

Weed density (mfz)

SBLC?2
0+ SBLC4

500 1000 1500 2000 2500

7 WAP I 11 WAP p-value
0.15
.
Ioﬁuo

Reflectance (%)

404

207

500 1000 1500 2000 2500 500 1000 1500 2000 2500
Wavelength (nm)
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Figure 334. Spectral reflectance weedfreeplots compared with Palmer amaranth at 1 plaAimsoybeargrouped by weeks after
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Figure 335. Spectral reflectance wleedfreeplots compared with Palmer amaranth atéhtsm2 in soybeargrouped byweeks after
planting (WAP), Horticultural Crops Research Stati@hinton, NC2016.Each line represents a weed species and density, with p
values resulting from the Mankivhitney Utestp| ot t ed as a continuous Vvar $Balsdymmanat each
0 A G 6 5Q@yide maxL.) Merr.], PA = Palmer amarantiAaranthus palmeis. Wats.) WF= weedfree.

129



2 WAP I 3 WAP 4 WAP
60 - /-/\
'rﬂ\'\m m
! ! ity '
~ N G ;
! ﬁ 'v.m
ﬁ
e // Weed density (m2)
£ WSB WF
g 01 SBPAS
cC
s 5 WAP I 8 WAP 15 WAP | pyalue
o 0.15
B o 0.10
- A ki
/’“ \"\/\ \%\“ )
b ] H
40 : ! : y\
v ‘, LY
, i /\’\j'- :' , !
' N o i : . |
207 ! ' " J/-\J ‘ N»‘q’ /\ﬂ A ‘ \=
' ' ! ! " P i
N N | LA e A |
g N
500 1000 1500 2000 2500 500 1000 1500 2000 2500 500 1000 1500 2000 2500
Wavelength (nm)

Figure 336. Spectral reflectance oleedfreeplots compared with Palmer amaranth atshtsm in soybeargrouped by weeks after
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Figure 338. Spectral reflectance of Palmer amaranth at 1 pl&rdampared with Palmemaranth at dlantsm in soybean

grouped by weeks after planting (WAP), Horticultural Crops Research Statiotgn, NC2017.Each line represents a weed species
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Figure 340. Spectral reflectance of Palmer amaranthga2tsm2 compared with Palmer amaranth gildntsm2 in soybean

grouped by weeks after planting (WAP), Horticultural Crops Research Statiotgn, NC2017.Each line represents a weed species
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Figure 341. Spectral reflectance wleedfreeplots compared with large crabgrass at 1 plafimsweetpotatgrouped by weeks
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Figure 342. Spectral reflectance wleedfreeplots compared with large crabgrass at 1 plafimsweetpotatgrouped by weeks
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Figure 346. Spectral reflectance of large crabgrass at 1 pl&rdampared with large crabgrass atgl@éntsm in sweetpotato
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Figure 348. Spectral reflectance of large crabgrassmagtsm comparedvith large crabgrass atplantsm? in sweetpotato

grouped by weeks after planting (WAP), Horticultural Crops Research Statiotgn, NC2017.Each line represents a weed species
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Figure 349. Spectral reflectance wleedfreeplots compared with Palmer amattaat 1 plant nf in sweetpotat@rouped by weeks
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Figure 350. Spectral reflectance wleedfreeplots compared with Palmer amaranth at hpha? in sweetpotatgrouped by weeks
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0 Co v i nigpinaea b@atatds. Lam.), PA= Palmer amarantiaranthus palmeis. Wat$, WF= weedfree.

w h eSP=sweetpdato0 . 2 .
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Figure 352. Spectral reflectance wleedfreeplots compared with Palmer amaranth atéhtsm2 in sweetpotto grouped by weeks
after planting (WAP), Horticultural Crops Research Stati@imton, NC2017.Each line represents a weed species and density, with
p-values resulting from the Manihitney Utest plotted as a continuous variable at each wavelength vehe p SP= seetpatato
6 Co v i nigpmaea b@atatgk. Lam.), PA= Palmer amaranti(haranthus palmei$s. Wat$, WF= weedfree.
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Figure 353. Spectral reflectance of Palmer amaranth at 1 pl&mampared with Palmer amaranth gil&ntsm2 in sweetpotato
grouped by weeks after planting (WAP), Horticultural Crops Research Statiotgn, NC2016.Each line represents a weed species
and density, with ywalues resulting from the Mankhitney Utest plotted as a continuous variable at each waveldmg wher e p
SP= sweet pot apgomoeadbatatati Lang)tPéd-nFRalmér amarantimaranthus palmei$. Wat3.
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Figure 354. Spectral reflectance of Palmer amaranth at 1 pl&mampared with Palmer amaranth gil8ntsm2 in sweetpotato
grouped by weeks after planting (WAP), Horticultural Crops Research St@tinotgn, NC2017.Each line represents a weed species
and density, with ywalues resulting from the Manlhitney Utest plotted as a continuous variable at each wavelength where p . 2 .
SP= sweet pot apgomoeadbatatati Lang)tPéd-nFRalmér amarantimaranthus palmei$. Wat3.
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Figure 355. Spectral reflectance of Palmer amaranthga2tsm? compared with Palmer amaranth gildntsm2 in sweetpotato

