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 Weed Science 2014 62:237-249

 In-Field Movement of Glyphosate-Resistant Palmer Amaranth {Amaranthus
 palmer i) and Its Impact on Cotton Lint Yield: Evidence Supporting a

 Zero-Threshold Strategy

 Jason K. Norsworthy, Griff Griffith, Terry Griffin, Muthukumar Bagavathiannan, and
 Edward E. Gbur*

 This research was aimed at understanding how far and how fast glyphosate-resistant (GR) Palmer
 amaranth will spread in cotton and the consequences associated with allowing a single plant to escape
 control. Specifically, research was conducted to determine the collective impact of seed dispersal
 agents on the in-field expansion of GR Palmer amaranth, and any resulting yield reductions in an
 enhanced GR cotton system where glyphosate was solely used for weed control. Introduction of
 20,000 GR Palmer amaranth seed into a 1-m2 circle in February 2008 was used to represent survival
 through maturity of a single GR female Palmer amaranth escape from the 2007 growing season. The
 experiment was conducted in four different cotton fields (0.53 to 0.77 ha in size) with no history of
 Palmer amaranth infestation. In the subsequent year, Palmer amaranth was located as far as 114 m
 downslope, creating a separate patch. It is believed that rainwater dispersed the seeds from the
 original area of introduction. In less than 2 yr after introduction, GR Palmer amaranth expanded to
 the boundaries of all fields, infesting over 20% of the total field area. Spatial regression estimates
 indicated that no yield penalty was associated with Palmer amaranth density the first year after
 introduction, which is not surprising since only 0.56% of the field area was infested with GR Palmer
 amaranth in 2008. Lint yield reductions as high as 17 kg ha-1 were observed 2 yr after the
 introduction (in 2009). Three years after the introduction (2010), Palmer amaranth infested 95 to
 100% of the area in all fields, resulting in complete crop loss since it was impossible to harvest the
 crop. These results indicate that resistance management options such as a "zero-tolerance threshold"
 should be used in managing or mitigating the spread of GR Palmer amaranth. This research
 demonstrates the need for proactive resistance management.
 Nomenclature: Glyphosate; Palmer amaranth, Amaranthus palmen S. wats.; cotton, Gossypium
 hirsutum L. 'Stoneville 4554 B2/RRF'.
 Key words: Crop yield loss, seed dispersal, spatial movement of weeds, spatial statistics, zero
 threshold.

 In 2012, the United States ranked first globally
 for commercial production of genetically modified
 crops, with eight crops planted across 69.5 million
 ha during that year (James 2012). In 2010, a total of
 93, 78, and 70% of the U.S. soybean [ Glycine max
 (L.) Merr], cotton, and corn ( Zea mays L.) hectares,
 respectively, were planted to genetically modified
 crops (USDA 201 1). The majority of these hectares
 were planted with GR varieties, which were
 introduced in the mid-1990s. As a result, the use
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 of glyphosate for in-season weed control increased
 dramatically and has been associated with the
 selection for several GR weed species. By 2013, a
 total of 14 GR weed species have been confirmed in
 the United States, comprising about half of the total
 GR weed species ever confirmed in the world (Heap
 2013).

 Weed control based on the economic threshold

 approach is no longer sufficient for sustaining GR
 cropping systems (Bagavathiannan and Norsworthy
 2012; Norsworthy et al. 2012). The economic
 threshold was first developed as a decision-making
 tool in entomology and was based on the biological
 life cycle of arthropods (Stern et al. 1959). Several
 differences in the population ecology of weeds and
 arthropods exist, indicating that economic thresh-
 olds can lead to different outcomes in weed

 management strategies (Jones and Medd 2000;
 Norris 1999; Swanton et al. 1999; Swanton and
 Booth 2004). There are various types of thresholds,
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 and threshold levels differ depending on a weed's
 fecundity, competitiveness, population growth rate
 (lambda), seedbank life, and tendency to evolve
 resistance, among others (see Bagavathiannan and
 Norsworthy 2012 for a detailed discussion on
 thresholds). For a weed species that exhibits prolific
 seed production, high competitiveness with the
 crop, and rapid dispersal, all seed production must
 be prevented, especially in a situation where
 resistance has evolved. Thus a zero-tolerance

 threshold should serve as a threshold appropriate
 for such weed species.

 Rejmánek and Pitcairn (2002) reported that
 success rate of eradicating problematic weeds was
 greatest with early detection, prior to infestations
 greater than 1 ha in size, because propagule dispersal
 can thwart management measures. The effects of
 resistant weeds could be minimized if further spread
 from the original resistant patch could be prevented.
 Herbicide resistance can typically spread within and
 among production fields through the movement of
 seed, pollen, and regenerative propagules (Baga-
 vathiannan et al. 2013a). Seed movement is
 particularly important for long-distance dispersal
 for most weeds and there are several seed dispersal
 mechanisms involved in the spread of weed species.
 Wind and water are common abiotic seed dispersal
 mechanisms, but there are several biotic dispersal
 mechanisms, such as movement via animals by
 adhesion (epizoochory) or ingestion (endozooch-
 ory), and even movement resulting from human
 activities (anthropochory) (Van der Piji 1972).

