
ABSTRACT 

MCGOWEN, SAMUEL JACKSON. Critical Period for Palmer Amaranth (Amaranthus 

palmeri) Control and Cultural Control of Palmer Amaranth in Pickling Cucumber Systems 

with Cover Crops and Row Spacing. (Under the direction of Dr. Katherine M. Jennings). 

 

Palmer amaranth is ranked as the most common and most troublesome weed in 

pickling cucumber in North Carolina. Palmer amaranth reduces yield and quality of pickling 

cucumber and interferes with harvesting efficiency. Conventional herbicide programs often 

do not provide acceptable control, and hand weeding is required to supplement control. Field 

studies were conducted to determine the critical period of Palmer amaranth control (CPPAC) 

in pickling cucumber. Removal treatments consisted of hand-removal of Palmer amaranth at 

0, 2, 3, 4, or 5 wk after planting (WAP) in 2014, and at 0, 2, 3, 5, or 7 WAP in 2015. 

Establishment treatments consisted of establishment of Palmer amaranth at the same dates. 

This research suggested that planting date has an effect on the CPPAC, with an earlier 

planting date having a shorter CPPAC that begins later in the growing season. 

Studies were conducted in North Carolina to determine the effect of cereal rye and oat 

cover crops with or without herbicides on Palmer amaranth density and growth in no-till 

pickling cucumber. Cover crop treatments (cereal rye, oat, and fallow) were evaluated alone 

and in combination with herbicide treatments for effects on Palmer amaranth control and 

pickling cucumber yield. The cereal rye cover crop provided greater ground cover as 

compared to oat and fallow. Cereal rye reduced cucumber stand, but improved yield 

compared to fallow at one of two planting dates. Herbicide effects on Palmer amaranth 

control and yield varied greatly by planting. 

Field studies were conducted to determine if sorghum sudangrass controls Palmer 

amaranth and eclipta in late summer pickling cucumber production. ‘Hy Gain’ sorghum 



sudangrass was planted in late May, mowed, killed by glyphosate, and incorporated into the 

soil before seeding cucumber. Sorghum sudangrass and fallow main plots were combined 

with herbicide treatments arranged in a randomized complete block as subplots. Weed 

control and pickling cucumber yield were determined. Sorghum sudangrass had no effect on 

Palmer amaranth control or pickling cucumber yield, but improved control of eclipta 

compared to fallow. 

 Studies were conducted to determine the effect of a machine-harvest cucumber 

system with narrow rows and reduced in-row spacing, and a hand-harvest cucumber system 

with wide rows and increased in-row spacing with and without herbicide treatments on 

Palmer amaranth control and cucumber yield. Palmer amaranth control was greatest from 

ethalfluralin at 1260 g ai ha
-1

, but did not differ between cucumber production systems. Total 

yield did not differ between the two cucumber production systems. However, yield of 

marketable cucumber grades was greatest in the hand-harvest system. 
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Critical Period for Palmer Amaranth (Amaranthus palmeri) Control in Pickling 
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Critical Period for Palmer Amaranth (Amaranthus palmeri) Control in Pickling 

Cucumber 

Samuel J. McGowen, Katherine M. Jennings, David W. Monks, Jonathan R. Schultheis, S. 

Chris Reberg-Horton, and Sushila Chaudhari 

 

*First through fourth and sixth authors: Graduate Student, Assistant Professor, Professor, 

Professor, and Post-Doctoral Scholar, Box 7609, Department of Horticultural Science, North 

Carolina State University, Raleigh, NC 27695-7609. Fifth author: Associate Professor, Box 

7620, Department of Crop Science, North Carolina State University, Raleigh, NC 27695-

7620. Corresponding author’s email: sjmcgowe@ncsu.edu 

 

Field studies were conducted in North Carolina to determine the critical period for Palmer 

amaranth control (CPPAC) in North Carolina pickling cucumber. Removal treatments to 

simulate control of Palmer amaranth at different dates during the growing season consisted of 

hand-removal of Palmer amaranth at 0, 2, 3, 4, or 5 wk after planting (WAP) in 2014, and at 

0, 2, 3, 5, or 7 WAP in 2015. Establishment treatments to simulate establishment of Palmer 

amaranth at different dates during the season consisted of establishment of Palmer amaranth 

at the same dates. When cucumber was planted early, the CPPAC lasted from 760 to 830 

cumulative heat units. When cucumber was planted 2 wk later, the CPPAC lasted from 170 

to 770 cumulative heat units. This research suggested that planting date has an effect on the 

CPPAC, with an earlier planting date having a shorter CPPAC that begins later after planting 

the crop. The use of heat units may have increased utility as compared to d or wk due to 

variation in CPPAC response with environmental variation. 
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Nomenclature: Palmer amaranth, Amaranthus palmeri S. Wats. AMAPA; cucumber, 

Cucumis sativus L. 

Key words: Removal, establishment, timing of control, competition, heat units. 

  

 North Carolina ranks in the top three states nationally for pickling cucumber with 

2,550 ha harvested in 2012 and an estimated crop value of $12.3 million (Wells et al. 2014). 

Pickling cucumber has a prostrate, vining growth habit, and controlling weeds in cucumber 

improves fruit yield and quality (Friesen 1978; Berry et al. 2006) and harvesting efficiency 

(Trader et al. 2007). Pickling cucumber is typically produced on bare ground without plastic 

mulch, and standard weed control practices include herbicides, between-row cultivation 3 

times per season, and hand-weeding 1 to 2 times per season (Holmes et al. 2005). 

Palmer amaranth is the most common and troublesome weed in North Carolina 

pickling cucumber (Webster 2010). Palmer amaranth has been observed to grow as fast as 21 

mm per growing degree day (GDD) and to heights greater than 2 m under natural growing 

conditions (Horak and Loughin 2000). Where water and nutrients were provided through drip 

tape in a bell pepper (Capsicum annuum L.) production system, Palmer amaranth grew at a 

maximum rate of 42 mm per GDD and reached 395 cm tall (Norsworthy et al. 2008). The tall 

growth habit of Palmer amaranth allows it to intercept light that would otherwise reach the 

cucumber canopy. In sweetpotato, which has a growth habit similar to that of cucumber, 

Meyers et al. (2010) reported that sweetpotato root yield exhibited an inverse relationship 

with Palmer amaranth light interception. 

Berry et al. (2006) reported that season-long interference by livid amaranth 

(Amaranthus lividus L.) and smooth pigweed (Amaranthus hybridus L.) reduced cucumber 



 

4 

yield by as much as 70%. Palmer amaranth grows faster and to a greater height than livid 

amaranth and smooth pigweed (Horak and Loughin 2000) and therefore may exhibit greater 

interference with cucumber. Season-long interference with cucumber by a mixed population 

of common ragweed (Ambrosia artemisiifolia L.), common lambsquarters (Chenopodium 

album L.), and longspine sandbur (Cenchrus longispinus (Hack.) Fern.) reduced cucumber 

yield 92 and 46% with weed densities of 209 and 9 plants m
-2

, respectively (Friesen 1978). 

However, weeds emerging 36 d after planting or later did not decrease pickling cucumber 

yield (Friesen 1978). Weaver (1984) determined that cucumber maintained weed-free for as 

little as 2 wk following seeding produced yield similar to the season-long weed-free 

treatment. 

The critical period for weed control (CPWC) is defined as the period during which 

weeds must be controlled in order to prevent yield or quality loss (Friesen 1978; Knezevic et 

al. 2002; Meyers et al. 2010). In Canada, the CPWC for ‘Salty’ pickling cucumber was 

determined to be 12 to 36 d after seeding (DAS) with a mixed population of common 

ragweed, common lambsquarters, and longspine sandbur (Friesen 1978). Weaver (1984) 

found that a single weeding either 3 or 4 wk after seeding (WAS) was sufficient to prevent 

yield loss for cucumber planted on 1.2 m row spacing, and concluded that no CPWC existed. 

Conversely in the same study, cucumber in a narrow row spacing representative of once-over 

machine-harvest practices had a 3 to 4 WAS CPWC (Weaver 1984). Row spacing affects 

earliness of row closure and therefore can impact crop tolerance to weed competition 

(Knezevic et al. 2003). In machine harvested cucumber, the canopy closed 3 to 4 WAS 

(Wang and Ngouajio 2008). Row spacing is typically 61 to 71 cm in machine-harvested 

cucumber, compared to 76 to 122 cm in conventionally-harvested cucumber (Schultheis et al. 
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2000), suggesting that the canopy closure would occur earlier in a machine-harvest system. 

However, Weaver (1984) determined that CPWC for cucumber was longer at a higher plant 

population representative of machine-harvest systems (184,450 plants ha
-1

) than in a 

conventional harvest system with greater row spacing and a lower plant population (55,500 

plants ha
-1

).  

Previous studies have found that the CPWC in cucumber varied by year (Friesen 

1978; Weaver 1984). The use of growing degree days or heat units (HU) as a parameter to 

predict CPWC rather than calendar days can be useful in reducing variation between years 

and has a more direct connection to crop growth stage (Knezevic et al. 2002). An HU model 

for cucumber has been developed by Perry et al. (1986). The objective of this study was to 

determine the CPPAC in pickling cucumber measured by both accumulated HU and time. 

Seem et al. (2003) reported that the CPWC in organic sweetpotato was dependent on planting 

date. Thus, a second objective of this study was to determine if the CPPAC in pickling 

cucumber varied by time of planting.  

 

Materials and Methods 

Research was conducted at the Horticultural Crops Research Station in Clinton, NC 

(35.02
o
N, 78.28

o
W) in 2014 and 2015 to determine the CPPAC in pickling cucumber. Soil at 

the research site was a Norfolk loamy sand (fine-loamy, kaolinitic, thermic Typic 

Kandiudults) with 1.2% organic matter and pH 6.2. ‘Journey’ pickling cucumber was seeded 

onto raised beds spaced 1.5 m apart using a tractor mounted vacuum planter. ‘Journey’ is a 

commonly used commercial variety in North Carolina (PJ Denlinger, personal 

communication). Cucumber plants were thinned to an in-row spacing of 15 to 20 cm 2 WAS.  
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Spacing between rows was greater than that recommended by Schultheis et al. (2000) due to 

equipment availability and to avoid shading by Palmer amaranth in neighboring plots. 

Cucumber was seeded on May 7 and 21, 2014 and April 24 and May 4, 2015. A Palmer 

amaranth removal study and a Palmer amaranth establishment study were initiated on each 

planting date. 

