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Introduction 

Plains Cotton Growers, Inc. (PCG) has been a strong supporter of cotton insect research 

and extension activities in west Texas for many years. Most notably, PCG was instrumental 

in securing state funds for the Boll Weevil Research Facility at the Lubbock Center, and 

provided both financial and political support to conduct boll weevil biology and ecology 

research even before the boll weevil became a significant economic pest of the High Plains 

region. After the initial entry of the boll weevil into the eastern edge of the High Plains, 

PCG promoted and along with USDA-APHIS administered the boll weevil diapause 

suppression program involving a team effort that continued to include Texas A&M 

University. PCG also supported Texas Cooperative Extension (now Texas A&M AgriLife 

Extension Service) efforts to annually evaluate the diapause suppression program, conduct 

applied research trials to develop boll weevil management practices that would enhance 

the diapause suppression program’s efforts and in the 1990s supported an annual boll 

weevil winter survival survey of High Plains overwintering habitats and grid-trapping of 

weevils across our vast High Plains cotton producing areas. Under the strong and 

cooperative leadership of PCG, the boll weevil eradication program for the High Plains 

area progressed much more rapidly than anticipated. Now, the successful boll weevil 

eradication program has eliminated the boll weevil from this region for over a decade. In 

2015, all 11 West Texas zones (Southern Rolling Plains, El Paso/Trans Pecos, St. 

Lawrence, Permian Basin, Rolling Plains Central, Western High Plains, Southern High 

Plains/Caprock, Northern Rolling Plains, Northern High Plains, Northwest Plains, and 

Panhandle) have been declared boll weevil eradicated and is managed as a single zone 

called West Texas Maintenance Area (WTMA). The team effort of PCG, Texas A&M 

AgriLife Research and AgriLife Extension Service over several decades has resulted in a 

comprehensive understanding of boll weevil ecology and behavior. 

With a successful boll weevil eradication program and increased adoption of the transgenic 

Bt technology (now >70%), the cotton insect research and extension program focus has 

changed considerably during the last 16 years. Our current research/extension focus is on 

developing ecologically intensive strategies for cotton pest management, including crop 

phenology, cultivar, non-crop habitat, irrigation, and fertility management towards 

reducing insect pest pressure. Our research has demonstrated the need for continuing 

investigation of basic behavior and life patterns of insects while having a strong field-based 

applied research to bridge the gap between basic, problem-solving science and producer-

friendly management recommendations. We have assembled a strong group of people to 

work as a team to examine multiple disciplines within the broad theme of Cotton IPM. We 

invest considerable time and manpower resources in investigating the behavior and ecology 

of major cotton pests of the High Plains with the goal of developing management 

thresholds based on cotton production technology and economics. Our Program has 

successfully leveraged research funds based on the funding provided by PCIC to support 

our research effort. We are excited about and greatly value our Cotton Entomology 

research and extension partnerships with multidisciplinary scientists at the Texas A&M 

AgriLife Center, together with area IPM agents in the region, to continue this partnership 

as we challenge ourselves to deliver the best cotton insect-pest management 

recommendations to our Texas High Plains producers. 
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Texas A&M AgriLife Research & Extension Center at Lubbock

COTTON ENTOMOLOGY PROGRAM
Megha N. Parajulee, Ph.D.

Professor, Faculty Fellow, and Texas A&M Regents Fellow

COTTON FLEAHOPPER POPULATION DYNAMICS AS
AFFECTED BY NITROGEN FERTILITY; HALFWAY, TEXAS
A multi-year study investigating the effects of differential
nitrogen fertility on cotton fleahopper population dynamics
in a typical drip-irrigation Texas High Plains cotton
production system has been initiated from the 2014
growing season. Differential nitrogen fertility (0, 50, 100,
150, and 200 lbs N/acre) is being examined for its affect on
cotton plant physiological parameters, thereby influencing
cotton fleahopper injury potential and plant compensation.

PROGRAM OVERVIEW: The Cotton Entomology Program at Lubbock combines basic and applied research with strong
outreach, industry, and grower partnerships to produce information to enhance the ability of the cotton industry in the
Texas High Plains to mitigate cotton yield losses due to insect pests through the use of ecologically intensive integrated
pest management. Selected projects of the Program are briefly highlighted in this exhibit.

SEASONAL ABUNDANCE PATTERNS OF BOLLWORM,
TOBACCO BUDWORM, AND BEET ARMYWORM MOTHS
IN THE TEXAS HIGH PLAINS
A long-term study has been conducted in the Texas High
Plains to investigate the year-around weekly moth flight
activity patterns of bollworms, tobacco budworms, and
beet armyworms. These three species are important
cotton pests in the High Plains. The regional adoption of
cotton and corn cultivars incorporating Bt technology
has been instrumental in reducing the current threat of
these lepidopteran pests, yet diminishing underground
water availability for irrigation is necessitating lower
crop inputs, such as transgenic seed costs, for our
increasing dryland crop production acreage, increasing
the importance of these pests.

THRIPS MANAGEMENT IN TEXAS HIGH PLAINS COTTON:
INSECTICIDE PRODUCT EVALUATION
Multi-year studies are being conducted at three Texas
locations (Hale, Swisher, and Wilbarger counties) to
represent cotton fields surrounded by variable
vegetation/crop complexes and thrips population
pressure in cotton. The study objectives are to: 1)
evaluate the foliar insecticide application frequency in
managing thrips in seedling cotton, and 2) evaluate the
efficacy, residual performance, and economic
competitiveness of selected products in thrips
management. Insecticides, including seed treatment
(thiamethoxam [Cruiser®] and imidacloprid [Aeris®]) and
foliar (Orthene®, Bidrin®, and Vydate®) treatments are
evaluated for their efficacy and cost effectiveness in
managing thrips populations in cotton relative to an
untreated control.