 In the context of within-field dispersal, the
 contribution of rain and irrigation water to seed
 movement is noteworthy. Li and Qiang (2009)
 reported that over 74 weed species belonging to 20
 different families were found to float and travel via

 water, suggesting that dispersal and species compo-
 sition can be influenced by irrigation pattern and
 frequency in a given field. Weeds that have the
 ability to produce numerous small seeds that are
 capable of floating in water can rapidly spread across
 a production field. Palmer amaranth is one such
 weed. It can produce as high as 1,800,000 seed
 plant-1 (Bryson and DeFelice 2009; Smith et al.
 2012), with seeds measuring only 1 to 1.3 mm in
 diameter. In early research conducted by Kelley and
 Bruns (1975), redroot pigweed ( Amaranthus retro-
 flexus L.), a closely related Amaranthus species, was
 reported to be one of the most common weed seed
 found in irrigation canals.

 Tillage and harvest equipment are known to
 disperse weed seed. The combination of cultivation

 and mechanical harvest prior to weed seed shed
 resulted in the dispersal of weed seed for distances
 over 100 m in a corn-based cropping system
 (Heijting et al. 2008). Other long-distance seed
 dispersal mechanisms include anthropogenic means
 such as the movement of animal manure, gin trash,
 and contaminated crop seed, among others (see
 Bagavathiannan et al. 2013a for a discussion on
 dispersal vectors). Norsworthy et al. (2009) reported
 that Palmer amaranth seed was viable at a depth of
 25 cm after 2 yr of gin trash composting. Since gin
 trash is sometimes used as a cattle feed, and both gin
 trash and manure are commonly spread over
 agricultural fields, this could represent short- and
 long-distance dispersal mechanisms for Palmer
 amaranth.

 Additionally, pollen migration can favor the
 dispersal of resistance, especially in cross-pollinated
 weed species (Thill and Mallory-Smith 1997).
 Because exchange of genetic material must occur
 for dioecious species such as Palmer amaranth, the
 likelihood of movement of resistant alleles to

 susceptible populations is high. Wind-pollinated
 species have a high rate of gene flow within and
 between populations (Rognli et al. 2000). In
 Georgia, pollen-mediated transfer of glyphosate
 resistance through wind flow occurred for distances
 up to 300 m in Palmer amaranth (Sosnoskie et al.
 2012).

 Most weeds exhibit an aggregated or patchy
 distribution (Wiles et al. 1992), with the patches
 showing spatial stability over time (Beckie et al.
 2005; Marshall and Brain 1999; Rew et al. 1996;
 Rew and Cussans 1997; Wilson and Brain 1991).
 An understanding of the patch expansion dynamics
 is instrumental to the development of appropriate
 management strategies aimed at containing a weed
 population. The patchy distribution of weeds is
 generally most stable for perennial species and for
 those with high levels of shattering prior to crop
 harvest (Colbach et al. 2000). Palmer amaranth is a
 summer annual and only a small proportion of its
 seeds shatter prior to crop harvest (Bagavathiannan
 et al. 2013b), suggesting that the field distribution
 of Palmer amaranth may not be consistent with
 patchy distribution. Studies also show that large-
 seeded weeds (e.g., common sunflower [. Helianthus
 annuus L.]) and persistent weeds (e.g., velvetleaf
 [Abutilón theophrasti Medik.]), exhibit localized seed
 dispersal prior to harvest, with patches being
 somewhat stable over time (Burton et al. 2005;
 Dieleman and Mortensen 1999). Palmer amaranth
 is believed to exhibit less of a stable patch
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 distribution than previously evaluated species be-
 cause of its unique characteristics such as high seed
 production and increased likelihood for dispersal via
 harvest equipment due to the minimal spontaneous
 seed shattering prior to crop harvest and subsequent
 seed movement by rain or irrigation water. Thus, an
 understanding of the distribution of Palmer ama-
 ranth through a spatial approach is vital for making
 informed management decisions.

 Monitoring patch expansion and the soil seed-
 bank using site-specific technology such as global
 positioning systems (GPS) is considered a useful
 practice for resistance management (Beckie 2006)
 and has been successfully utilized for monitoring the
 spread of wild oat ( Avena fatua L.) (Beckie et al.
 2005), purple nutsedge ( Cyperus rotundus L.),
 yellow nutsedge ( Cyperus esculentus L.) (Webster
 2005), and hemp dogbane ( Apocynum cannabinum
 L.) (Webster et al. 2000), among others. Despite the
 importance of Palmer amaranth as a troublesome
 herbicide-resistant weed in various production
 systems, little research has been carried out to
 understand the distribution patterns of this species
 shortly after introduction in a production field and
 its impact on crop yield.