grouped ly weeks after planting (WAP), Horticultural Crops Research Stdfitimon, NC2016.Each line represents a weed species
and density, with ywalues resulting from the Mankvhitney Utestp | ot t e d
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Figure 356. Spectral reflectance of Palmer amaranthga2tsm? compared with Palmer amaranth gildntsm2 in sweetpotato
grouped by weekafter planting (WAP), Horticultural Crops Research Stati@imton, NC2017.Each line represents a weed species
and density, with ywalues resulting from the Manihitney Utestp| ot t ed as a continuous variabl
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Figure 357. Spectral reflectance baregroundplots compared with largeaingrass at 1 plant-fiwithout soybeamrouped by weeks

after planting (WAP), Horticultural Crops Research Statiéimton, NC2016 Each line represents a weed species and density, with
p-values resulting from the Mankhitney Utest plottedasacontmous vari abl e at eacSB=wsogbeanl engt h
0 A G 6 5Q@eive maxL.) Merr.], LC = large crabgras®jgitaria sanguinalis(L.) Scop], BG=bareground
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Figure 358. Spectral reflectance baregroundplots compared with large crabgragsl plant i without soybeamrouped by weeks
after planting (WAP), Horticultural Crops Research Stati@imton, NC2017.Each line represents a weed species and density, with
p-values resulting from the Mankhitney Utest plotted as a continuousvaa bl e at each wa $R3seybaan h

wher
0 A G 6 5Qeive maxL.) Merr.], LC = large crabgras®jgitaria sanguinalis(L.) Scop], BG=bareground
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Figure 359. Spectral reflectance baregroundplots compared with large crabgrass aplhtsm? without soybeamrouped by
weeks after planting (WAP), Horticultural Crops Research Stafibmton, NC2016.Each line represents a weed species and
density, with pvalues resulting from the Mankvhitney Utest plotted as a continuous variabl at each wavelSBngth w

= s oy bean Glgché&mbagL3) 6érr.],[LC = large crabgras®[gitaria sanguinalis(L.) Scop], BG=bareground
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Figure 360. Spectral reflectance baregroundplots compared with large crabgrass apl®its m? without soybeamrouped by
weeks after planting (WAP), Horticultural Crops Research Stafibmton, NC2017.Each line represents a weed species and
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Figure 361. Spectral reflectance of large crabgrass at 1 pl&rdampared with large crabgraas16plantsm? without soybean
grouped by weeks after planting (WAP), Horticultural Crops Research St@tiotgn, NC2016.Each line represents a weed species
and density, with ywalues resulting from the Mankvhitney Utest plotted as a continuousaw i abl e at each wavel en
SB = s o0y b e aGlycine m&& . pMeh.p LC[= large crabgras®jgitaria sanguinalis(L.) Scop].
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Figure 362. Spectral reflectance of large crabgrass at 1 pl&rdampared with large crabgrass atgléntsm? without soybean
grouped by weeks after planting (WAP), Horticultural Crops Research Statiotgn, NC2017.Each line represents a weed species
and density, with ywalues resulting from the Mankhitney Utest plotted as a continuous varialslet each wavel ength w
SB = s o0y b e aGlycine m&& . pMeh.p LC[= large crabgras®jgitaria sanguinalis(L.) Scop].
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Figure 363. Spectral reflectance of large crabgrassmagtsm2 compared with large crabgrass gildntsm? without soybean
grouped by weeks after planting (WAP), Horticultural Crops Research St@tiotgn, NC2016.Each line represents a weed species
and density, with ywalues resulting from the Mankvhitney Utest plotted as a continuous variable ateach v el en gt h

wher e
SB = s o0y b e aGlycine m&& . pMeh.p LC[= large crabgras®jgitaria sanguinalis(L.) Scop].
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Figure 364. Spectral reflectance of large crabgrassmagtsm compared with large crabgrass gildntsm? without soybean

grouped by weeks after planting (WAP), Horticultural Crops Research Statiotgn, NC2017.Each line represents a weed species

and density, with ywalues resulting from the Mankhitney Utest plotted as a continuous variable at each wavgle h
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Figure 365. Spectral reflectance baregroundplots compared with Palmer amaranth at 1 plaAtvithout soybeamrouped by
weeks after planting (WAP), Horticultural Crops Research Stafibmton, NC2016.Each line represents a weed species and
density, with pvalues resulting from the Mankvhitney Utestp | ot t ed as a continuous var$Babl e at

= s o0y bean Glgch&saiL3) 6érr.],[PA = Palmer amarantharanthus palmei$s. Wats.) BG=bareground
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