STATEWIDE SURVEY OF BOLLWORM MOTHS FOR POSSIBLE
OLD WORLD BOLLWORM DETECTION IN TEXAS
The objective of this study is to conduct a statewide
monitoring of Helicoverpa armigera in Texas which will
be used to inform growers and consultants and serve as
the foundation for the development of management
strategies. Plastic bucket traps and pheromone lures will
be used to collect moths; moths will be dissected to
distinguish Old World and New World bollworm based
on genital characteristics.

Texas Pheromone (TP) and “Bucket” traps used to monitor moths

DEVELOPMENT OF ECONOMIC THRESHOLD AND
MANAGEMENT RECOMMENDATIONS FOR LYGUS BUG
Texas A&M AgriLife Cotton Entomology Program has been
providing a unique leadership in Lygus research across the
United States cottonbelt since 2002. We have quantified
the compensation ability of cotton to Lygus-induced fruit
loss and the recommendation has been made to our
producers that pesticide applications prior to 30% pre-
flower and 25% early flower fruit shed may not be
necessary. We also have developed a late-season
insecticide termination guideline for Texas High Plains
cotton growers, according to which, insecticide
intervention for Lygus control may not be warranted
when harvestable bolls accumulate ≥350 heat units or
the boll is ≥3 cm in diameter after crop cut-out. Current
effort concentrates on developing economic threshold-
based management recommendations for Lygus in Texas
High Plains cotton, thereby aiming to minimize economic
losses to producers. Continuing studies will examine the
effect of Lygus on drought-stressed and limited irrigation
cotton.

Cotton fleahopper augmentation in multi-plant cages to 
quantify the response of variable rates of N to FH injury

Field evaluation of thrips insecticide products

Lygus adults and nymphs cause damage to squares, flowers, and bolls
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EFFECT OF NITROGEN FERTILIZER ON COTTON FLEAHOPPER DAMAGE POTENTIAL 

AND CROP RESPONSE TO INJURY 

M.N. Parajulee, A. Hakeem, S.D. Coyle, S.C. Carroll, J.P. Bordovsky 
 

Objective: The objective was to evaluate the effect of nitrogen fertilizer application rates on cotton 
fleahopper damage potential and cotton’s response to fleahopper injury. 

Methodology: A high-yielding FiberMax cultivar, FM 1900GLT, was planted at a targeted rate of 54,000 
seeds/acre on May 27, 2016. The experiment was a split-plot randomized block design with five nitrogen 
fertility rate treatments as main plot, two insect augmentation treatments as sub-plots, and five 
replications. The five main-plot treatments included pre-bloom side-dress applications of augmented 
nitrogen fertilizer rates of 0, 50, 100, 150, and 200 lbs N/acre using a soil applicator injection rig on July 
14. Pre-treatment soil samples (consisting of three soil cores; 0 to 24-inch depth), were collected from 
each of the 25 experiment plots on July 1. Three 3-ft sections of uniform cotton were flagged in the 
middle two rows of each 16-row main-plot that served as two insect treatment sub-plots. Two weeks into 
cotton squaring (July 17), the most critical phenological stage of cotton for cotton fleahopper 
management in the Texas High Plains, three cotton fleahopper augmentation treatments (5 cotton 
fleahopper nymphs per plant, manual removal of 100% squares pre-flower, and no fleahopper 
augmentation as control) were deployed in these designated row sections to simulate an acute infestation 
of fleahoppers. With 20% field survivorship, this density is equivalent to 3-4 times current cotton 
fleahopper threshold (25-30 fleahoppers per 100 plants) for the High Plains. 
  
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Results: Cotton fleahoppers induced ~20% 
square drop across all N plots. Varying rates 
of N augmentation resulted in phenotypic 
expression of N deficiency in cotton across 
treatment plots, more pronouncedly between 
zero N plots and N augmented plots, which 
were reflected on temporal chlorophyll and 
leaf N contents of the fifth leaf (Fig. 1). 

All N augmented plots had higher lint yields 
than on zero N plots, but the crop response to 
variation in N level was not well defined 
(Fig. 2). Combined over all N treatments, the 
acute infestation of fleahoppers rendered the 
lint yield reduction from 1,209 lb/acre in the 
control to 976 lb/acre in fleahopper plots. 
Lint yield was not significantly affected by 
~20% fleahopper-induced square loss at zero 
N and the two highest N plots, either via 
pruning of undesirable fruit load (zero N) or 
compensation (high N). On the other hand, 
lint yield was lower in fleahopper augmented 
50 and 100 lb/acre plots compared to that in 
control plots, suggesting that the plant 
response to cotton fleahopper injury is 
greatly influenced by the availably of N 
fertility. Manual removal of 100% squares 
pre-flower did not impact the lint yield. 

Fig. 1. Effect of N rates on lint yield following a 
single acute infestation of cotton fleahopper versus 
uninfested control and manual removal of 100% 
squares prior to the initiation of flowering, 2016. 

Fig. 1. Temporal dynamics of leaf area, chlorophyll 
concentration, and leaf N content on 5th mainstem 
leaf as influenced by varying N rates, 2016. 
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TITLE: 

Cotton yield response to cotton fleahopper acute infestations as influenced by irrigation 
level treatments, Lamesa, TX, 2016. 
 