 The objectives of this research were 1) to develop
 a geo-spatial dataset to characterize the in-field
 expansion of GR Palmer amaranth through seed
 production over 3 yr in a GR cotton production
 system in which glyphosate was the only herbicide
 used for weed control and 2) to determine the effect
 of GR Palmer amaranth density on cotton yields.

 Materials and Methods

 Field studies were conducted from 2007 to 2010
 in four fields ranging from 0.53 to 0.77 ha in size at
 the University of Arkansas- Agriculture Research
 and Extension Center, Fayetteville, AR. The soil
 types in these fields included a mix of Caprina silt
 loam (fine-silty, siliceous, active, mesie Typic
 Fragiudults), a Pickwick silt loam (fine-silty, mixed,
 semiactive, thermic Typic Paleudults), and a Leaf
 silt loam (fine, mixed, active, thermic Typic
 Albaqults) (SSURGO 2012).

 These fields - marked as G2, G 4, G5, and G6 -
 had no prior history of Palmer amaranth infestation
 in them. Each year, 'Stoneville 4554 B2/RRF'
 cotton was planted and managed using standard
 production practices for midsouthern U.S. furrow-
 irrigated cotton. Each of these fields had 20,000 GR
 Palmer amaranth seeds sown into a circular 1-m2
 area on the high end of the field (south) in February

 Table 1. Amount of precipitation in 2007, 2008, and 2009 at
 the University of Arkansas-Agriculture Research and Extension
 Center, Fayetteville, AR.a,b

 Month

 January 11.7 3.8 1.5
 February 6.0 10.5 5.1
 March 1.8 25.5 10.2
 April 7.7 21.0 9.2
 May 11.2 12.0 20.2
 June 10.7 8.2 6.4
 July 7.9 10.9 11.8
 August 6.5 15.0 13.0
 September 6.0 23.5 18.4
 October 9.1 6.0 26.0
 November 0.9 2.2 4.0
 December 6.3 6.0 7.3

 a A single irrigation was applied in June 2007, July 2007 and 2009,
 and August 2008 and 2009; and two irrigations were applied in July
 2008 and August 2007.
 b A single irrigation accounted for approximately 5.0 cm of

 rainfall; multiple irrigations were totaled together based on this
 value.

 2008, centered approximately 15 m from the field
 edge. The center and edge of these 1-m2 patches
 were georeferenced (± 4 cm) using a Trimble
 AgGPS 332 Ultimate Choice GPS (Ultimate
 Choice GPS, Laserplane Arkansas Inc., 882 East
 Park St, Carlisle, AR 72024) receiver with Omni-
 STAR HP correction (FURGO; OmniSTAR, Inc.,
 8200 Westglen, Houston, TX 77063).

 This initial introduction was intended to repre-
 sent a conservative estimate of seed production from
 a single GR plant that survived to maturity in 2007.
 Since Palmer amaranth seeds are capable of floating
 in water, rainfall events and irrigation totals in 2008
 and 2009 are shown in Table 1.

 Each year, glyphosate was applied as needed (four
 applications) to control all other weed species in the
 field. In 2008, 2009, and 2010, the final density
 of Palmer amaranth was determined in a 1.0-m
 grid, using a Cartesian coordinate system with
 a continuous scale of 0, 1, 2, 3, 4, 5, and ^ 6
 Palmer amaranth m 1 of row. Spatial cotton yield
 data were collected in 2007, 2008, and 2009 using a
 cotton yield monitor kit (cotton yield monitor with
 Insight display, Case-IH 1822 kit; Ag Leader
 Technology, 2202 S. Riverside Dr., Ames, LA
 50010) equipped with Insight display and the
 GPS unit. It was not possible to harvest the crop in
 2010 due to severe infestation of Palmer amaranth
 in the experimental field and it was considered as a
 total crop failure. During harvest, yield data were
 collected every second from the two border rows of
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 each grid cell, with an approximate harvest speed of
 3 km h-1. After harvest, cotton stalks were shredded

 prior to working and rebedding the ground.
 Since yield data were geo-spatially referenced,

 spatial variability rendered standard ANOVA and
 least squares regression methods unreliable for
 statistical analysis. The original yield data were
 imported into ArcGIS (Esri, Redlands, CA 92373)
 along with latitude, longitude, elevation, speed,
 time, and lint mass as the major attributes for each
 data point. Additional information, such as field
 name, was added to the attribute table and it was
 converted to a GIS shapefile (.shp). A soils map was
 obtained for Fayetteville, AR, through the soil
 survey geographic database (SSURGO 2012) and
 imported to ArcGIS. The soils map was added as a
 separate layer and a polygon was drawn around each
 soil type, creating a soil polygon for selecting yield
 data points within each soil type. Soil types were
 added to the attribute table for use as covariates in

 the analysis and again saved as a .shp file.
 In a separate ArcGIS layer, a 1-m2 grid was created