Fields had existing and historically high Palmer amaranth densities (KM Jennings, 

personal communication). Plots were free of emerged Palmer amaranth at the time of 

cucumber seeding due to recent tillage and bed shaping. In the removal study, Palmer 

amaranth was left uncontrolled from the time of cucumber seeding until the time of removal. 

At the time of removal, Palmer amaranth was removed by hand. Large Palmer amaranth were 

cut at the soil surface to avoid disturbing cucumber roots. Removal treatments occurred at 0, 

2, 3, 4, or 5 WAS in 2014, and at 0, 2, 3, 5, or 7 WAS in 2015. In 2015, a season-long weedy 

control was also included. After a removal treatment, emerged Palmer amaranth was 

removed weekly as needed. In the establishment study, plots were maintained free of Palmer 

amaranth by hand removal until 2, 3, 4, or 5 WAS in 2014 and until 2, 3, 5, or 7 WAS in 

2015. In 2015, a season long weed-free control was also included. After Palmer amaranth 

establishment, Palmer amaranth growth was left uncontrolled through harvest. The delay in 

timing of treatments in 2015 was due to slow early season growth. Treatment plots consisted 

of a single cucumber row 6.1 m in length with a weed-free cucumber row between each plot. 

Treatments were arranged in a randomized complete block with four replications for each 

planting date.  

 Annual grasses including large crabgrass (Digitaria sanguinalis (L.) Scop.) and 

goosegrass (Eleusine indica (L.) Gaertn.) were controlled POST with clethodim (Select Max, 
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Valent USA Corp. Walnut Creek, CA) at 70 g ai ha
-1

 plus NIS  (0.25% v/v) as needed over 

each study.  Except for Palmer amaranth specific for a treatment, all broadleaf weeds were 

controlled by hand weeding, Between-row weeds were controlled with a tractor-mounted 

rolling basket cultivator until lay-by (5 to 7 leaf cucumber), and controlled after lay-by as 

necessary by hand hoeing. Overhead irrigation (1.3 cm) was applied twice per wk as needed. 

 At the time of each removal and establishment treatment, the height of three Palmer 

amaranth plants and the number of Palmer amaranth plants per 15 cm of row were recorded 

in two locations of each plot. Cucumber yield data were collected beginning 33 to 41 DAS. 

Fruit were harvested by hand 2 to 3 times per wk for 3 wk and graded according to 

Schultheis et al. (2000). Marketable fruit was the sum of grades 1 through 3. Nonmarketable 

fruit was the sum of grades 4 (oversized) and culls (misshapen or damaged) and was included 

in total yield. 

 Yield for each removal and establishment treatment was compared to weed-free yield. 

Yield was modeled by fitting the yield data to a curve using Equation 1: 

Y = M + (100 − M) / [1 + k × exp(−b × WAP)]                                        [1] 

where Y is the yield as a percent of the weed-free treatment, M is the yield of the weedy 

treatment as a percent of weed-free, and k and b are constants. Yield for dates between 

treatments in the removal study was estimated by fitting the existing yield data to a curve 

using Equation 2 which is based on the equation presented by Hall et al. (1992) and a 

modification of that equation by Knezevic et al. (2002):  

Y = [1/{exp[c × (WAP – d)] + f} + [(f – 1)/f]] × 100                               [2] 

Where Y is the yield, d is the point of inflection, and c and f are constants. HU were 

calculated for each d of the growing season using equations developed by Perry et al. (1986). 
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Equation 3 was used for d when maximum daily temperature was less than 90 F and 

Equation 4 was used for d when maximum daily temperature was greater than 90 F: 

HU= M – 60F                                                                     [3] 

HU= [90 – (M – 90) – 60]                                                         [4] 

Where M is daily maximum temperature and all temperatures are in degrees F. Accumulated 

HU were calculated as the sum of daily HU for all previous d since cucumber seeding. 

Curves were fitted using the NLIN procedure of SAS 9.3 (SAS Institute Inc., 100 SAS 

Campus Drive, Cary, NC 27513-2414).  

 

Results and Discussion 

In both yr, planting date had a significant effect on the critical period, so results are 

presented separately for each planting date. The critical period was both shorter and later for 

the earlier planting date, lasting from 760 to 830 accumulated HUs (Figure 1.1). For the later 

planting date, the critical period lasted from 170 to 770 accumulated HUs (Figure 1.2). The 

delay and reduction in the critical period for the early planting can be explained by the high 

temperature required for Palmer amaranth germination, with peak germination occurring 

with a d/night temperature regime of 35/30 C and no germination occurring at 15/10 C (Guo 

and Al-Khatib 2003). These findings suggest that pickling cucumber producers could benefit 

from early planting dates, when temperatures are less favorable to Palmer amaranth 

competition.  

When HUs were converted to wk to compare findings with previous research, the 

critical period for the first planting (lasting approximately 1 wk) was similar to findings by 

Weaver (1984) who reported a CPWC in pickling cucumber of 1 wk, while the CPWC in the 
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second planting was approximately 3 wk which was similar to Friesen (1978), who reported 

a CPWC of 24 d in cucumber. Season-long competition by Palmer amaranth reduced 

pickling cucumber yield by 85 to 99%. Results are similar to Friesen (1978) who reported 

that season-long competition by common lambsquarters, common ragweed, and longspine 

sandbur reduced pickling cucumber yield by 97% compared to weed-free. Seem et al. (2003) 

reported that the CPWC in organic sweetpotato was longer for a later planting date, and that 

competition by a mixed population including redroot pigweed was greater at a later planting 

date. However, the planting dates studied for organic sweetpotato were later than the planting 

dates for pickling cucumber. The differences between results found by Seem et al. (2003) and 

the present study may be explained by differences in weed or crop species or differences in 

planting date. 

This research confirms that pickling cucumber is highly susceptible to competition by 

Palmer amaranth. The CPPAC varied with timing of planting, which suggests the utility of 

using a CPPAC based on heat units, as suggested by Knezevic et al. (2002) rather than d or 

wk. Targeting hand weeding of Palmer amaranth during the CPPAC will help growers to 

save on labor costs and prevent yield and quality losses due to Palmer amaranth competition. 

This research also suggests that planting as early as possible may help to reduce competition 

by Palmer amaranth and reduce the length of the CPPAC. 
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Figure 1.1. Effect of Palmer amaranth establishment and removal timings on marketable 

yield of  pickling cucumber planted May 7, 2014 and April 24, 2015 in Clinton, NC. 
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Figure 1.2. Effect of Palmer amaranth establishment and removal timings on marketable 

yield of pickling cucumber planted May 21, 2014 and May 4, 2015 in Clinton, NC. 
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CHAPTER 2 

Cover Crops for Suppression of Palmer Amaranth (Amaranthus palmeri) in No Tillage 

Pickling Cucumber 

 (In the format appropriate for submission to Weed Technology) 
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Studies were conducted in North Carolina to determine the effect of cereal rye and oat cover 

crops with or without herbicides on Palmer amaranth density and growth in no tillage 

pickling cucumber. Cover crop treatments consisted of cereal rye, oat, and fallow. Herbicide 

treatments consisted of combinations of ethalfluralin (1,260 g ai ha
-1

), ethalfluralin (780 g ai 

ha
-1

) plus clomazone (250 g ai ha
-1

), or halosulfuron (40 g ai ha
-1

) PRE after seeding; 

ethalfluralin (780 g ai ha
-1

) plus clomazone (250 g ai ha
-1

) PRE fb S-metolachlor (410 g ai ha
-

1
) at 1 to 2 leaf cucumber stage or halosulfuron (40 g ai ha

-1
) at 3 to 5 leaf cucumber; 

halosulfuron (40 g ai ha
-1

) PRE after seeding fb pendimethalin (530 g ai ha
-1

)  POST at 1 to 2 

leaf cucumber . The cereal rye cover crop provided greater ground cover (76 to 89%) as 

compared to oat (64 to 69%) and fallow (0%). Cereal rye reduced cucumber stand, but 

improved yield compared to fallow at one of two planting dates. Herbicide effects on Palmer 

amaranth control and pickling cucumber yield varied greatly by planting date. 
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Nomenclature: Clomazone; ethalfluralin; halosulfuron; pendimethalin; S-metolachlor; 

Palmer amaranth, Amaranthus palmeri S. Wats. AMAPA; cucumber, Cucumis sativus L.; 

oat, Avena sativa L.; rye, Secale cereale L. ‘Wrens Abruzzi’.  

Key words: Cultural weed control, preemergence herbicides, yield loss. 

 

North Carolina ranks in the top 3 states nationally for production of pickling 

cucumber with 2,550 ha valued at $12.3 million in 2012 (Wells et al. 2014). Cucumber 

production in North Carolina involves intensive tillage to prepare and shape a seedbed that is 

weed-free and free of residue that would interfere with crop seeding (Schultheis et al. 2000) 

and frequent cultivation to control between-row weeds (Holmes et al. 2005). Intensive tillage 

practices may lead to non-sustainable rates of soil erosion (Montgomery 2007). However, 

erosion rates can be reduced by >95% with the adoption of no tillage practices (Wood and 

Worsham 1986; Seta et al. 1993). Pickling cucumber production practices that integrate 

cover crops and reduced tillage, including no tillage, reduce the potential for soil erosion 

while also saving farmers time and monetary costs associated with conventional tillage 

(Lonsbary et al. 2004). Additionally, cover crops and no tillage can help improve yields in 

drought years (Walters et al. 2007). 

Palmer amaranth is the most common and troublesome weed in North Carolina 

pickling cucumber (Webster 2010). This weed can grow as fast as 0.21 cm per growing 

degree day and to a height of over 2m (Horak and Loughin 2000) and produce over 500,000 

seeds per female plant (Keeley et al. 1987). Effective chemical weed control in cucumber is 

limited by the lack of registered herbicides and potential for crop injury from registered 

herbicides (Johnson and Mullinix 1998). Registered herbicides for broadleaf weed control in 
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cucumber include halosulfuron, ethalfluralin, clomazone, glyphosate, paraquat, and 

carfentrazone. Glyphosate, paraquat, and carfentrazone are effective on Palmer amaranth 

POST, but are only registered in cucumber for nonselective control of emerged weeds 

preplant, PRE, or POST to row middles using a shielded sprayer (Anonymous 2012a; 2011b; 

2011a). Halosulfuron is registered for PRE and POST control of four amaranth species 

(Anonymous 2012b) but does not provide acceptable POST control of Palmer amaranth 

(Norsworthy and Meister 2007; Shrefler et al. 2007).  Hoffner (2012) found resistance to the 

acetolactate synthase inhibiting herbicide thifensulfuron methyl in 95% of Palmer amaranth 

populations sampled throughout North Carolina. Halosulfuron is a member of the same class 

of herbicides and has the same mode of action, so it is likely that halosulfuron is also 

ineffective on the majority of Palmer amaranth in North Carolina. Clomazone has poor 

efficacy on Palmer amaranth when applied alone (Norsworthy et al. 2008; Meyers et al. 