AUTHORS: 

Megha Parajulee – Professor, Faculty Fellow, and Regents Fellow 
Abdul Hakeem – Postdoctoral Research Associate 
Sean Coyle – Technician 
Stanley Carroll – Research Scientist 
Wayne Keeling - Professor 
 

MATERIALS AND METHODS: 

Plot Size:  4 rows by 300 feet, 3 replications 

Planting date:  May 24, 2016 

Fertilizer:  10-34-0 

Treatments: 

 Cultivar:  FiberMax 2011 GT   

 Irrigation:  Low: Pre-plant = 3.5 inches;  In-season = 3.1 inches 
   High: Pre-plant = 3.5 inches;  In-season = 6.2 inches 

 Cotton fleahopper: Three insect release treatments [Control (zero cotton 
fleahoppers), Low fleahopper density (2 bugs per plant), High 

fleahopper density (5 bugs per plant),  

 
 Herbicides:  2,4-D 1 qt/A – March 14 
    Roundup PowerMax 1 qt/A – March 14 
    Prowl 3 pt/A – April 27 
    Roundup PowerMax 1 qt/A – June 22 
    Roundup PowerMax 1qt/A – July 28 
    Warrant 3 pt/A – July 28 

 

 Insect release date: July 9, 2016 at fleahopper susceptible stage 

Plant mapping date: August 3, 2016 (in-season); October 25, 2016 (pre-harvest) 

Harvest date: October 25, 2016 (hand-harvested) 
 

Cotton fleahopper feeding injury and resulting cotton lint yield were evaluated on cotton variety 
FM 2011 GT, as affected by irrigation level and infestation densities. Two seasonal irrigation 
levels, High (9.7 inches) and Low (6.6 inches) were evaluated under a center pivot irrigation 
system. Laboratory-reared and/or field collected cotton fleahopper adults were released onto 
cotton terminals in 3-ft. (L) x 2-ft. (W) x 3 ft. (H) multi-plant cages (Fig. 1). Each cage contained 
seven plants. Experimental design consisted of three insect release treatments (high, low, and 
control) and two water levels (high versus low), replicated three times and deployed in a 
randomized complete block design (total 18 plots). Insect release treatments, 1) control (zero 
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fleahopper augmentation), 2) two bugs per plant (low density), and 3) five bugs per plant (high 
density), were deployed on July 9, 2016 (Fig. 1), and then allowed to feed for one week in order 
to mimic a natural early-season acute infestation. No natural infestation of cotton fleahoppers 
were observed at the experimental farm, therefore, insecticides were not applied on the control 
plots. A single release of cotton fleahoppers was timed to simulate an acute infestation of cotton 
fleahoppers while cotton was highly vulnerable to fleahopper injury, which was approximately 
the second week of cotton squaring. Plant mapping was conducted before and after cotton 
fleahopper releases to monitor for altered fruiting patterns. Yield monitoring was achieved via 
hand-harvesting of each experimental plot on October 25. 2016. 

 
 

 
Figure 1. Examination of cotton squares (left), and multi-plant cages (right) deployed in the field 

to release cotton fleahopper densities to examine damage potential on cotton yield, Lamesa, TX. 

 
 

RESULTS AND DISCUSSION: 

 

Percentage square loss tended to be higher on cotton fleahopper infested plots compared to that 
in control plots under the high irrigation level (Fig. 2). Fleahopper crop damage, as measured by 
cotton square loss, did not significantly vary between the two water levels. Artificial 
augmentation of cotton fleahoppers caused 36.13% and 37.98% square loss following low and 
high levels of infestations, respectively and such pre-flower cotton square loss is considered a 
moderate level of insect-induced early fruit loss for Texas High Plains cotton.  

A significantly higher lint yield was recorded from control plots compared to that from high 
fleahopper density plots. In low irrigation plots, a significantly higher lint yield was recorded 
from control plots than both low and high fleahopper densities; however, significantly higher lint 
yield was recorded from low fleahopper densities compared to high fleahopper densities in high 
irrigation plots (Fig. 3). These data suggest that the deficit-irrigated cotton is more sensitive to 
fleahopper-induced square losses than the crop that receives sufficient irrigation even at low 
cotton fleahopper densities. At high cotton fleahopper densities, cotton fleahopper-induced 
square loss resulted in significantly lower lint yield regardless of the irrigation water level. 
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Figure 2. Average percentage square loss following a simulated acute infestation of cotton 

fleahoppers, achieved by augmenting 2 (low) and 5 (high) bugs per plant during the second week 

of squaring, under low and high irrigation regimes on cotton, Lamesa, Texas, 2016. 