 and aligned for fields G2, G4, G5, and G6, and
 Palmer amaranth density data were added for each
 year. The layer containing Palmer amaranth density
 data was then spatially joined or snapped to the
 original yield data layer, with each Palmer amaranth
 1-m2 grid taking the average of the respective yield
 data points to represent cotton lint yield. This dataset
 was saved as a single .shp file for future analysis. To
 assess spatial variability, cotton yields and Palmer
 amaranth density data were subjected to exploratory
 spatial data analysis (ESDA) using GeoDa 0.9.5-1
 (Arizona State University; http://geodacenter.asu.
 edu /). Row-standardized spatial weight matrices were
 created based on either queen (eight directions) or
 rook (four directions) contiguity, since the dataset
 contained aerial units. These spatial weight matrices
 were used in Moran's / (Anselin 1999) test for global
 spatial autocorrelation, as well as a local indicator of
 spatial association (LISA) (Anselin 2003) to deter-
 mine whether significant local clustering occurred.
 The results from ESDA suggested further statistical
 analysis using spatial regression to help account for
 the spatial structure of the dataset.

 Moran's / test for regression residuals was
 assumed to be normally distributed under the null
 hypothesis of no spatial dependence, given by

 n jc'W*
 I=nxwx n jc'W*

 S0 xx

 where x is an n X 1 vector of observations as

 deviations from the mean, W is an » X n spatial

 weights matrix, and S0 is the sum of elements of W.
 This test statistic has previously been interpreted as
 a correlation coefficient (Anselin 1988), with a large
 positive Moran's / value indicating neighbors
 having high values, and a negative Moran's /
 indicating that high and low value observations
 occur as neighbors. Palmer amaranth density and
 cotton yields were used as the variable of interest in
 Moran's / to determine if spatial autocorrelation
 existed in each experimental field. Spatially weight-
 ed matrices were created using queen contiguity
 with minimum distances of 1 .42 and 3 m to ensure

 each observation has at least one neighbor.
 It was suspected that several field variables were

 correlated with site-specific cotton yield, including
 Palmer amaranth density, soil type, and elevation.
 Since elevation and slope were likely responsible for
 some Palmer amaranth seed dispersal and yield
 variability, a relative elevation variable was created
 for each data point to help account for spatial
 structure. Topographic modeling techniques have
 been incorporated into statistical models in the form
 of digital elevation models and hydrologie models,
 and have been used to account for the noise

 component associated with spatial datasets (Griffin
 et al. 2006).

 The fields in this study were furrow-irrigated
 with slopes at some locations greater than 5%, and
 seed dispersal was expected to be correlated to
 elevation and water flow. Although spatial regres-
 sion techniques have been implemented in other
 areas of research (Anselin 2001; Goodchild et al.
 2000), the application of spatial models in
 agriculture has been less extensive, with fewer
 models for addressing large-scale yield monitor
 datasets (Anselin et al. 2004). Exploratory spatial
 analysis of these data indicated that spatial structure
 existed in the dataset, and as a result, spatial
 regression modeling techniques were investigated.
 To further validate the use of spatial regression, a
 spatial specification search was carried out for
 2007, 2008, and 2009 lint yields. Standard aspatial
 model with ordinary least squares (OLS) estima-
 tion and spatial autoregressive error (SERROR)
 model with general moments (GM) estimation
 were used to carry out aspatial and spatial
 specification, respectively. The models were esti-
 mated in R 2.13.1 (R Foundation for Statistical
 Computing, Vienna, Austria, www.R-project.org)
 using the rgdal and spdep packages. The Akaike
 information criterion (AIC) was used to determine
 which statistical model was more appropriate
 (Anselin 2001).
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 Figure 1. Glyphosate- résistant Palmer amaranth density maps from 2008 (first growing season after introduction) and 2009 (second
 growing season) for field G2 (0.53 ha) at the University of Arkansas-Agriculture Research and Extension Center, Fayetteville, AR.

 The following model was used to determine the
 effects on cotton lint yields:

 Y i = intercept + PAcount + PA2count

 + WiPAcount + RE + RExPA count

 + LE + CAB + LExPAcount [2]

 + CABxPAcount + LExW ¡PAcount

 + CABxWiPAcount

 where Y¡ is cotton lint yield in kg ha 1 at location i,
 PAcoum is the density of Palmer amaranth, WiPAcount is
 the average density of the zth weighted matrix, RE is
 the relative elevation, LE is an indicator variable for the

 presence of a Leaf silt loam soil, CAB is an indicator
 variable for the presence of a Caprina silt loam soil,
 and the product terms represent the interaction
 between the indicated factors. This model generated
 three different equations (one for each soil type). Two
 soil types were accounted for in the model, whereas the
 third was represented by the intercept.