2013). Ethalfluralin PRE provides good early season control (99% control at 2 to 4 WAS) of 

Palmer amaranth (Shrefler et al. 2007). Palmer amaranth populations resistant to ethalfluralin 

have been reported in South Carolina (Gossett et al. 1992). 

The lack of chemical control options for Palmer amaranth in cucumber and the 

history of resistance to available control options (Hoffner 2012; Gossett et al. 1992) present a 

need for other tactics to control this weed. Johnson and Mullinix (1998) found success using 

stale seedbed techniques as a cultural method for reducing weed competition in cucumber. 

Another option for cultural control of Palmer amaranth is cover crops grown during the 

winter, killed by herbicides, and rolled on the surface of the soil to create weed suppressive 

mulch. Rolled cover crop mulch has proven successful in cotton for reducing Palmer 

amaranth density compared to fallow (Webster et al. 2013). In soybean, rolled cereal rye 
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reduced density of common lambsquarters (Chenopodium album L.), foxtail (Setaria spp.) 

and common ragweed (Ambrosia artemisiifolia L.) by 67 to 77%, 85%, and 79%, 

respectively (Mirsky et al. 2011). Wang and Ngouajio (2008) reported that cucumbers 

planted into no tillage rye had a lower weed density compared to conventional tillage but 

greater weed size. Walters et al. (2007) observed reductions of 33 to 69% and 40 to 89% in 

the densities of redroot pigweed (Amaranthus retroflexus L.) and smooth crabgrass 

[Digitaria ischaemum (Schreb ex Schweig.) Schreb ex Muhl.], respectively in cucumber 

grown on herbicide-killed and mown rye mulch as compared to weed densities in cucumber 

grown on bare ground. 

No tillage practices have been tested for pickling cucumber production in Canada and 

the North-Central United States. In Canada, Lonsbary et al. (2004) found that yield in no 

tillage pickling cucumber was equivalent to cucumber yields in conventional tillage. Walters 

et al. (2007) found that no tillage and cover crops improved early marketable pickling 

cucumber yield in Illinois in a drought year but reduced yield in years with sufficient 

moisture and cool spring temperatures. Because few herbicides are registered for control of 

Palmer amaranth, and the minimal research addressing no tillage pickling cucumber, studies 

were conducted to determine if rolled cover crops can improve Palmer amaranth control and 

pickling cucumber yields in a no tillage pickling cucumber production system in North 

Carolina. 

 

Materials and Methods 

Studies were conducted at the Horticultural Crops Research Station (35.02
o
N, 

78.28
o
W) near Clinton, NC in 2015 to evaluate the efficacy of rolled cover crop mulch in 
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suppressing Palmer amaranth in pickling cucumber. Soil at the research site was a Norfolk 

loamy sand (fine-loamy, kaolinitic, thermic Typic Kandiudults) with 1.2% organic matter 

and pH 6.2. In November 2014, three cover crop treatments were established: fallow 

(bareground), rye, and oat in alternating strips. Hereafter, the two cover crop treatments and 

the fallow treatment are collectively referred to as ‘cover crops.’ The cover crops were killed 

with potassium salt of glyphosate (Roundup Powermax 540 g ai L
-1

, Monsanto Company, St. 

Louis, MO) applied at 870 g ae ha
-1

 in mid-March 2015. Two studies were planted on May 4 

and 18, 2015. Before planting, the cover crops were rolled down into a mat on the surface of 

the soil using a 3.1 m long roller-crimper (I&J Manufacturing, Gap, PA). ‘Journey’ 

cucumber seed was planted directly into the rolled cover crop mulch on 1.5 m row spacing 

using a 7200 Max Emerge Conservation planter (Deere & Co., Moline, IL). The study was 

arranged in a split plot design, with cover crops (rye, oat, fallow) as main plots arranged in a 

systematic complete block design with four replications, and herbicide treatments (Table 2.1) 

as subplots randomized within each cover crop main plot. Subplots consisted of a single row 

of cucumbers 6.1 m in length with a row of cucumbers maintained weed-free by hand 

between each plot.  Weed-free and weedy subplots were included within each cover crop 

main plot. PRE herbicides were applied to subplots within 1 d after seeding (Table 2.1) using 

a CO2 pressurized backpack sprayer calibrated to apply 187 L ha
-1

 spray solution with 

XR8002 nozzles at 275 kPa. Nonionic surfactant (NIS) (Scanner nonionic surfactant, 

Loveland Products, Greeley, CO) at 0.25% v/v was included with halosulfuron POST. For 

the second planting, paraquat (Gramoxone SL, Syngenta Crop Protection, LLC Greensboro, 

NC) at 840 g ai ha
-1

 plus NIS at 0.25% v/v was applied broadcast to all plots one d after 

seeding to kill emerged weeds. 
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In addition to PRE treatments, some plots received POST treatments (Table 2.1). All 

plots were treated with clethodim (Select Max, Valent USA Corporation, Walnut Creek, CA) 

POST at 100 g ai ha
-1

 plus NIS at 0.25% v/v as needed to control large crabgrass [Digitaria 

sanguinalis (L.) Scop.] and goosegrass [Eleusine indica (L.) Gaertn.]. Broadleaf weeds 

between rows were controlled by POST directed carfentrazone (Aim, FMC Corp., 

Philadelphia, PA) at 28 g ai ha
-1

 plus NIS at 0.25% v/v using a hooded sprayer. This 

application was repeated as necessary until lay-by (5 to 7 leaf cucumber stage). After lay-by, 

between-row weeds were controlled by mowing with a push mower. Overhead irrigation (1.3 

cm per application) was provided as needed. 

Percent ground cover was measured in each subplot within 1 WAS using a line-

transect method described by Laflen et al. (1981) and modified for small plots by using a 50 

inch measuring tape and counting each inch mark on one side of the tape that touched 

residue. Cucumber stand count was recorded for each plot 3 wk after seeding (WAS). Palmer 

amaranth densities per 225 cm
2
 were collected in two areas per plot 2 WAS. Palmer 

amaranth visual control ratings and cucumber injury ratings were recorded for each plot at 

approximately 1, 2, 4, and 8 WAS and also immediately after the final harvest using methods 

described by Frans et al (1986).  

 Cucumber fruit were harvested from each plot by hand 2 to 3 times per wk for 3 wk 

beginning 39 and 43 d after seeding for the first and second planting dates, respectively. Fruit 

were graded according to Schultheis et al. (2000). Yield for grades 1 through 3 were later 

combined to calculate an aggregate marketable yield, while grade 4 (oversized) and culls 

(misshapen fruit) were considered nonmarketable but added to the marketable fruit for the 

sum of total weight. 



 

22 

 Data were analyzed using the MIXED procedure in SAS 9.3 (SAS Institute, Cary, 

NC). Rating data were transformed using an arcsine transformation and yield data were 

transformed using a square root transformation to reduce heterogeneity of variances.  

 

Results and Discussion 

Rye provided greater ground cover (76 to 89%) as compared to oats (64 to 69%) and 

fallow (0%) (data not shown). Yield and weed control were greater in the May 18 planting, 

so data are presented separately by planting date. Averaged across herbicide treatments 

cucumber stand was lowest in the rye treatment (p<0.01). Wang and Ngouajio (2008) also 

observed a stand reduction in a no tillage rye system, but Lonsbary et al. (2004) found that 

cucumber stand was not affected by cover crop treatment. Herbicide injury was less than 

10% and all plants recovered from injury by 4 wk after treatment. 

Weed Control. Overall weed control was greater in the May 18 planting. The improved 

weed control was likely a result of the PRE application of paraquat which controlled weeds 

already emerged at the time of cucumber seeding. This application was omitted for the May 4 

planting because a visual inspection of the field did not reveal emerged weeds. However, it is 

likely that small weeds were concealed below the cover crop residue.  

 Although all herbicide treatments in the May 4 planting provided some control of 

Palmer amaranth (Table 2.2) none provided satisfactory control (95% or greater). The lack of 

control is likely due to the presence of emerged Palmer amaranth at the time of planting. 

Although the treatments applied (with the exception of halosulfuron) do not control emerged 

weeds, it is likely that they prevented further weed emergence after the time of application 

and thus improved control compared to nontreated. 
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For the second planting date (May 18) all treatments provided some Palmer amaranth 

control relative to the weedy check, with three treatments (halosulfuron PRE fb 

pendimethalin, halosulfuron PRE alone, and ethalfluralin +clomazone fb S-metolachlor) 

maintaining ≥89% control through final harvest. At 2 WAS, Palmer amaranth control ranged 

from 79 (780 g ha
-1

 ethalfluralin + clomazone) to 99% (halosulfuron fb pendimethalin). At 

the time of final harvest, control ranged from 81 (780 g ha
-1

 ethalfluralin + clomazone) to 

98% (halosulfuron fb pendimethalin). Control of Palmer amaranth by halosulfuron PRE 

alone (91%) and ethalfluralin at 780 g ha
-1

 + clomazone fb S-metolachlor (89%) was similar 

to halosulfuron fb pendimethalin. Likewise, in direct-seeded watermelon 5 to 7 WAS, 

Brandenberger et al. (2005) observed 96 and 89% control of Palmer amaranth using 

halosulfuron PRE and ethalfluralin PRE, respectively. The successful control of Palmer 

amaranth by halosulfuron PRE alone suggests that the Palmer amaranth population at the 

study site was not resistant to ALS herbicides, although more research is needed to confirm 

this. 

Pickling Cucumber Yield. Cucumber yield was greater for the May 18 planting, so yields 

are presented separately by planting date. In the study planted May 4, no differences occurred 

in yield between cover crops. In the study planted May 18, total yield (16,700 kg ha
-1

) and 

marketable yield (12,900 kg ha
-1

) of pickling cucumber were more than 2.6 times greater 

when using rye than fallow (total and marketable yield of 6,340 and 4,760 kg ha
-1

, 

respectively) (Tables 2.3; 2.4). Yield was not improved by the use of an oat cover crop (total 

and marketable yield of 9,270 and 7,080 kg ha
-1

, respectively). Yield was closely correlated 

with percent ground cover, with higher yield associated with higher ground cover based on 

Pearson correlation coefficients (Table 2.5). 
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Percent ground cover by cover crop residue was treated as an intermediate effect that 

helped to partially explain effects of the cover crop on yield. The intermediate effect of 

percent ground cover was determined by fitting an ANOVA model for yield as the dependent 

variable and percent ground cover and cover crop as independent variables and comparing 

the outputs of two different methods of estimation: type I and type III sum of squares. The 

effect of cover crop on yield was highly significant when computed ignoring percent ground 

cover (type I) but becomes less significant when fit to the model after the model accounts for 

percent ground cover (type III). This means that, while increased ground cover explains a 

portion of the cover crop effect on yield, it does not explain the entire cover crop treatment 

effect. This finding is in agreement with Putnam et al. (1983) who reported that physical 

shading (a direct result of ground cover) is responsible for a large portion of cover crop weed 

suppression, but not the entire effect. Allelopathy has been shown to be responsible for a 

portion of the weed control obtained from rye cover crops (Putnam et al. 1983; Putnam and 

DeFrank 1983). However, this study was not designed to separate the effects of allelopathy 

and physical shading. 