 
 

 

 
 
Figure 3. Average lint yield following a simulated acute infestation of cotton fleahoppers under 

high and low irrigation regimes, Lamesa, Texas, 2016. 
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Evaluation of Cotton Fleahopper Damage Potential and Crop Response to 

Injury under Variable Nitrogen Fertility Level 

 

Project Summary 

 

The cotton fleahopper, Pseudatomoscelis seriatus (Reuter), is a significant economic pest of 
cotton in the Texas High Plains. Injury by cotton fleahoppers to squaring cotton often causes 
excessive loss of small squares during the early fruiting period of plant development (first 3 
weeks of squaring). Both adults and immatures feed on new growth, including small squares. 
Greater damage is observed on smooth leaf varieties than on hirsute varieties, which may extend 
the susceptible period into early bloom, especially under a high-input production regime. Cotton 
is affected by cotton fleahopper injury from about the fifth true-leaf through first week after 
initiation of flowering. Squares up to pinhead size are most susceptible to damage, and yield loss 
is most likely from feeding during the first three weeks of fruiting. Cotton fleahopper damage 
also delays crop maturity and thus increases the vulnerability of cotton to late season pests such 
as heliothine caterpillars and Lygus bugs. The objective of this study was to evaluate the cotton 
crop growth parameters and lint yield following cotton fleahopper acute infestations under a 
range of nitrogen fertility rates. The five main-plot treatments included pre-bloom side-dress 
applications of augmented nitrogen fertilizer rates of 0, 50, 100, 150, and 200 lbs N/acre using a 
soil applicator injection rig on 23 July 2014, 16 July 2015, and 1 July 2016. The sub-plot 
treatment included two cotton fleahopper augmentation treatments [5 cotton fleahopper nymphs 
(2014 and 2016) or adults (2015) per plant versus no fleahopper augmentation as control] applied 
to each of the five nitrogen fertility rates two weeks into cotton squaring, the most critical 
phenological stage of cotton for cotton fleahopper management in the Texas High Plains. Cotton 
fleahopper infestation treatments caused 14-27%, 24-26%, and ~20% square loss in 201, 2015, 
and 2016, respectively. Cotton fleahopper induced fruit loss resulted in significant crop maturity 
delay in 2014, as measured by number of unopened bolls (7.7% non-harvestable bolls in the 
infested plots versus 1.8% in control plots) at harvest. There were no maturity delay penalties in 
2015 and 2016 due to warm, extended growing seasons. As expected, lint yield varied with N 
level regardless of the cotton fleahopper infestation in all three years. In uninfested control plots, 
lint yield displayed a characteristic staircase effect of nitrogen rate, with lowest lint yield in zero 
N and highest lint yield in 200 N treatments, with numerical increase in lint yield for each 
incremental nitrogen application of 50 lb/acre. Combined over all N treatments, the acute 
infestation of cotton fleahoppers rendered the lint yield reduction from 975, 910, and 1209 
lb/acre in the uninfested control to 846, 877, and 976 lb/acre in fleahopper augmented treatments 
in 2014, 2015, and 2016, respectively. In all three years, cotton lint yield was not significantly 
affected by ~25% fleahopper-induced square loss three weeks into squaring at both zero N and 
200 lb/acre plots, either via insect-induced pruning of undesirable fruit load (zero N) or 
compensation (200 lb N), whereas lint yield was significantly lower in fleahopper augmented 50 
to 100 lb/acre plots compared to that in uninfested plots, clearly suggesting that the plant 
response to cotton fleahopper injury is greatly influenced by nitrogen fertility. In addition, plants 
fully compensated for manually pruned 100% square removal at the onset of cotton flowering. 
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Introduction 

The cotton fleahopper, Pseudatomoscelis seriatus (Reuter), is a significant economic pest of 
cotton in the Texas High Plains. Injury by cotton fleahoppers to squaring cotton often causes 
excessive loss of small squares during the early fruiting period of plant development (first 3 
weeks of squaring). Both adults and immatures feed on new growth, including small squares. 
Greater damage is observed on smooth leaf varieties than on hirsute varieties (Knutson et al. 
2013), which may extend the susceptible period into early bloom, especially under a high-input 
production regime. Cotton is affected by cotton fleahopper injury from about the fifth true-leaf 
through first week after initiation of flowering. Squares up to pinhead size are most susceptible 
to damage, and yield loss is most likely from feeding during the first three weeks of fruiting 
(Reinhard 1926). Cotton fleahopper damage also delays crop maturity and thus increases the 
vulnerability of cotton to late season pests such as heliothine caterpillars and Lygus bugs, 
particularly when natural enemies are destroyed by insecticides directed against cotton 
fleahoppers (Chen et al. 2007). 

Predominantly, cotton fleahoppers feed upon pinhead-sized or smaller squares, which results in 
abortion of these young fruits, thereby impacting yields. While cotton fleahopper feeding 
preferences serve as a baseline for their management in cotton fields, a detailed understanding of 
cotton plant responses to fleahopper damage remains unachieved (Parajulee et al. 2006, Chen et 
al. 2007). Cotton plant growth is sensitive to numerous environmental and management input 
factors, particularly irrigation and nitrogen fertility. Cotton growth responses to various input 
factors are well-documented and growth models have been developed. However, the specific 
cotton plant responses to cotton fleahopper injury under a range of nitrogen fertility remain 
uninvestigated. This study was designed to evaluate the cotton crop growth parameters and lint 
yield following cotton fleahopper acute infestations under a range of nitrogen fertility rates. 

Materials and Methods 

This study was conducted at the Texas A&M AgriLife Research farm near Plainview, Texas. A 
5-acre subsurface drip irrigation system has been in place for 14 years and nitrogen fertility 
treatments have been applied in a randomized block design with five replications since 2002 
(Fig. 1). The present study utilized the same experimental set up as for the last 13 years. Pre-
plant land preparations on the field of 30-in row-spacings included an application and 
incorporation of Treflan® (trifluralin) @ 2 pints/acre on 19 February 2014, 12 January, 2015, and 
4 March 2016. The field did not receive pre-plant fertility applications. 