 Results and Discussion

 Palmer Amaranth Density. Palmer amaranth
 densities for 2008 and 2009 in fields G2, G 4,

 G5, and G6 are presented in Figures 1 to 4. In
 October 2008, only one growing season after
 introduction, Palmer amaranth had moved down-
 slope as far as 118 m in field G6 (Figure 4). The
 few plants that established 118 m downslope
 quickly led to the formation of a distinct, rapidly
 enlarging Palmer amaranth patch in 2009 (Fig-
 ure 4). Tillage and rebedding were not responsible
 for seed movement because these practices were
 carried out prior to the introduction of seeds in
 February 2008. Movement to this distance is likely
 a result of significant rainfall events in the spring of
 2008 (Table 1). Although Palmer amaranth move-
 ment in fields G2, G4, and G5 occurred for
 distances less than 16 m in 2008 (Figures 1 to 3),
 patch expansion reached the borders of all fields in
 2009, infesting 14, 31, 24, and 12% of fields G2,
 G4, G5, and G6, respectively (Table 2).

 These figures indicate that the majority of Palmer
 amaranth movement occurred along the length of
 the beds rather than across the beds. Palmer

 amaranth movement across the beds was up to
 6 m from the source of introduction in field G6

 (Figure 4). A decrease in lateral seed movement was
 somewhat expected due to the presence of beds for
 furrow irrigation and also because the general
 direction of equipment was in the direction of the
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 Figure 2. Glyphosate-resistant Palmer amaranth density maps from 2008 (first growing season after introduction) and 2009 (second
 growing season) for field G4 (0.57 ha) at the University of Arkansas-Agriculture Research and Extension Center, Fayetteville, AR.

 Figure 3. Glyphosate-resistant Palmer amaranth density maps from 2008 (first growing season after introduction) and 2009 (second
 growing season) for field G 5 (0.57 ha) at the University of Arkansas-Agriculture Research and Extension Center, Fayetteville, AR.

 242 • Weed Science 62, April-June 2014

This content downloaded from 
������������164.107.34.157 on Tue, 15 Feb 2022 15:19:23 UTC������������� 

All use subject to https://about.jstor.org/terms



 Figure 4. Glyphosate-resistant Palmer amaranth density maps from 2008 (first growing season after introduction) and 2009 (second
 growing season) for field G6 (0.77 ha) at the University of Arkansas-Agriculture Research and Extension Center, Fayetteville, AR.

 furrows. Palmer amaranth patch expansion had
 increased to ^ 95% of the total area of all fields in

 2010, causing total crop failure. The fact that crop
 failure occurred only 3 yr after the introduction of
 20,000 seed in a 1 m2, simulating a single GR female
 Palmer amaranth, is a major concern for producers. It
 is extremely important to monitor fields for
 suspected GR Palmer amaranth to ensure methods
 of control can be implemented in a timely fashion,
 perhaps with the adoption of a zero-tolerance
 threshold. The critical period for removing plants
 is relatively short after pollination has occurred, as

 Table 2. Percentage of total cells (1-m2) infested by
 glyphosate-resistant Palmer amaranth in fields G2, G4, G5,
 and G6 in 2008, 2009, and 2010, at the University of Arkansas-
 Agriculture Research and Extension Center, Fayetteville, AR.a

 Infestation

 Field

 G2 0.58 14 > 95
 G4 0.56 31 >95
 G5 0.60 24 > 95

 G6

 a Percentage of infestation calculated by dividing the number
 of 1-m2 grid cells containing Palmer amaranth by the total
 number of cells for that field.

 evident from the studies with closely related
 species, waterhemp [. Amaranthus tuberculatus
 (Moq) Sauer.], where over 75% of seeds germi-
 nated only 12 d after pollination (Bell and Tranel
 2010).

 Cotton Lint Yield Maps. Gotton lint yields varied
 each year as a result of environmental conditions
 as well as increasing Palmer amaranth densities
 (Figures 5 to 8). General descriptive statistics for
 lint yields are given in Table 3. In general, lint
 yields were the lowest in 2007, likely because of
 the limited rainfall during the growing season
 (Table 1). As Palmer amaranth density and
 interference with cotton increased from 2008 to

 2009, so did the variability in cotton lint yield
 (Tables 2 and 3). Lint yield maps created in
 ArcGIS helped to visually display the localized
 effect of increasing Palmer amaranth densities from
 2007 to 2009. However, across all fields, crop
 yields were not useful indicators to assess the long-
 term effects of early, low-density weed infestations.
 For instance, the minimum and maximum yields
 were similar for all years, largely due to the natural
 effects of environmental variability within these
 fields (Table 3); albeit, a visual comparison of the
 2009 G6 Palmer amaranth density map (Figure 4)
 and the lint yield map (Figure 8) indicate yield

 Norsworthy et al.: In-field movement of Palmer amaranth • 243

This content downloaded from 
������������164.107.34.157 on Tue, 15 Feb 2022 15:19:23 UTC������������� 

All use subject to https://about.jstor.org/terms



 Figure 5. Cotton lint yield maps from 2007 to 2009 for field G2 (0.53 ha) at the University of Arkansas-Agriculture Research and
 Extension Center, Fayetteville, AR.

 reduction patterns similar in structure to Palmer
 amaranth density.