 Total yield (Table 2.6) and marketable yield (Table 2.7) were affected by herbicide 

treatment. In the May 4 planting, ethalfluralin fb halosulfuron produced greater marketable 

yield than any other herbicide treatment (2,030 kg ha
-1

) but did not produce marketable yield 

equivalent to weed-free (9,020 kg ha
-1

). In the May 18 planting, halosulfuron PRE fb 

pendimethalin POST produced marketable yield of 10,200 kg ha
-1

, which was equivalent to 

the weed-free marketable yield of 14,000 kg ha
-1

. Herbicide treatments containing 

halosulfuron at 39 g ha
-1

 or ethalfluralin at 1260 g ha
-1

 provided greater yield (8,300 to 

10,200 kg ha
-1

) than herbicide treatments without those herbicides or with the lower rate of 
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ethalfluralin (4,600 to 6,000 kg ha
-1

).  

Despite reducing cucumber stand, the use of a rye cover crop greatly improved 

cucumber yield. The benefits of cover crops to reduce water stress, reduce erosion, and 

potentially increase yields make it an appealing practice for pickling cucumber growers 

(Lonsbary et al. 2004; Walters et al. 2007). However, mixed results on weed control, as well 

as risks of cucumber stand reduction and the inability to control between-row weeds using 

tillage make clear that further research is needed before recommending no tillage cover crops 

to growers as an alternative weed control tactic.  
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Table 2.1. Herbicide treatments applied to ‘Journey’ cucumber at Clinton, NC in 2015
a
.   

Herbicide 

common 

names 

Trade 

names 

Application 

timing 

Application 

rate  

(g ai ha
-1

) 

Manufacturer 

Ethalfluralin Curbit PRE 1260  Loveland Products, Greeley, CO 

(www.lovelandproducts.com) 

Ethalfluralin 

+ clomazone 

Strategy PRE 780 + 250  Loveland Products, Greeley, CO 

(www.lovelandproducts.com) 

Ethalfluralin 

fb 

halosulfuron 

Curbit fb 

Sandea 

PRE fb 

POST
c
 

1260 fb 40  Loveland Products, Greeley, CO 

(www.lovelandproducts.com); 

Gowan Company, LLC, Yuma, AZ 

(www.gowanco.com) 

 Halosulfuron Sandea PRE 40  Gowan Company, LLC, Yuma, AZ 

(www.gowanco.com) 

Ethalfluralin 

+ clomazone 

fb S-

metolachlor 

Curbit fb 

Dual 

Magnum 

PRE fb 

POST
b
 

780 + 250 

fb 410  

Loveland Products, Greeley, CO 

(www.lovelandproducts.com); 

Syngenta Crop Protection, LLC, 

Greensboro, NC 

(www.syngentacropprotection.com) 

Halosulfuron 

fb 

pendimethalin 

Sandea 

fb Prowl 

H2O 

PRE fb 

POST
b
 

40 fb 530  Gowan Company, LLC, Yuma, AZ 

(www.gowanco.com); BASF 

Corp., Research Triangle Park, NC 

(www.basf.com) 
a
Abbreviations: fb, followed by. 

b
Applied overtop to 1 to 2 leaf cucumber. 

c
Applied overtop to 3 to 5 leaf cucumber. 
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Table 2.2. Control of Palmer amaranth at 2 and 4 WAS
a
 and at harvest in two cucumber plantings (May 4 and 18, 2015)

bcd
. 

 2 WAS 4 WAS At harvest 

Treatment name May 4 May 18 May 4 May 18 May 4 May 18 

Nontreated, weedy 2 d
 
 22 c 0 d 49 c 0 d 49 c 

Nontreated, hand-weeded 100 100 100 100 100 100 

Ethalfluralin 86 ab 93 ab 45 b 85 b 45 b 85 b 

Ethalfluralin + clomazone 83 bc 79 b 22 c 81 b 22 c 81 b 

Halosulfuron 74 c 94 ab 17 c 91 ab 17 c 91 ab 

Ethalfluralin + clomazone fb S-

metolachlor 

86 ab 97 a 39 b 89 ab 39 b 89 ab 

Ethalfluralin fb halosulfuron 92 a 93 ab 72 a 88 b 72 a 88 b 

Halosulfuron fb pendimethalin 80 bc 99 a 38 b 98 a 38 b 98 a 
a 
Abbreviations: WAS, weeks after seeding; fb, followed by. 

b
 Means followed by the same letter within a column do not differ according to Fisher’s Protected LSD at the 0.05 significance 

level. 

c
 Data are averaged across cover crop treatments. 

d
 Data from nontreated, hand-weeded plots were excluded when calculating Fisher’s Protected LSD values in order to avoid 

influencing data. 
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Table 2.3. Effect of cover crop treatments on total cucumber yield (all grades) by planting 

date in Clinton, NC in 2015.
 a
 

 Total yield (kg ha
-1

) 

Cover crop May 4 May 18 

Rye 2,320 a 16,700 a 

Oat 1,710 a 9,270 b 

Fallow 3,000 a 6,340 b 
a
 Means within a column followed by the same letter do not differ significantly, according to 

Fisher’s Protected LSD test, 0.05 level. 
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Table 2.4. Effect of cover crop treatments on marketable cucumber yield (grades 1, 2, and 3) 

by planting date in Clinton, NC in 2015.
 a
 

 Marketable yield (kg ha
-1

) 

Cover crop May 4 May 18 

Rye 610 a 12,900 a 

Oat 427 a 7,080 ab 

Fallow 915 a 4,760 b 
a
 Means within a column followed by the same letter do not differ significantly, according to 

Fisher’s Protected LSD test, 0.05 level. 
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Table 2.5. Pearson correlation coefficients between percent ground cover, marketable 

cucumber yield, in-row Palmer amaranth density, and between-row Palmer amaranth density 

in Clinton, NC in 2015. 

Parameter Ground cover Yield In-row density Between-row 

density 

Ground cover 1.00 0.43 (p<0.01) -0.04 (p=0.73) -0.11 (p=0.30) 

     

Yield  1.00 -0.18 (p=0.08) -0.27 (p=0.01) 

     

In-row density   1.00  0.53 (p<0.01) 

     

Between-row 

density 

   1.00 
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Table 2.6. Effect of herbicide treatments on total pickling cucumber yield by planting date in 

Clinton, NC in 2015.
 ab

 

 Total yield (kg ha
-1

) 

Treatment name May 4 May 18 

Nontreated, weedy 299 d 6,000 d 

Nontreated, hand-weeded 12,100 a 17,500 a 

Ethalfluralin 2,050 c 11,700 bc 

Ethalfluralin + clomazone 1,740 cd 8,070 cd 

Halosulfuron 878 d 11,900 b 

Ethalfluralin + clomazone fb S-metolachlor 1,070 d 5,730 d 

Ethalfluralin fb halosulfuron 5,480 d 11,900 b 

Halosulfuron fb pendimethalin 1,040 cd 12,500 b 
a
Abbreviations: fb, followed by. 

b
Means within a column followed by the same letter do not differ according to Fisher’s 

Protected LSD, 0.05 level. 
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Table 2.7. Effect of herbicide treatment on marketable pickling cucumber yield by planting 

date in Clinton, NC in 2015
ab

. 

 Marketable yield (kg ha
-1

) 

Treatment name May 4 May 18 

Nontreated, weedy 12 d 2,100 d 

Nontreated, hand-weeded 9,020 a 14,000 a 

Ethalfluralin 462 c 8,300 bc 

Ethalfluralin + clomazone 196 cd 6,000 cd 

Halosulfuron 62 d 9,600 b 

Ethalfluralin + clomazone fb S-metolachlor 56 d 4,600 d 

Ethalfluralin fb halosulfuron 2,030 b 9,800 b 

Halosulfuron fb pendimethalin 73 cd 10,200 ab 
a
Abbreviations: fb, followed by. 

b
Means within a column followed by the same letter do not differ according to Fisher’s 

Protected LSD, 0.05 level. 
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CHAPTER 3 

Sorghum Sudangrass for Weed Management in Pickling Cucumber 

 (In the format appropriate for submission to Weed Technology) 
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Sorghum Sudangrass for Weed Management in Pickling Cucumber 
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Studies were conducted in North Carolina in 2014 and 2015 to determine if sorghum 

sudangrass helps control Palmer amaranth and eclipta in late summer pickling cucumber 

production. ‘Hy Gain’ sorghum sudangrass was planted in late May, mowed, killed by 

glyphosate, and incorporated into the soil before seeding cucumber. Sorghum sudangrass and 

fallow main plots were combined with herbicide treatments arranged in a randomized 

complete block as subplots. Weed control and pickling cucumber yield were evaluated for 

effects of the cover crop alone and in combination with herbicides. Sorghum sudangrass had 

no effect on Palmer amaranth control or pickling cucumber yield, but improved control of 

eclipta compared to fallow. 

Nomenclature: Palmer amaranth, Amaranthus palmeri S. Wats. AMAPA; eclipta, Eclipta 

prostrata (L.) L. ECLAL; cucumber, Cucumis sativus L. ‘Journey’; Sorghum-sudangrass, 

Sorghum bicolor x S. bicolor (L.) Moench var. sudanense ‘Hy Gain’. 

Key words: Cultural weed control, cover crop selectivity, allelopathy. 
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Pickling cucumber is the third largest canning crop in the United States (Wells et al. 