The 2014 study was planted with FiberMax 9063 B2R at a targeted rate of 54,000 seeds/acre on 
16 June and post-emergence herbicide treatments were applied on 27 June (Crop Smart® @ 32 
oz/acre; Warrant® @ 3 pints/acre) and 7 July (Crop Smart® @ 40 oz/acre). The 2015 and 2016 
tests were planted to Fibermax 9180 B2F and FM1900GLT, respectively, at a targeted rate of 
60,000 seeds/acre followed by an ‘over-the-top’ Caparol® 4L (prometryn; 3 pints/acre) 
application immediately after planting on 18 May 2015 and 16 May 2016. The 2016 test was 
replanted on May 27 due to poor crop stand. The post-emergence herbicides applications were 
made on 30 June (RoundUp® @ 32 oz/acre) and 29 July (Warrant® 3 pt/acre) in 2015 and 10 
June and 7 July (Warrant® 3 pt/acre) in 2016 for weed management. 

Experimental plots were 16 rows wide x 120 ft long and 5 ft alleys separated the plots. The 
experiment was a split-plot randomized block design with five nitrogen fertility rate treatments 
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as main plot, two insect augmentation treatments as sub-plots, and five replications. The five 
main-plot treatments included pre-bloom side-dress applications of augmented nitrogen fertilizer 
rates of 0, 50, 100, 150, and 200 lbs N/acre using a soil applicator injection. The individual plots 
have been receiving the same nitrogen augmentation rates for the past 14 years. The pre-
treatment residual nitrogen soil samples were pulled on 10 July 2014, 26 June 2015, and 1 July 
2016 from each of the 25 experimental plots. The soil samples were quickly placed into an 
unused greenhouse to quickly remove the soil moisture. These dried samples were processed 
through a soil grinder prior to shipment to Ward Laboratories (Kearney, NE) for residual 
nitrogen analyses. The five fertility treatment applications were applied by side-dressing the 25 
experimental plots with the appropriate nitrogen levels on 23 July 2014, 16 July 2015, and 14 
July 2016. Two (2014 and 2015) or three (2016) 10-ft. sections of uniform cotton were flagged 
in the middle two rows of each 16-row main-plot that served as insect treatment sub-plots. The 
sub-plot treatments included two cotton fleahopper augmentation treatments (5 cotton fleahopper 
nymphs per plant uncaged [2014 and 2016] or 5 cotton fleahopper adults per plant in multi-plant 
cages [2015] versus no fleahopper augmentation as control) applied to squaring cotton within 
these designated row sections to simulate an acute infestation of cotton fleahoppers. In 2016, 
manual removal of 100% squares around the onset of cotton flowering stage (28 July 2016) 
constituted the third sub-plot treatment. This early squaring period is the most critical 
phenological stage of cotton for cotton fleahopper management in the Texas High Plains 
(Parajulee et al. 2006). 

Woolly croton was harvested from rangeland sites near College Station, Texas, in early February 
and then placed into cold storage. Forty 1-gallon sheet metal cans (ends of cylinder-type cans 
covered with window screen), each containing 4 ounces of dry croton twigs per can, were 
initiated to generate the required number of cotton fleahoppers for the experiment (Hakeem and 
Parajulee 2015). Conditions conducive to cotton fleahopper emergence were simulated in a 
laboratory environment in order to induce hatching of overwintered eggs embedded in the croton 
stems, and emerged cotton fleahoppers were subsequently reared on fresh green beans. Field 
collected cotton fleahopper adults augmented the laboratory colony in 2015. The single release 
of cotton fleahoppers (nymphs in 2014 and 2016; adults in 2015) mentioned above was timed to 
simulate the acute heavy infestation of cotton fleahoppers (4-5 days of feeding) while cotton was 
highly vulnerable to the fleahopper injury. It was planned so that this arrangement would ensure 
20-25% fleahopper-induced square damage on treatment plots to quantify the variation in 
damage potential as influenced by soil applied N. The release was accomplished on 30 July 
2014, 21 July 2015 and 18 July 2016 by aspirating third-instar fleahopper nymphs (2014 and 
2016) or adults (2015) from the laboratory reared and/or adapted colonies, transferring them into 
0.75” X 1.5” plastic vials, then cautiously depositing them onto the terminals of plants in each 
treatment plot at the rate of 5 cotton fleahoppers per plant; the control plots received no 
fleahoppers and were kept fleahopper-free during the entire study period. Natural infestations of 
cotton fleahoppers did not occur at our site due to the severe crop delay in 2014 and frequent rain 
showers in 2015 and 2016. Therefore, the control sections within each of the 25 plots did not 
receive supplemental insecticidal interventions until an Orthene® 97UP insecticide application 
was applied to all experimental units (both fleahopper release sections and control sections 
within each of the 25 main-plots) to ensure complete removal of all cotton fleahoppers following 
their release and feeding period (7 August 2014, 28 July 2015, and 28 July 2016). Plant mapping 
was conducted in fleahopper-augmented and control sections to estimate the level of fruit loss 
inflicted by the fleahopper augmentation treatments. 
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 In all three years, the entire test was kept insect-free for the remainder of the study to isolate the 
effect of cotton fleahopper injury only. All control and fleahopper-augmented sections were 
monitored for plant-specific fruit loss on 14 August 2014 and 6 August 2015. Complete, plant-
specific square loss mapping in 2016 was compromised due to rainfall events, so an estimated 
fruit loss percentage was derived. 