 Application of ESDA. Palmer amaranth density
 and continuous cotton lint yield were used as the
 variable of interest in Moran's / test to characterize

 the spatial autocorrelation across all fields. Signif-
 icant values of spatial autocorrelation (Moran's I

 test) rejects the null hypothesis that the processes
 promoting the observed pattern of values is a
 random chance. In the present study, significant
 spatial autocorrelation existed for cotton lint yields
 in all years and for Palmer amaranth density in
 2008 and 2009 (Table 4), indicating that crop
 yield or Palmer amaranth density observed at a
 particular site within a field was associated with the

 Figure 6. Cotton lint yield maps from 2007 to 2009 for field G4 (0.57 ha) at the University of Arkansas-Agriculture Research and
 Extension Center, Fayetteville, AR.
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 Figure 7. Cotton lint yield maps from 2007 to 2009 for field G5 (0.57 ha) at the University of Arkansas-Agriculture Research and
 Extension Center, Fayetteville, AR.

 variables assessed. Results from LISA also indicated

 significant local clustering (data not shown),
 suggesting that spatial modeling techniques should
 be used to account for spatial variability. Welk

 (2004) reported that distribution patterns of an
 invasive species at an invasion front are often
 spatially autocorrelated because of the dispersal
 characteristics.

 Figure 8. Cotton lint yield maps from 2007 to 2009 for field G6 (0.77 ha) at the University of Arkansas-Agriculture Research and
 Extension Center, Fayetteville, AR.
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 Table 3. Descriptive statistics for cotton lint yield in fields G2,
 G4, G5, and G6, in 2007, 2008 (first year after introduction),
 and 2009 (second year after introduction) at the University of
 Arkansas-Agriculture Research and Extension Center, Fayetteville,
 AR.a

 Field Year Mean SE Min Max

 G2 2007 673 285 6 1,712
 2008 735 346 0 1,848
 2009 1,073 370 0 1,846

 G4 2007 706 235 0 1,837
 2008 872 236 0 1,844
 2009 970 349 0 1,847

 G5 2007 1,057 325 74 1,841
 2008 972 295 0 1,839
 2009 1,231 437 0 1,847

 G6 2007 578 213 0 1,827
 2008 813 254 0 1,792

 a Abbreviations: Min, minimum lint yield; Max, maximum
 lint yield; SE, standard error of mean.

 Empirical Analysis. Estimates for cotton lint yields
 in 2007, 2008, and 2009 were generated from
 Equation 2 using a cumulative dataset from fields
 G2, G4, G5, and G6. As Palmer amaranth density
 increases, cotton yield is expected to decrease
 nonlinearly; hence, the squared term was included
 in Equation 2. The gaps between these fields were
 taken into account when building the cumulative
 dataset by using XY coordinates. The soil data were
 expected to account for the field-to-field differences.
 Our focus was on the model comparison between
 standard aspatial models estimated by OLS and the
 SERROR model estimated using GM.

 Results from 2007 estimates are shown in
 Table 5. Since no Palmer amaranth was present in
 2007, a reduced version of the model, including
 relative elevation and soil type, was used to
 demonstrate the inherent variability in yield
 associated with those parameters. The spatial
 autoregressive parameter lambda was 0.93, indicai-

 Table 4. Characterization of the spatial autocorrelation across
 all fields in 2008 and 2009 at the University of Arkansas-
 Agriculture Research and Extension Center, Fayetteville, AR,
 using Palmer amaranth density and continous cotton lint yield as
 the variable of interest in Moran' s / test.a'b

 Year Density Lint yield Density Lint yield
 2008 0.48 0.76 0.31 0.66

 2009

 a Wļ represents the autocorrelation value for a distance of
 1.42 m; W2 represents the autocorrelation at a distance of 3 m.
 b All values were significant, with P < 0.0001.

 Table 5. Coefficient estimates and diagnostic statistics for
 cotton lint yield in 2007 at the University of Arkansas-
 Agriculture Research and Extension Center, Fayetteville, AR.a

 Variables Estimate SE Estimate SE

 (Intercept) 539. lb 4.7 676. 3b 11.6
 RE - 6.4b 2.1 20.6b 6.8
 LE 98. lb 8.0 16.1 21.3
 CAB 268.6b 5.4 82.4b 11.1
 Lambda 0.93

 AIC

 a Abbreviations: OLS; aspatial model with ordinary least
 squares estimation; SERROR, spatial autoregressive error model;
 SE, the standard error of the estimate; RE, relative elevation; LE,

 Leaf silt loam soil; CAB, Cap tina silt loam soil; AIC, Akaike
 information criterion.

 b Estimate is greater than two times the SE in magnitude.

 ing that spatial dependence inherendy exists and
 that a spatial model is a better alternative than a
 traditional model. Autoregressive models taking
 into account spatial autocorrelation were found to
 be more appropriate than OLS regression models in
 other ecological studies also (Dormann 2006;
 Lichstein et al. 2002). Higher elevations yielded
 more in 2007, likely a result of the direct proximity
 to the source of furrow irrigation.
 Overall, mean cotton lint yields were numerically
 greater in 2008 than in 2007 (Table 3), regardless
 of the introduction of GR Palmer amaranth. This is

 not surprising, since only 0.56% of these fields were
 infested with Palmer amaranth in 2008 (Table 2).
 The same scenario often occurs in a producer's field
 during the early phase of resistance evolution, when
 small densities of resistant weeds show no yield
 penalty over large field areas. The coefficients for
 the model that predicted the 2008 yield estimations
 are shown in Table 6. The lower AIC value

 indicates that the spatial model was a better fit for
 estimation compared to a traditional model. The
 majority of Palmer amaranth remained in the
 "high" end of the field in 2008 (Figures 1 to 4),
 with spatial movement limited to 16 m or less in
 fields G2, G4, and G5.