2015). Improvement of cucumber yields through the use of cover crops has been recognized 

previously (Wang and Ngouajio 2008; Walters et al. 2007). These studies have focused on 

winter cover crops appropriate for preceding a spring pickling cucumber crop in Michigan 

and surrounding states. Michigan ranks first in pickling cucumber production, with 

approximately 35% of total United States production (Wells et al. 2014). Economically 

significant production of pickling cucumbers also occurs in the southeastern United States, 

with Florida and North Carolina ranking second and third, respectively in production (Wells 

et al. 2014). Due to a longer growing season, North Carolina producers have the benefit of 

being able to produce a pickling cucumber crop in the late summer in addition to the spring 

crop (Schultheis et al. 2000). Planting a late-summer pickling cucumber crop provides the 

opportunity to precede the crop with a warm season cover crop. 

Soil conservation (Kaspar et al. 2001), nitrogen fixation (Ebelhar et al. 1984), and 

weed suppression (Aulakh et al. 2012; Webster et al. 2013) are advantages to planting cover 

crops. One of the primary ways that cover crops are used to suppress weeds is by forming a 

mulch on the soil surface in no-tillage or strip-tillage systems. In strip-tillage cotton a 

crimson clover (Trifolium incarnatum L. var. ‘Dixie’) cover crop reduced Palmer amaranth 

density between rows by 65% in the subsequent cotton crop compared to a cotton crop 

planted into winter fallow (Aulakh et al. 2012). Likewise, cereal rye (Secale cereale L.) 

cover crop reduced redroot pigweed (Amaranthus retroflexus L.) density between cucumber 

rows by 69% compared to cucumber planted into winter fallow (Walters et al. 2007).  

Even in conventional tillage systems, when incorporated into the soil rather than 
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remaining on the surface as mulch, cover crops reduced weed populations in a subsequent 

cucumber crop. Ngouajio and Mennan (2005) reported weed densities of 40 and 56 plants  

m
-2 

in cucumber crops following sorghum sudangrass and cereal rye, respectively, compared 

to 372 plants m
-2

 following winter fallow. In contrast, Aulakh and others (2012) found no 

effect of cover crops on Palmer amaranth when the cover crop was incorporated into the soil 

in conventional tillage cotton. 

Sorghum sudangrass was the highest biomass producer of all summer cover crops 

evaluated by Creamer and Baldwin (2000) and is highly competitive with weeds. The closely 

related parent species grain sorghum (S. bicolor (L.) Moench spp. bicolor) and sudangrass [S. 

bicolor (L.) Moench spp. drummondii (Nees ex Steud) de Wet & Harlan] are also recognized 

as weed suppressive cover crops (Mennan et al. 2009). 

Palmer amaranth is the most common and troublesome weed in North Carolina 

cucumber production (Webster 2010). Herbicides registered for selective PRE or POST 

broadleaf weed control in cucumber include ethalfluralin, clomazone, bensulide, and 

halosulfuron (Kemble 2015). Brandenberger et al. (2005) observed >97% Palmer amaranth 

control 2 to 4 wk after treatment by those herbicides alone and in various combinations. 

However, Palmer amaranth resistant to glyphosate and sulfonylurea herbicides has been 

reported across North Carolina (Hoffner et al. 2012; Culpepper et al. 2008). In addition, 

Webster (2010) reported yellow nutsedge, purple nutsedge, Florida pusley, smooth pigweed, 

wild radish, entireleaf morningglory, goosegrass, sicklepod and common cocklebur as 

troublesome weeds in cucumber in North Carolina. Eclipta is also very common in the North 

Carolina vegetable growing area (Webster 2010). The selection of registered herbicides for 

controlling the many troublesome weeds in North Carolina pickling cucumber fields is 
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limited and growers would greatly benefit from a summer cover crop that would effectively 

suppress weeds. Thus, the objective of this study was to determine the effect of sorghum 

sudangrass as a Palmer amaranth suppressive summer cover crop in late summer pickling 

cucumber. 

 

Materials and Methods 

Sorghum sudangrass variety ‘Hy Gain’ was seeded using a grain drill (Great Plains 

Manufacturing, Inc. Salina, KS) on May 19, 2014 and May 29, 2015 at the Horticultural 

Crops Research Station in Clinton, NC (35.02
o
N, 78.28

o
W). Soil was a Norfolk loamy sand 

(fine-loamy, kaolinitic, thermic Typic Kandiudults) with 1.2% organic matter and pH 6.2. 

Abundant Palmer amaranth and eclipta seed were present in the seedbank at the study sites 

both years. No fertilizer was applied to the cover crop in 2014. In 2015, the area was 

fertilized with 112 kg ha
-1

 nitrogen and 224 kg ha
-1

 potash three months before cover crop 

seeding. Main plot treatments consisted of sorghum-sudangrass and summer fallow with no 

cover crop. Within the cover crop main plots, herbicide treatments were arranged as subplot 

treatments in a randomized complete block design with 3 replications. Plots consisted of a 

single row of cucumbers 7.6 m long in 2014 and 6.1 m long in 2015. Row spacing was 1.5 m, 

with a weed-free cucumber row between each plot. Cucumber plants were thinned to an in-

row spacing of 15 to 20 cm after emergence. 

Sorghum sudangrass was mowed on July 9, 2014 and July 8, 2015 and potassium salt 

of glyphosate (Roundup Powermax 540 g ai L
-1

, Monsanto Company, St. Louis, MO) at 870 

g ae ha
-1 

was applied 1 wk later using a tractor mounted sprayer. Cover crop residues were 

incorporated into the soil by three passes with a disc harrow. On August 18, 2014 and August 
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19, 2015, ‘Journey’ cucumber was seeded onto raised beds using a tractor-mounted vacuum 

planter. Overhead irrigation (1.3 cm) was applied weekly as needed. Preplant fertilizer was 

applied according to soil test recommendations and recommendations for the southeastern 

US (Kemble 2015). Calcium nitrate was applied at layby (5 to 7 leaf cucumber). 

PRE and POST herbicide treatments were applied with a CO2 pressurized backpack 

sprayer calibrated to deliver 187 L ha
-1

 with XR8002 nozzle tips at 275 kPa. Herbicide 

treatments differed between 2014 and 2015 (Table 3.1). Between row weeds were controlled 

using a tractor-mounted rolling basket cultivator and within row weeds were controlled by 

hand in the weed-free treatments. Large crabgrass [Digitaria sanguinalis (L.) Scop.] and 

goosegrass [Eleusine indica (L.) Gaertn.] were controlled in all plots with clethodim (Select 

Max, Valent USA Corporation, Walnut Creek, CA) POST as needed at 100 g ai ha
-1

 plus 

nonionic surfactant (NIS) (Scanner nonionic surfactant, Loveland Products, Greely, CO) at 

0.25% v/v. 

Before termination of the cover crop, sorghum sudangrass ht and average density of 

Palmer amaranth in the cover crop and fallow treatments were measured in four randomly 

selected areas within the cover crop and within the fallow area. Palmer amaranth and eclipta 

control and crop injury ratings were determined 1, 2, and 4 wk after seeding (WAS) and after 

the last harvest. Ratings were on a scale from 0 to 100, with 0 being no control or crop injury, 

and 100 being death (Frans et al. 1986). 

Beginning 36 and 42 d after seeding in 2014 and 2015, respectively, fruit were 

harvested 2 times per wk, except in 2015 when excessive rainfall prevented access to the 

field for one wk during harvest. Fruit were graded into grades one, two, three, four 

(oversized) or cull (misshapen) as described by Schultheis et al. (2000). Grades one through 
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three were collectively presented as ‘marketable yield’ while grade four and cull are included 

in total yield but were considered nonmarketable. Ratings data were subjected to an arcsine 

transformation in order to reduce variance heterogeneity. All data were analyzed using the 

GLM procedure in SAS 9.3 (SAS Institute, Cary, NC).  

 

Results and Discussion 

A significant effect of yr was observed, so data from 2014 and 2015 are presented 

separately. At the time of cover crop mowing, the average ht of the sorghum sudangrass was 

127 cm in 2014 and 188 cm in 2015. Average ht of Palmer amaranth growing in competition 

with the cover crop was 41 and 48 cm in 2014 and 2015, respectively. Cucumber injury by 

cover crop or herbicide was not significant in either yr. 

Weed Control. In 2014, there was no effect of cover crop on Palmer amaranth control, and 

the effects of herbicide treatment are averaged across cover crop and fallow treatments 

(Table 3.2). In 2015, Palmer amaranth control differed between sorghum sudangrass and 

fallow, but the effect varied with herbicide and rating date (Table 3.3). Eclipta control 

without herbicides was greater with sorghum sudangrass in 2014 and 2015 compared to the 

fallow treatment, but no differences were observed when herbicides were used (Tables 3.4 

and 3.5). This observation was in contrast to Putnam and DeFrank (1983) who concluded that 

for effective weed control, cover crop residue should be left on the surface, and that no weed 

control was achieved when residue was incorporated into the soil. Furthermore, while 

sorghum residue with no tillage reduced weed density, sorghum residue incorporated with 

tillage actually increased weed density (Putnam and DeFrank 1983). 

At harvest, treatments containing 1260 g ha
-1

 ethalfluralin provided 55% greater 
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control of Palmer amaranth than treatments with lower rates of ethalfluralin or no 

ethalfluralin (p<0.01) (data not shown). The addition of clomazone or bensulide did not 

improve control by ethalfluralin. Bensulide did not provide acceptable (80% or greater) 

control of Palmer amaranth when applied alone except at 1 WAS in sorghum sudangrass 

treatment. The POST only program (halosulfuron at 39 g ha
-1

) did not control Palmer 

amaranth. While halosulfuron PRE did provide Palmer amaranth control in 2014 superior to 

other treatments evaluated in that yr (79% control at harvest), control by halosulfuron PRE 

was unacceptable in 2015 (38 to 53% control at harvest). Control by halosulfuron in both 

years of this study was low compared to previous reports (Brandenberger et al. 2005; 

Shrefler et al. 2007). One possible explanation is the potential presence of Palmer amaranth 

resistant to sulfonylurea herbicides, including halosulfuron, at the study site. Further research 

is needed to determine if resistance plays a role in the lack of halosulfuron efficacy at this 

location as 95% of North Carolina Palmer amaranth populations surveyed by Hoffner (2012) 

were resistant to thifensulfuron, another sulfonylurea herbicide with the same mode of action. 

At 2 and 4 WAS in 2014, sorghum sudangrass provided 68% eclipta control in the no 

herbicide treatment, compared to no control in the fallow weedy treatment (Table 3.4). At 4 

WAS in 2015, sorghum sudangrass provided 98% eclipta control in the no herbicide 

treatment (Table 3.5). However, no differences were observed between sorghum sudangrass 

and fallow treatments when herbicides were used. Late-season eclipta control was difficult to 

evaluate due to overcrowding by Palmer amaranth, so eclipta ratings are only reported for 2 

and 4 WAS in 2014, and 4 WAS in 2015 due to a lack of differences at 2 WAS. For this 

reason, it is impossible to evaluate the efficacy of POST halosulfuron on eclipta because all 

eclipta control ratings were conducted before POST applications were made. All PRE 
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herbicides evaluated provided >93% control of eclipta 4 WAS in the sorghum sudangrass 

cover crop. However, eclipta control in fallow was reduced for ethalfluralin, ethalfluralin + 

bensulide, and bensulide alone providing 61, 16, and 13% control, respectively.  