Additional data collected included monitoring of plant height, leaf chlorophyll content, leaf 
nitrogen content, and squaring patterns in all uninfested control plots to determine the N effect 
on plant growth and reproductive parameters (5 N rates x 5 replications), starting from the first 
week of squaring and approximately weekly thereafter well into the fall crop developmental 
period. The dates in which ten 5th main stem leaves (from the plant top) were collected for 
chlorophyll readings, leaf area measurements, leaf dry weights, and end-of-study laboratory leaf 
nitrogen analysis in 2014 included 25 July; 5, 22, and 28 August; 5 and 26 September; and 2 and 
8 October 2014; the 2015 samples dates for these parameters were 30 July; 6, 13, 20, and 27 
August; and 4 and 11 September 2015. For 2016, samples dates for these parameters were 27 
July; 4, 11, 19, and 26 August; and 9, 23, and 29 September 2016. In-season plant mapping and 
plant height data from five randomly selected plants per plot were collected on 26 August 2014, 
30 July 2015, and 27 July 2016. Five randomly selected plants in each of the 25 experimental 
plots (125 total plants) were dug-up and returned to the laboratory for measurement of detailed 
individual plant biomass of the following: 1) root, 2) shoot, 3) leaves, and 4) fruits. Later on 26 
September 2014, 20 August 2015, and 6 October 2016, 15 randomly selected bolls were 
collected from the 5th mainstem node from the top of the plants and then the 375 total bolls (15 
bolls per plot X 25 plots) were placed into an ice chest and returned to the laboratory to measure 
boll parameters including: 1) boll diameter, 2) boll fresh weight, 3) boll carpel wall puncture 
pressure, and 4) boll dry weight following placement into a drying oven. 

The timing of crop ‘cut-out’ within individual plots was estimated by counting the Nodes Above 
White Flower (NAWF) on a series of randomly selected plants per plot on 28 August; and 5 and 
19 September 2014; 10, 13, 20, and 27 August; and 4 and 11 September 2015; and 19 and 26 
August; and 9 September 2016. The 2014 test was prepared for harvest by first spraying a boll 
opener (Boll Buster® 1 quart per acre) and a defoliant [ET® (pyraflufen) 1.25 oz per acre] in a 
tank mix on 23 October, followed by an application of a desiccant (Helmquat® 3SL 1 quart per 
acre) to finish terminating the cotton plants on 3 November 2014. The 2015 test was terminated 
by spraying a boll opener (Boll Buster® 1 quart per acre) and a defoliant [ET® (pyraflufen) 1.25 
oz per acre] in a tank mix on 14 October, followed by an application of a desiccant (Helmquat® 
3SL 1 quart per acre) to terminate the plants on 29 November 2015. The 2016 test was 
terminated by spraying a boll opener (Boll Buster® ½ quart per acre) and a defoliant [ET® 
(pyraflufen) 1.25 oz per acre] in a tank mix on 24 October, followed by an application of a 
desiccant (Bonedry® 3SL 1.3 quart per acre) to terminate the plants on 1 November 2016. Final 
plant mapping and harvesting of test sections were performed on 20 November 2014, 2 
November 2015, and 17 November 2016 and the ginned lint samples were sent to Cotton 
Incorporated for fiber quality analysis. 
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Figure 1. Helms Farm nitrogen study experimental plot layout following a five-treatment x five-
replication randomized block design. Each of the 25 plots received one of the five nitrogen 
augmentation treatments including 0, 50, 100, 150, or 200 lbs N/acre, Hale County, TX. 

 

Results and Discussion 

Influence of N fertility level on cotton plant growth parameters. Soil residual N levels were much 
higher in 2014 compared to that in 2015 and 2016 (Fig. 2). The unusual heavy rainfall 
throughout spring of 2015 likely leached excess residual nitrogen build-up from prior years of 
drought conditions, resulting in much lower residual N in 2015. Residual N levels generally 
increased with increased level of applied N. In 2014, residual N levels were significantly higher 
in plots that received the two highest application rates of N fertilizer versus plots receiving 50 
lb/acre N applications or no N augmentation; plots that received 100 lb N/acre had an 
intermediate level of residual nitrogen (Fig. 2). The two highest N augmentation plots (150 and 
200 lb/acre) resulted in three-times higher amount of soil residual N compared to that in zero and 
50 lb/acre plots. In 2015, plots receiving 150 and 200 lb/acre N had accumulated significantly 
higher residual N compared to that in zero and 50 lb/acre N plots. These experimental plots had 
been receiving same assigned levels of applied N for the previous 13 years and the relationship 
between applied N rates and resulting residual N has generally followed this trend for all 
previous years. 

Variation in residual N did not show significant variable effect on early cotton growth 
parameters, such as leaf N content, leaf area, and chlorophyll content. However, the effect of N 
application rate was more pronounced as the season progressed, especially in a drier year such as 
2014 (Fig. 3). However, in a wet year such as 2015, the effect of N application rate did not vary 
temporally within the season (Fig. 3). In 2014, the effect of N application rate was less 
pronounced in leaf surface area compared to that for chlorophyll concentration and leaf N 
content of the fifth mainstem node leaf. Measured leaf chlorophyll content varied with nitrogen 
application level, and leaf chlorophyll contents from cotton in those plots which received 0 lb 
N/acre were significantly lower than all others. Chlorophyll concentration in zero N plots was 5 
or more units lower than that for 50 lb N/acre plots throughout the growing season, while the 
concentration further declined as the season progressed, especially in 2014. In 2015, all N 
augmented cotton plots exhibited relatively consistent leaf parameters but significantly varied to 
that in zero N plots. It is noteworthy that the leaf chlorophyll content in zero N treatment plots 
declined precipitously beginning in late August, when plants began allocating much of their 
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resources to boll maturation, whereas this phenomenon did not occur in plots that received ≥50 
lb N/acre. In 2014, percentage leaf nitrogen declined as the season progressed, especially when 
plants began diverting their energy to fruit maturation (mid- to late August). However, the leaf 
nitrogen content in zero N plots began to decline soon after cotton began flowering, but it 
declined much more rapidly in zero N plots than for N augmented plots when plants began 
allocating much of their resources to boll maturation. In 2015 and 2016, percentage leaf nitrogen 
did not vary significantly as season progressed, but the leaf nitrogen content in zero N plots 
remained consistently lower than that for N augmented plots (Fig. 3). 