 After less than 2 yr from introduction, the Palmer
 amaranth population had expanded to the borders
 of all fields, infesting over 20% of the total area
 (Table 2). GR Palmer amaranth was more wide-
 spread in 2009, as can be seen from the Palmer
 amaranth density maps (Figures 1 to 4). Infestation
 at these levels can be a first indication to producers
 that they have resistant weeds. The estimates for
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 Table 6. Coefficient estimates and diagnostic statistics for
 cotton lint yield in 2008 at the University of Arkansas-
 Agriculture Research and Extension Center, Fayetteville, AR.a'b

 OLS

 Variables Estimate SE Estimate SE

 (Intercept) 750.8b 4.0 791.0b 11.2
 PA^ -29.9 33.2 32.1 18.5
 PAcoum2 2.0 6.0 0.0 3.0
 W^A^n, -80.8b 36.5 -42.5 35.7
 RE 5.1b 2.0 5.2 6.3
 RE X PA^u« -77.3 88.7 -36.7 47.6
 LE 76.5b 4.1 71.4b 13.1
 CAB 106.3b 4.6 53.3b 10.4
 LE X PA^n, -49.1 99.6 -38.0 52.8
 CAB X PAcount 46.1 100.2 -15.3 54.0
 LE X WjPAco^ -4.8 39.5 2.7 38.4
 CAB X WjPA^, 3.0 7.4 5.7 4.2
 Lambda 0.90

 AIC

 a Abbreviations: OLS; aspatial model with ordinary least
 squares estimation; SERROR, spatial autoregressive error model;
 SE, standard error of the estimate; PA^nt, Palmer amaranth
 count; PAcount2, Palmer amaranth count squared; WļPACOLlnI,
 spatially weighted average of Palmer amaranth counts; RE,
 relative elevation; LE, Leaf silt loam soil; CAB, Captina silt loam
 soil; AIC, Akaike information criterion.
 b Estimate is greater than two times the SE in magnitude.

 2009 cotton lint yield are shown in Table 7. Yields
 were significantly impacted by several parameters in
 2009, including Palmer amaranth density, weighted
 density, relative elevation, soil type, and the
 interaction of weighted Palmer amaranth density
 and the Captina silt loam soil. The SERROR was a
 better fit for estimation, as indicated by the lower
 AIC value (287,506). The positive lambda indicates
 that inherent spatial variability existed in these data.
 Relative elevation was significant, with the higher
 elevations yielding less than lower elevations. This
 effect is illustrated in Figures 5 to 8, where the
 lowest-yielding areas of each field are on the higher
 elevation end (south end) of the field. On average,
 cotton lint yields were reduced at a level of
 17 kg ha-1 for each Palmer amaranth. As expected,
 the weighted average of Palmer amaranth density
 for a given location was also significant in reducing
 cotton lint yields. This parameter might be more
 important in understanding the relationship be-
 tween Palmer amaranth and yield, because it takes
 into account the surrounding Palmer amaranth
 density for a given location in the field. Several
 factors play a role in determining crop yield loss per
 Palmer amaranth plant, some of which were not
 accounted for in the analysis. Examples include the

 Table 7. Coefficient estimates and diagnostic statistics for
 cotton lint yield in 2009 at the University of Arkansas-
 Agriculture Research and Extension Center, Fayetteville, AR.a

 OLS

 Variables Estimate SE Estimate SE

 (Intercept) 1005.8b 4.8 997.6b 13.2
 PAcoun, - 105.8b 8.0 -16.6b 5.3
 PAco^2 2.3 1.3 1.8 J 0.7
 WjPA^ -94.3 7.8 -60.8 7.6
 RE - 101.8b 2.4 - 88.0b 7.5
 RE X PAcoun, 12.4b 5.5 -2.1 3.9
 LE 186.7b 5.1 I60.6b 15.8
 CAB 116.2b 5.6 93.5b 12.0
 LE X PA«»,« 56.6b 7.6 -1.1 4.3
 CAB X PAc0unt 5.0 6.2 -2.6 4.8
 LEXWiPAcount - 74.8b 7.8 -12.3 9.5
 CAB X W^PAcount 7.5b 1.5 ~3.3b 1.2
 Lambda 0.92

 AIC

 a Abbreviations: OLS; aspatial model with ordinary least
 squares estimation; SERROR, spatial autoregressive error model;
 SE, the standard error of the estimate; PAcount, Palmer amaranth
 count; PAcounj2, Palmer amaranth count squared;
 spatially weighted average of Palmer amaranth counts; RE,
 relative elevation; LE, Leaf silt loam soil; CAB, Captina silt loam
 soil; AIC, Akaike information criterion.
 b Estimate is greater than two times the SE in magnitude.

 time of Palmer amaranth emergence and duration
 of weed-crop competition. The intraspecific inter-
 ference of Palmer amaranth will also have an effect

 on the ability of Palmer amaranth to reduce crop
 yields; i.e., a single Palmer amaranth plant in the right
 environment can be as competitive as or more dominant
 than a small group of Palmer amaranth plants growing
 under nonideal conditions in the same given area.