Putnam and DeFrank (1983) demonstrated that residues of grain sorghum reduced 

weed populations without reducing cucumber stand or yield and hypothesized that the basis 

for selectivity of cover crop allelopathy may relate to depth of seed placement. The 

recommended cucumber seeding depth in North Carolina is 1.3 to 1.7 cm (Schultheis et al. 

2000) and is within the 0.5 to 2.5 cm depth from which Amaranthus spp. are known to 

emerge (Oryokot et al. 1997). Eclipta, however, germinates almost exclusively on the soil 

surface and no germination occurs below 0.5 cm depth (Chauhan and Johnson 2008). Thus, 

effectiveness of allelopathic cover crops is likely to be species specific. The observation that 

sorghum sudangrass provided greater control of eclipta, with its shallower depth of 

emergence, supports this hypothesis. 

Pickling Cucumber Yield. A significant effect of yr on yield was observed, so data are 

presented separately by yr (Table 3.6). No cover crop by herbicide interaction was observed 

in either yr, so yield by herbicide are averaged across sorghum sudangrass and fallow. 

Season long competition by weeds caused a yield reduction of 61 and 46% in 2014 and 2015, 

respectively. In 2014, halosulfuron PRE and ethalfluralin plus clomazone PRE fb 

halosulfuron POST produced yields equivalent to weed-free (Table 3.6). In 2015, all 

treatments containing ethalfluralin, except the reduced 780 g ha
-1

 rate, produced yields 

equivalent to the weed-free. Yield from bensulide and halosulfuron PRE alone and 

ethalfluralin (780 g ha
-1

) plus clomazone fb halosulfuron POST did not produce acceptable 

yields due to lack of weed control with these treatments. Following ethalfluralin plus 
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clomazone PRE with halosulfuron POST improved control by the PRE mixture in 2014 but 

not in 2015. Yield in this experiment was likely impacted more by Palmer amaranth than 

eclipta due to Palmer amaranth’s greater competitive ability (Willis et al. 2006). Results are 

in agreement with Putnam and DeFrank (1983), who found that sorghum-sudangrass did not 

reduce cucumber yield.  

 The results from this study indicate that sorghum sudangrass has some ability to 

suppress eclipta, but effects on Palmer amaranth are inconclusive. Sorghum sudangrass does 

not appear to reduce cucumber stand or yield. Future research should include other cover 

crops for comparison and evaluate the efficacy of sorghum sudangrass when left on the 

surface as a mulch in a no tillage system. 
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Table 3.1. Herbicides, application timings, and rates in pickling cucumber in Clinton, NC in 

2014 and 2015. 

Herbicide 

common 

names 

Trade 

names 

Application 

timing 

Application 

rate (g ai ha
-

1
) 

Manufacturer Study 

year 

Ethalfluralin Curbit PRE 1260 Loveland Products, Greeley, 

CO 

(www.lovelandproducts.com) 

2015 

Ethalfluralin 

+ clomazone 

Strategy PRE 780 + 250  Loveland Products, Greeley, 

CO 

(www.lovelandproducts.com) 

both 

Ethalfluralin 

+ clomazone 

Strategy 

+ Curbit 

PRE 1260 + 250  Loveland Products, Greeley, 

CO 

(www.lovelandproducts.com) 

2015 

Ethalfluralin 

fb 

halosulfuron 

Curbit 

fb  

Sandea 

PRE fb 

POST
a
 

1260 fb 39  Loveland Products, Greeley, 

CO 

(www.lovelandproducts.com) 

+ Gowan Company, LLC, 

Yuma, AZ 

(www.gowanco.com) 

2015 

Halosulfuron Sandea PRE 26 Gowan Company, LLC, 

Yuma, AZ 

(www.gowanco.com) 

both 

Halosulfuron Sandea POST
a 

39  Gowan Company, LLC, 

Yuma, AZ 

(www.gowanco.com) 

2014 

Bensulide Prefar PRE 5610  Gowan Company, LLC, 

Yuma, AZ 

(www.gowanco.com) 

2015 

Ethalfluralin 

+ bensulide 

Curbit + 

Prefar 

PRE 1260 + 5610  Loveland Products, Greeley, 

CO 

(www.lovelandproducts.com) 

+ Gowan Company, LLC, 

Yuma, AZ 

(www.gowanco.com) 

2015 

Ethalfluralin 

+ clomazone 

fb 

halosulfuron 

Strategy 

fb 

Sandea 

PRE fb 

POST
a
 

780 + 250 

fb 39  

Loveland Products, Greeley, 

CO 

(www.lovelandproducts.com) 

+ Gowan Company, LLC, 

Yuma, AZ 

(www.gowanco.com) 

both 

a
Applied overtop to 3 to 5 leaf cucumber. 
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Table 3.2. Effect of herbicides on Palmer amaranth control at 4 rating dates in Clinton, NC in 2014
a, b.

 

 Rate Timing    

Treatment  (g ai ha
-1

)  1 WAS 2 WAS 4 WAS At harvest 

Nontreated, weedy - - 0 0 0 0 

Nontreated, hand-weeded - - 100 100 100 100 

Ethalfluralin + clomazone 780 + 250 PRE 51 b 24 bc 51 b 19 bc 

Halosulfuron 26 PRE 86 a 90 a 86 a 79 a 

Halosulfuron 39 POST 0 c 17 c 0 c 15 c 

Ethalfluralin + clomazone 

fb halosulfuron 

780 + 250 

fb 39 

PRE fb 

POST 

39 b 35 b 39 b 33 b 

a
Abbreviations: fb, followed by; WAS, wk after seeding. 

b
Means within a column followed by the same letter do not differ according to Fisher’s Protected LSD test, 0.05 level. 
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Table 3.3. Effect of herbicides on Palmer amaranth control at 4 rating dates in Clinton, NC in 2015. 

   1 WAS 2 WAS 4 WAS At harvest 

Treatment Rate 

(g ai ha
-1

) 

Timing Sorghum 

sudan 

Fallow Sorghum 

sudan 

Fallow Sorghum 

sudan 

Fallow Sorghum 

sudan 

Fallow 

Weedy - - 35 d 0 d 24 c† 0 d 21 c† 0 d 5 c† 0 d 

Weed-free - - 100 100 100 100 100  100 100 100 

Ethalfluralin 1260 PRE  97 ab 87 ab 96 c 68 c 90 a 84 ab 91 a† 68 bc 

Ethalfluralin fb 

halosulfuron 

1260 fb 39 PRE fb 

POST 

98 ab 74 b 96 ab 91 ab 97 a 93 a 97 a 95 a 

Bensulide 5610 PRE 86 c 45 c 62 d 20 d 35 bc† 14 d 38 b† 6 d 

Ethalfluralin + bensulide 1260 + 5610 PRE 99 a 96 a 99 a 96 a 92 a 94 a 95 a 90 ab 

Halosulfuron 26 PRE 87 c† 77 b 72 bc 75 bc 48 bc 52 c 38 b† 53 c 

Ethalfluralin + clomazone 780 + 250 PRE 89 bc 85 ab 69 c 58 c 55 b 64 bc 31 b† 56 c 

Ethalfluralin + clomazone 1260 + 250 PRE 99 a 89 ab 99 a 94 a 99 a 88 ab 95 a 87 ab 

Ethalfluralin + clomazone 

fb halosulfuron 

780 + 250 

fb 39 

PRE fb 

POST 

89 bc 79 b 74 c 62 c 88 a 87 ab 82 a 89 ab 

Means within a column followed by the same capital letter and means within a row followed by the same lowercase letter do not 

differ according to Fisher’s Protected LSD, 0.05 level. 

†Indicates that means differed between sorghum sudangrass and no cover within this herbicide treatment at this rating date 

according to Fisher’s Protected LSD test, 0.05 level. 
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Table 3.4. Eclipta control 2 and 4 WAS by PRE herbicide treatments in sorghum sudangrass and fallow in 2014
ab

. 

     2 WAS 4 WAS 

Treatment Rate  

(g ai ha
-1

) 

Timing  Sorghum 

sudangrass 

Fallow Sorghum 

sudangrass 

Fallow 

Weedy - -  68 b† 0 b 68 b† 0 b 

Weed-free - -  100 100 100 100 

Ethalfluralin + 

clomazone 

780 + 250 PRE  99 a 69 a 97 a 91 a 

Halosulfuron 26 PRE  100 a 65 a 99 a 93 a 
a
 Abbreviations: WAS, wk after seeding. 

b
 Means within a column followed by the same letter do not differ according to Fisher’s Protected LSD, 0.05 level. 

†Indicates that means differed between sorghum sudangrass and no cover within this herbicide treatment at this rating date 

according to Fisher’s Protected LSD test, 0.05 level. 
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Table 3.5. Eclipta control 4 WAS by PRE herbicide treatments in sorghum sudangrass and fallow treatments in Clinton, NC in 

2015
 a
. 

   Percent control 

Treatment Rate (g ai ha
-1

)  

Timing 

Sorghum 

sudan 

Fallow 

Weedy - - 98 a† 0 d 

Weed-free - - 100 100 

Ethalfluralin 1260 PRE 100 a 61 bc 

Bensulide 5610 PRE 93 a 16 cd 

Ethalfluralin + bensulide 1260 + 5610 PRE 95 a 13 cd 

Halosulfuron 26 PRE 100 a 98 ab 

Ethalfluralin + clomazone 780 + 250 PRE 100 a 95 ab 

Ethalfluralin + clomazone 1260 + 250 PRE 98 a 100 a 
a
 Means within a column followed by the same capital letter and means within a row followed by the same lowercase letter do not 

differ according to Fisher’s Protected LSD, 0.05 level. 

†Indicates that means differed between sorghum sudangrass and no cover within this herbicide treatment according to Fisher’s 

Protected LSD test, 0.05 level. 
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Table 3.6. Effect of herbicides on pickling cucumber marketable yield (grades 1, 2, and 3) 

averaged over cover crops in Clinton, NC in 2014 and 2015
ab

. 