Plant parameter values such as plant height, leaf area (leaf size), leaf chlorophyll concentration, 
and percentage leaf nitrogen were much lower in zero N plots compared to that in all N 
augmented plots by the time crop attained full maturity, indicating a high degree of physiological 
stress on plants receiving zero pounds of augmented nitrogen (Fig. 4). Lower rates of N 
augmentation resulted in lower plant parameter values compared to that for high rates of N 
augmentation. 

Variable rates of N augmentation affecting plant height, leaf size, leaf chlorophyll, and leaf 
nitrogen content correspondingly impacted leaf dry weight and boll dry weight at full crop 
maturity. Fifth mainstem leaf dry weight was significantly lower at zero N plots (Fig. 5). Leaf 
dry-weight values were generally increased with increase N augmentation rates, but the two 
lower N augmented treatments (50 and 100 lb/acre) had numerically (2015, 2016) or statistically 
lower leaf dry weight compared to that for two highest N rates. 

Nitrogen fertility level also influenced boll maturity. Plants in zero N plots advanced to 
reproductive phase earlier and bolls formed and matured significantly earlier than in N 
augmented plots. As a result, dry weight of fifth mainstem node bolls was significantly greater in 
zero N plots compared to that for N augmented plots in 2014, but no treatment differences were 
detected in 2015 and 2016 (Fig. 6). Laboratory measurement of boll exocarp penetrability in 
2014 showed that the fifth mainstem node bolls from zero N augmented plots required 
significantly greater pressure to puncture the exocarp versus that required to do so for bolls from 
N augmented plots; however, heavy and frequent rain events in 2015 and 2016 eliminated the 
moisture stress in zero N plots during the boll development phase, resulting in no significant 
penetrability differences in bolls across all N treatments (Fig. 6). 

Variation in soil residual N levels (Fig. 2), coupled with variable N application, resulted in 
phenotypic expression of nitrogen deficiency in cotton across treatment plots, more 
pronouncedly between zero N plots and N augmented plots, which were reflected on temporal 
chlorophyll contents of the fifth leaf (Fig. 3). However, such phenotypic expressions of N 
deficiency in zero or low N level treatments were reduced in 2015 and 2016. 

N fertility level and cotton fleahopper infestation. Cotton plants were two weeks into squaring 
when an acute infestation of 5 cotton fleahoppers per plant was deployed. Pre-release monitoring 
of squaring profiles showed that plants had ~6 (2014) to ~9 (2015 and 2016) squares per plant 
across all N treatments. Total square density did not vary with N treatments prior to cotton 
fleahopper infestation (Figs. 7-8). This density (5 cotton fleahoppers per plant) is considered 
equivalent of 1 cotton fleahopper per plant, with 20% field survivorship and visual observation 
retrieval of released nymphs or adults. The density is also equivalent to 3-4 times current cotton 
fleahopper threshold (25-30 cotton fleahoppers per 100 plants) for the Texas High Plains. 
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One week of cotton fleahopper infestation resulted in significant square abscission in cotton 
fleahopper augmented plots, but negligible square abscission (2-4% or less) was observed in 
uninfested control plots (Figs. 7-8). While total square density did not vary across N treatments, 
cotton fleahopper-induced square abscission levels varied significantly with N application rates 
in 2014, but it did not vary across N treatments in 2015. In general, higher N rate favored lesser 
impact of cotton fleahopper injury. In 2014, square abscission rate was numerically highest at 
zero N plots, followed numerically by 50 and 100 lb N/acre plots, yet all values were statistically 
similar. However, abscission rates were reduced to 19 and 14% in 150 and 200 N treatments, 
respectively (Fig. 7). In 2015, square abscission rates were similar at ~25% across all N 
treatments (Fig. 8). No biological or physiological reasons are speculated for reduced square 
abscission observed in the two highest N rate plots in 2014. The 2016 abscission rate was about 
20% across all treatments (data not shown). 

In 2014, cotton fleahopper infestation caused noticeable crop maturity delay, as measured by 
number of unopened bolls (non-harvestable bolls) present at harvest. Averaged across all N 
treatments, percentage unopened bolls were 7.7% in cotton fleahopper augmented plots 
compared with 1.8% unopened bolls in uninfested (control) plots; N augmentation levels did not 
significantly influence the percentage boll opening at the time of harvest (Fig. 9). Nevertheless, 
because the level of square abscission was not excessive (14-27%) for pre-flower cotton (75% 
fruit set is considered a lower limit for Texas High Plains cotton into the third week of squaring), 
the crop did not suffer a major crop maturity delay due to cotton fleahopper infestation. Both 
2015 and 2016 crop seasons were characterized by frequent rain events throughout the spring 
and early summer months, followed by a relatively warmer and extended fall, which allowed for 
full crop maturity across all N application regimes. 