 Palmer Amaranth and Yield. A reduced-input
 model (Equation 2) was created to demonstrate the
 effect of Palmer amaranth density on cotton lint
 yields for a given soil type. The SERROR model
 was chosen based on AIC, and GM estimation was
 used for determining the yield penalty or gains. The
 estimates were used to build Figure 9, which
 represents the relationship among all Palmer
 amaranth present in a given area of the field,
 including the spatially weighted average of neigh-
 boring Palmer amaranth. This model represents a
 quadratic relationship for increasing Palmer ama-
 ranth densities and decreasing cotton lint yields.
 Cotton in the Leaf silt loam soil yielded the highest
 in the absence of any Palmer amaranth, followed by
 the Captina silt loam soil. Cotton in the Pickwick
 silt loam soil, which was far less abundant and

 Norsworthy et al.: In-field movement of Palmer amaranth • 247

This content downloaded from 
������������164.107.34.157 on Tue, 15 Feb 2022 15:19:23 UTC������������� 

All use subject to https://about.jstor.org/terms



 Figure 9. Cotton lint yields for a Leaf silt loam (LE), Cap tina
 silt loam (CAB), and a Pickwick silt loam (PKC) soil, as affected
 by cumulative Palmer amaranth densities across fields G2, G4,
 G5, and G6 in 2009 at the University of Arkansas-Agriculture
 Research and Extension Center, Fayetteville, AR.

 located in the south end of the fields, yielded the
 least when no Palmer amaranth was present.
 Regardless of soil type, increasing Palmer amaranth
 densities significandy reduced lint yields.

 Results from this research highlight the impor-
 tance of vigilance in managing GR Palmer
 amaranth. In only 2 yr after introduction, GR
 Palmer amaranth had colonized each field, spread-
 ing from field edge to field edge. Although yields
 were not affected as a direct result of Palmer

 amaranth the first year after introduction, the
 implications of resistance evolution going "unno-
 ticed" in the first year can have a devastating impact
 in the subsequent years. The amount of seed
 produced by GR Palmer amaranth allows it to
 rapidly spread throughout a field or entire farm. By
 the third cropping season after introduction (Year
 2010), complete crop failure had occurred. The
 competition from high densities of Palmer ama-
 ranth resulted in little to no cotton at harvest.

 Moreover, the high densities in 2010 made harvest
 impossible due to potential equipment failure.

 GR Palmer amaranth possibly spread throughout
 each field primarily via furrow irrigation, tillage,
 and harvest equipment, as well as by rainfall after
 seed maturity. The relatively lower levels of seed
 movement perpendicular to the bedded rows may
 have resulted from wind, insects, rodents, or other
 animals. Seed movement perpendicular to the rows
 was noted the first year after introduction, prior to
 the use of tillage or harvest equipment. Seed
 dispersal was not limited to the confines of field
 borders in this study, as GR Palmer amaranth were
 also found outside of each field in 2010. In a

 production situation, seed dispersal becomes more
 critical, because there is potential for spreading

 resistance over thousands of hectares within and

 across farms (Bagavathiannan et al. 2013a).
 The fact that yields were not significantly affected

 by Palmer amaranth densities in 2008 even though
 the population quickly expanded and increased the
 subsequent year leads us to conclude that the
 economic threshold for Palmer amaranth is in

 reality a zero-tolerance threshold. Viable seed
 production and entry into the soil seedbank is
 critical for rapid buildup of any newly formed
 resistant population, including herbicide-resistant
 species other than Palmer amaranth. No Palmer
 amaranth should be allowed to reach reproductive
 maturity, meaning that multiple means of control
 will be needed over an extended growing season due
 to the season-long emergence of Palmer amaranth
 (Jha and Norsworthy 2009; Norsworthy et al.
 2012). In this research, it took only 20,000 seed
 initially introduced into 1 m2 to effectively colonize
 0.53- to 0.77-ha fields in less than 2 yr, which is far
 fewer than the number of seed produced by most
 Palmer amaranth females. Thus, the spatial ap-
 proach we implemented in this study was extremely
 valuable in understanding the pattern of within-
 field dispersal of Palmer amaranth and demonstrat-
 ing that a single escape is way too many to allow for
 this species, justifying the need for a zero-tolerance
 approach in managing this weed.
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