   Marketable yield (kg ha
-1

) 

Treatment Timing Rate (g ai ha
-1

) 2014 2015 

Nontreated, 

weedy 

- - 4,200 c 10,600 d 

Nontreated, 

hand-weeded 

- - 10,900 a 19,800 ab 

Ethalfluralin PRE 1260 - 20,400 a 

Ethalfluralin fb 

halosulfuron 

PRE + 

POST
c
 

1260 fb 39  - 18,200 ab 

Bensulide PRE 5610  - 14,100 cd 

Ethalfluralin + 

bensulide 

PRE 1260 + 5610  - 21,000 a 

Halosulfuron PRE 26 9,500 ab 13,700 cd 

Ethalfluralin + 

clomazone 

PRE 780 + 250  6,600 bc 18,100 ab 

Ethalfluralin + 

clomazone 

PRE 1260 + 250  - 20,100 ab 

Ethalfluralin + 

clomazone + 

halosulfuron 

PRE + 

POST
c
 

780 + 250 fb 

39  

10,000 a 16,400 bc 

Halosulfuron POST
c
 39  4,900 c - 

a
Abbreviations: fb, followed by. 

b 
Means within a column followed by the same letter do not differ significantly according to 

Fisher’s Protected LSD test, 0.05 level. 

c
Applied overtop to 3 to 5 leaf cucumber. 
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CHAPTER 4 

Palmer Amaranth (Amaranthus palmeri) Control in Two Pickling Cucumber 

Production Systems 

 (In the format appropriate for submission to Weed Technology) 
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Studies were conducted to determine the effect of a once-over harvest cucumber system with 

narrow row and plant spacing, and a multiple harvest cucumber system with wide row and 

plant spacing with and without herbicide treatments on Palmer amaranth control and 

cucumber yield. Palmer amaranth control was highest in the 1260 g ai ha
-1

 ethalfluralin 

treatment, but did not differ between the various plant densities in the cucumber production 

systems. Total yield did not differ between the two cucumber production systems. However, 

yield of marketable cucumber grades was highest in the multiple harvest system. 

Nomenclature: Bensulide; clomazone; ethalfluralin; halosulfuron; pendimethalin; Palmer 

amaranth, Amaranthus palmeri S. Wats. AMAPA; cucumber, Cucumis sativus L.  

Key words: Cultural weed control, row spacing, plant population, competition. 

 

North Carolina is ranked in the top three states in the US for pickling cucumber 
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production, with 31.5 million kg of pickling cucumber produced in 2012 worth an estimated 

$12.3 million (Wells et al. 2014). North Carolina pickling cucumber production is split 

between two production systems: multiple-pick hand-harvest and once-over machine-harvest. 

While machine-harvest provides the advantage of significant cost savings by reducing labor 

inputs, hand-harvest is often preferred because it allows multiple harvests, resulting in greater 

total yield per hectare and a higher proportion of high value small grades (grades 1 and 2) 

(Schultheis et al. 2000; Staub et al. 1992). Approximately 15% of the acreage in North 

Carolina is once-over machine-harvested, compared to as much as 95% of the acreage in 

Michigan (PJ Denlinger, personal communication). Compared to a multiple hand-harvest 

production system, each individual cucumber plant in a machine-harvest production system 

has a lower yield potential because it can only be harvested once; therefore achieving optimal 

yields on a per hectare basis requires higher plant populations (Staub et al. 1992). Machine-

harvest production employs narrow row (60 to 70 cm) and plant (7 to 10 cm) spacing 

compared to hand-harvest production (76 to 122 cm row spacing, 13 to 25 cm plant spacing) 

(Schultheis et al. 2000). Recommended plant population ranges from 123,500 to 172,900 

plants per ha in machine-harvest production systems, and from 61,500 to 73,900 plants per 

ha in multiple hand-harvest production systems (Schultheis et al. 2000). Schultheis et al. 

(1998) suggest that optimum plant density and percentage of oversize fruit development for 

machine harvest depends on cucumber variety. 

Cucumber is highly susceptible to weed competition (Berry et al. 2006; Al Khatib et 

al. 1995; Friesen 1978). In addition to reducing yield, weeds can interfere with mechanical 

harvesting (Staub et al. 1992). Palmer amaranth is the primary weed of concern to North 

Carolina pickling cucumber growers (Webster 2010). Palmer amaranth exhibits rapid growth 



 

59 

(0.21 cm per growing degree day) and reaches heights greater than 2 m (Horak and Loughin 

2000). Palmer amaranth is able to intercept light that would otherwise reach the crop canopy 

(Meyers et al. 2010). Palmer amaranth can produce over 1 million seeds per plant and as 

many as 1.2 billion seeds per ha (A.C. York, personal communication; Burke et al. 2007). 

Conventional herbicide treatment programs often fail to control problem weeds in 

cucumber (Johnson and Mullinix 1998; A. Thornton, personal communication), and 

integrated control programs are warranted. Physical weed control between rows (rolling 

basket cultivator) and within rows (hand-pulling) is standard in North Carolina pickling 

cucumber production (Holmes et al. 2005). Other integrated control strategies have been 

studied, including biological control through crop allelopathy (Lockerman and Putnam 

1979), and cultural control using stale seedbed (Lonsbary et al. 2004; Johnson and Mullinix 

1998), cover crops (Wang and Ngouajio 2008; Walters et al. 2007; Ngouajio and Mennan 

2005), and increased plant population (Staub et al. 1992; Weaver 1984). Since machine-

harvest production employs a higher plant population with narrow row spacing, this system 

may offer an opportunity for weed suppression or control by improving the ability of the crop 

to compete with weeds.  

Narrow row spacing can improve weed control by increasing light interception by the 

crop and thus reducing the amount of light available to weeds (Dalley et al. 2004; Knezevic 

et al. 1999; Teasdale 1995). Reduction in row spacing decreased weed growth and improved 

crop yield in soybean [Glycine max (L.) Merr.] (Knezevic et al. 2003; Hock et al. 2006), rice 

(Oryza sativa L.) (Chauhan and Johnson 2011), and corn (Zea mays L.) (Teasdale 1995). 

Few studies exist involving reduced row and cucumber plant spacing on management of 

Palmer amaranth. Thus, the objective of this study was to determine the effect of multiple 
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harvest and once-over harvest cucumber production systems on Palmer amaranth control and 

cucumber yield. 

 

Materials and Methods 

 A study was conducted in 2014 and 2015 at the Horticultural Crops Research Station 

(35.02
o
N, 78.28

o
W) in Clinton, NC. Soil was a Norfolk loamy sand (fine-loamy, kaolinitic, 

thermic Typic Kandiudults) with 1.2% organic matter and pH 6.2. ‘Journey’ cucumber seed 

was planted on May 21, 2014 and April 24, 2015 in two adjacent areas as main plot 

treatments: one simulating a conventional, multiple hand-harvest production system and one 

simulating an once-over machine-harvest production system. ‘Journey’ was selected because 

it is widely used for once-over harvest but is also suitable for multiple harvest (PJ Denlinger, 

personal communication). In the multiple harvest system, cucumber was seeded using a 

tractor-mounted vacuum seeder onto beds spaced 1.5 m apart with one row per bed. In the 

once-over harvest system, cucumber was seeded using a hand-driven seeder (Earthway 

Precision Garden Seeder, Earthway Products Inc., Bristol, IN) on wide-top beds (1.5 m 

shoulder to shoulder) in three rows per bed spaced 60 cm apart and 40 cm between the 

shoulders of adjacent beds. Approximately 2 wk after seeding, cucumber plants were thinned 

to a plant spacing of 15 to 20 cm (multiple harvest) and 5 to 10 cm (once-over harvest). 

Once-over harvest plot size was one bed (three rows) 6.1 m in length. Multiple harvest plot 

size was one row (single bed) 6.1 m in length with a weed-free cucumber row between each 

plot that served as a buffer row. 

 Within the multiple harvest and once-over harvest production system main plots, 

herbicide treatments were arranged as subplots in a randomized complete block design with 
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four replications. Herbicide treatments differed between years and are listed in Table 4.1. 

Hand-weeded (weed-free) and nontreated (weedy) control treatments were also included. 

Large crabgrass [Digitaria sanguinalis (L.) Scop.] and goosegrass [Eleusine indica (L.) 

Gaertn.] were controlled by two POST applications of clethodim (Select Max, Valent USA 

Corp. Walnut Creek, CA) at 100 g ai ha
-1

 plus nonionic surfactant (Scanner Nonionic 

Surfactant, Loveland Products, Greeley, CO) at 0.25% v/v. In the multiple harvest production 

system plots, between-row weeds were controlled by cultivation with a tractor-mounted 

rolling basket cultivator once per wk until the 5 to 7 leaf stage of cucumber. After  5 to 7 leaf 

stage of cucumber, between-row weeds in the multiple harvest plots were controlled by hand-

hoeing. Weeds were controlled between beds in the once-over harvest production system 

plots with a combination of sweeps mounted on the back of a tractor and hand-hoeing, but no 

cultivation was performed between cucumber rows in the once-over harvest production 

system. Between-row cultivation is impractical in once-over harvest cucumbers due to the 

narrow row spacing (O’Sullivan 1980). 

 Overhead irrigation (1.3 cm) was applied when rainfall was inadequate to maintain 

sufficient soil moisture. Preplant phosphorous and potassium were applied according to a soil 

test. Nitrogen at 110 kg ha
-1

 was applied preplant both years. In 2014, the multiple harvest 

plots received a sidedress application at the 5 to 7 leaf crop growth stage of 35 kg nitrogen 

ha
-1

 in the form of ammonium nitrate, but the once-over harvest plots were not sidedressed 

due to equipment limitations. In 2015, plants grown in both harvest systems were sidedressed 

with 35 kg nitrogen ha
-1

 in the form of calcium nitrate. 

Crop injury and Palmer amaranth control ratings were determined throughout the 

growing season using a scale from 0 to 100, where 0 is no crop injury or no weed control and 
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100 is death (Frans et al. 1986). Multiple harvest production system plots were harvested 2 to 

3 times per wk for 3 wk beginning 33 and 46 d after cucumber seeding in 2014 and 2015, 

respectively. Fruit were separated into grades one through three and culls (oversized or 

misshapen) according to Schultheis et al. (2000). Grades one through three were aggregated 

as ‘marketable yield’ while oversized and misshapen fruit were considered nonmarketable 

but were included in total yield. To simulate once-over harvesting by a machine, as would be 

used in a commercial production system, once-over harvest production system plots were 

harvested by hand 42 and 53 d after seeding in 2014 and 2015, respectively, and all fruit 

larger than 1.3 cm diameter were stripped from the plant at this time. Once-over harvest in 

2014 was initiated based on the recommendation of harvesting when 15% of fruit were 

oversized (>5 cm) and fruit were graded according to Schultheis et al. (2000). Waiting until 

15% of fruit were oversized in 2014 resulted in a high percentage of oversized 

(nonmarketable) fruit in the total harvest weight. In 2015, fruit were harvested at the stage 

when 10% of fruit were oversized. The 10% threshold used in 2015 was in accordance with 

Schultheis et al. (2000). 

 

Results and Discussion 

Herbicide Injury. In 2014, injury was minor (<10%) and plants recovered by 4 wk after 

seeding (WAS) (data not shown). In 2015, clomazone PRE at 420 g ha
-1

 resulted in 15 to 

25% injury 2 WAS (data not shown). This injury subsided to 5 to 15% by 4 WAS and no 

injury was visible by harvest. The difference in injury between 2014 and 2015 may be to a 

reduced rate of plant metabolism of the herbicide due to cooler temperatures in 2015. Al-

Khatib et al. (1995) also observed injury from clomazone, but noted that plants quickly 
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recovered.  No other treatments caused significant injury (>5%) in 2015.  

Weed Control. Herbicide effects differed by yr, so data are presented separately by yr. In 

2014, a significant interaction effect between herbicide treatment and production system was 

observed, so data are presented separately by production system (Table 4.2). Palmer 

amaranth control did not differ between production systems in 2014 except in the clomazone 

treatment, which provided greater control in the multiple harvest production system. In 2015, 

Palmer amaranth control did not differ between production systems and herbicide effects are 

averaged over production systems (Table 4.3). Although 1260 g ha
-1

 ethalfluralin provided 

complete control of Palmer amaranth 4 WAS,  ethalfluralin at 450 g ha
-1

  plus 140 g ha
-1

 

clomazone, and 39 g ai ha
-1 

halosulfuron, provided only 72 to 78% control and 68 to 84% 

control of Palmer amaranth, respectively, 4 WAS. In contrast, Al-Khatib et al. (1995) 

observed complete control (100%) of redroot pigweed (Amaranthus retroflexus L.) with 

ethalfluralin plus clomazone at 1250 plus 560 and 1250 plus 140 g ha
-1

, respectively. 

However the study by Al-Khatib et al. (1995) used higher rates of clomazone plus 

ethalfluralin than were used in our study.  The rate of ethalfluralin used in their study was 

similar to that of ethalfluralin used alone in this study. Bensulide provided 92% control of 

Palmer amaranth. Brandenberger et al. (2005) reported that herbicide mixtures containing 

bensulide PRE provided 85 to 98% control of Palmer amaranth, but Menges and Tamez 

(1980) reported that bensulide provided only 65% control when used alone PPI. The 

bensulide product label allows for only preplant or PRE applications (Anonymous 2012). 

Pendimethalin POST did not provide any control of Palmer amaranth. A large amount 

of Palmer amaranth was present at the time that pendimethalin was applied, and 

pendimethalin does not control emerged weeds (Anonymous 2015). Pendimethalin cannot be 
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applied PRE to cucumber since its safety to cucumber is marginal (Jennings, unpublished 

data). However, pendimethalin may have potential to extend residual control of Palmer 

amaranth in a control program in cucumber if applied early POST in cucumber following 

effective treatments (cultivation, PRE herbicides) that give 100% control of Palmer 

amaranth.  

Cucumber Yield. Total and marketable yield were higher in the multiple hand-harvest 

production system than once-over harvest in 2014. In 2015, marketable yield was higher in 

multiple harvest, but total yield was similar between the two systems. In both years yield of 

grade 3 cucumbers was the same for both production systems, but grades 1 and 2 were 

greater for the multiple harvest system (Tables 4.4 and 4.5). In 2015, marketable yield, but 

not total yield, was higher in the multiple harvest population. Comparing overall yield 

between populations harvested at different timings is difficult because short delays in harvest 

lead to major changes in physiological maturity, which affects both the total weight and the 

quality (number of small grades) of yield (Staub et al. 2008). With the exception of 2015 in 

the once-over harvest system, 1260 g ha
-1

 ethalfluralin consistently produced yields 

equivalent to weed-free (Table 4.6). Ethalfluralin at 450 g ha
-1

 plus clomazone at 120 g ha
-1

 

also produced similar yields in 2014, but not in 2015. Bensulide provided yield similar to the 

high rate of ethalfluralin in 2015, but was not evaluated in 2014. 

 These results are in contrast with Staub et al. (1992) who found that yield increased 

with increasing plant density. Weaver (1984) reported that yield was greater in a multiple 

harvest system than in a once-over harvest system and that the critical period of weed control 

for cucumber was longer in the once-over harvest systems with a high plant population 

(184,450 plants ha
-1

) than in a multiple harvest system with greater row spacing and a low 
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plant population (55,500 plants ha
-1

).  Higher plant population in the once-over harvest 

system resulted in smaller cucumber plants which allowed for greater early season weed 

competition (Weaver 1984). 

 Differences in pickling cucumber harvest system did not result in differences in 

Palmer amaranth control. While total yield was similar between the two systems, the greater 

marketable yield achieved with the multiple harvest system suggests that the multiple harvest 

system would allow greater income. Different price premiums paid for grades between hand 

harvest and machine harvest also affect the total income between systems. However, 

increased labor costs associated with hand-harvest systems and increased seed and pollinator 

costs associated with once-over harvest systems should also be considered when determining 

the profitability of cucumber harvesting systems.  
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Table 4.1. Herbicide application timings and rates. 

Herbicide 

common 

names 

Trade names Application 

timing 

Application 

rate (g ai ha
-1

) 

Manufacturer Study year 

Ethalfluralin Curbit PRE 1260 Loveland Products, Greeley, CO 

(www.lovelandproducts.com) 

Both 

Ethalfluralin 

+ clomazone 

Strategy PRE 450 + 140  Loveland Products, Greeley, CO 

(www.lovelandproducts.com) 

Both 

Halosulfuron Sandea PRE 39 Gowan Company, LLC, Yuma, AZ 

(www.gowanco.com) 

Both 

Bensulide Prefar PRE 5610  Gowan Company, LLC, Yuma, AZ 

(www.gowanco.com) 

2015 

Clomazone Command PRE 420  FMC Corporation, Philadelphia, PA 

(www.fmccrop.com) 

Both 

Pendimethalin Prowl H2O POST
a
 530  BASF Corporation, Research 

Triangle Park, NC 

(agproducts.basf.us) 

2015 

a 
POST application was made broadcast overtop to 1 to 2 leaf cucumber. 
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Table 4.2. Palmer amaranth control 4 WAS at Clinton, NC in 2014
 ab

. 

   Plant population 

Treatment name Rate  

(g ai ha
-1

) 

Timing Hand harvest Machine harvest 

Weedy - - 0 c 0 d 

Weed-free - - 100 a 100 a 

Clomazone 420 PRE 76 b 15 c 

Ethalfluralin + 

clomazone 

450 + 140 PRE 72 b 78 b 

Ethalfluralin 1260 PRE 100 a 100 a 

Halosulfuron 39 PRE 84 b 68 b 
a 
Abbreviations: WAS, wk after seeding. 

b 
Means within a column followed by the same letter do not differ according to Fisher’s 

Protected LSD (α=0.05). 
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Table 4.3. Palmer amaranth control 4 WAS and at harvest at Clinton, NC in 2015 by 

herbicide, averaged across plant populations
ab

. 

  Rating date 

Treatment name Rate Timing 4 WAS At harvest 

Weedy - - 0 d 0 d 

Weed-free - - 100 a 100 a 

Clomazone 420 PRE 76 c 5 d 

Ethalfluralin + clomazone 450 +140 PRE 76 c 11 cd 

Ethalfluralin 1260 PRE 100 a 86 a 

Halosulfuron 39 PRE 77 c 18 c 

Bensulide 5610 PRE 92 b 61 b 

Pendimethalin 530 POST
c
 0 d 0 d 

a 
Abbreviations: WAS, wk after seeding. 

b 
Means within a column followed by the same letter do not differ according to Fisher’s 

Protected LSD (α=0.05). 

c 
POST application was made broadcast overtop to 1 to 2 leaf cucumber. 
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Table 4.4. Effect of harvest type on yield of pickling cucumber by grade at Clinton, NC in 2014
a
. 

Production 

system 

Grade 1 Grade 2 Grade 3 Grade 4 Cull Marketable 

yield 

Total yield 

Hand harvest 4,070 a  10,700 a 13,200 a  4,050 b 4,790 a  2,8000 a 37,300 a  

Machine harvest 228 b  491 b  10,400 a  8,860 a  2,900 b  1,1200 b  23,700 b  
a 
Means within a column followed by the same letter do not differ according to Fisher’s Protected LSD (α=0.05). 
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Table 4.5. Effect of production system on yield of pickling cucumber by grade at Clinton, NC in 2015
a
. 

Production 

system 

Grade 1 Grade 2 Grade 3 Grade 4 Cull Marketable 

yield 

Total yield 

Hand harvest 1,010 a 2,890 a 3,330 a 400 b 2,370 a 7,320 a 10,300 a 

Machine harvest 49 b 122 b 3,950 a 2010 a 1,330 b 4,170 b 8,260 a 
a 
Means within a column followed by the same letter do not differ according to Fisher’s Protected LSD (α=0.05). 
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Table 4.6. Effect of herbicides on cucumber yield (kg ha
-1

) by production system and year at 

Clinton, NC in 2014 and 2015
 a
. 

 2014 2015 

Treatment name Hand 

harvest 

Machine 

harvest 

Hand 

harvest 

Machine 

harvest 

Weedy 21,500 b 1,970 d 1,830 d 600 d 

Weed-free 30,400 ab 16,800 ab 15,400 a 14,000 a 

Clomazone 27,816 ab 7,700 c 7,000 c 3,700 c 

Ethalfluralin 36,100 a 18,500 a 13,800 a 9,400 b 

Ethalfluralin + clomazone 28,200 ab 15,500 ab 7,900 bc 2,800 c 

Halosulfuron 25,100 b 12,600 b 6,800 c 4,000 c 

Bensulide - - 11,300 ab 8,100 b 

Pendimethalin - - 1,500 d 100 d 
a 
Means within a column followed by the same letter do not differ according to Fisher’s 

Protected LSD (α=0.05).  
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Appendix A. Implements used in no tillage cover crop production system. 

 

No-till vacuum seeder used to seed cucumber in no tillage production system. 
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Roller-crimper used in no tillage production system. 
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Appendix B. Sorghum sudangrass and Palmer amaranth growing in competition. 

 

Sorghum sudangrass and Palmer amaranth just prior to mowing in 2015.  