As expected, lint yield varied with N level regardless of the cotton fleahopper infestation (Figs. 
10-11). In uninfested control plots in 2014, lint yield displayed a characteristic staircase effect of 
nitrogen application rate, with lowest lint yield (862 lb/acre) in zero N and highest lint yield 
(1,081 lb/acre) in 200 N treatments, with numerical increase in lint yield for each incremental 
nitrogen application of 50 lb/acre. In 2015 and 2016, all N augmented plots had higher lint yield 
than on zero N plots, but the crop response to variation in N density was not well defined. 
Combined over all N treatments, the acute infestation of cotton fleahoppers rendered the lint 
yield reduction from 975 lb/acre, 910 lb/acre, and 1209 lb/acre in the uninfested control to 846 
lb/acre, 877 lb/acre, and 976 lb/acre in fleahopper augmented treatments in 2014, 2015, and 
2016, respectively. In all years, cotton lint yield was not significantly affected by ~25% 
fleahopper-induced square loss three weeks into squaring at both zero N and 150-200 lb/acre 
plots, either via pruning of undesirable fruit load (zero N) or compensation (150 and 200 lb N). 
On the other hand, lint yields were significantly lower in fleahopper augmented 50 and 100 
lb/acre plots (2014), 100 lb/acre plots (2015), and 50 lb/acre plots (2016), compared to that in 
uninfested plots, clearly suggesting that the plant response to cotton fleahopper injury is greatly 
influenced by the availably of nitrogen fertility. 
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Figure 2. Effect of prior years’ N application (0, 50, 100, 150, and 200 lb per acre) on residual N 
accumulation in the soil for the current crop year, 2014-2015. 
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Figure 3. Temporal dynamics of leaf growth (leaf area), chlorophyll concentration, and 
percentage leaf nitrogen content measured on fifth mainstem leaf as influenced by the variable 
rates of augmented nitrogen (lb N/acre), 2014-2016. 
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Figure 4. Average leaf surface area (left) and chlorophyll concentration or SPAD values (right) 
of the fifth mainstem node leaf, averaged over 6-8 weeks, 2014-2016. 
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Figure 5. Effect of variable nitrogen on fifth mainstem leaf dry weight, averaged over 6-8 sample 
weeks during the cotton growing season, Hale Co., Texas, 2014-2016. 

 

 

 

 
Figure 6. Effect of variable nitrogen on boll maturity as measured by the pressure required to 
puncture the carpel wall of the fifth mainstem node position bolls, September 26 (2014), August 
20 (2015), and October 6 (2016). 
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Figure 7. Total square density (number of squares set per plant) at the time of cotton fleahopper 
augmentation (top panel) and percentage square abscission (bottom panel) in control versus 
cotton fleahopper augmented treatments, as influenced by augmented variable rates of nitrogen 
application (0, 50, 100, 150, and 200 lb per acre), 2014, Hale County, TX. 

 

 
Figure 8. Total square density (number of squares set per plant) at the time of cotton fleahopper 
augmentation (top panel) and percentage square abscission (bottom panel) in control versus 
cotton fleahopper augmented treatments, as influenced by augmented variable rates of nitrogen 
application (0, 50, 100, 150, and 200 lb per acre), 2015, Hale County, TX. 
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Figure 9. Effect of nitrogen augmentation rates (0, 50, 100, 150, and 200 lb per acre) on cotton 
maturity as measured by number of unopened (non-harvestable) bolls at harvest, November 20, 
2014, Hale County, TX. 

 

 

 

 
Figure 10. Effect of nitrogen augmentation rates (0, 50, 100, 150, and 200 lb per acre) on cotton 
lint yield following a single acute infestation of cotton fleahopper versus uninfested control, 
2014-2015, Hale County, TX. 
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Figure 11. Effect of nitrogen augmentation rates (0, 50, 100, 150, and 200 lb per acre) on cotton 
lint yield following a manual removal of 100% of the squares up to the pre-flower stage of cotton 
versus control plants (above) and single acute infestation of cotton fleahopper versus uninfested 
control (below), 2016, Hale County, TX. 
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Effect of Lygus on Drought-Stressed Cotton 

PROJECT SUMMARY 

Western tarnished plant bug, Lygus hesperus, is the primary Lygus species inhabiting cotton and 
several other hosts in the Texas High Plains. Our previous studies have documented that several 
non-cotton hosts including alfalfa, sunflower, corn, grain sorghum, as well as weedy habitats 
along roadside bar-ditches and turnrows could impact Lygus severity in adjacent cotton. Our 
previous projects, supported by the Cotton Incorporated State Support Program, have generated 
significant information on the damage potential of adult and immature Lygus on maturing cotton 
bolls. A three-year field study has quantified the boll age (measured in terms of heat units from 
flowering) that is safe from Lygus damage. Boll damage assessment based on heat unit-
delineated maturity provided a boll-safe cutoff value of 350 heat units (~2-3 weeks from 
flowering), although Lygus adults and nymphs both cause external lesions on bolls throughout 
boll development and may give farmers a false impression of Lygus damage. A 4-year TSSC 
project (2012-2015) developed economic threshold-based management recommendations for 
Lygus in Texas High Plains cotton, which is expected to recommend a boll management 
threshold for early versus late season Lygus infestations. 

While the Texas High Plains is fortunate to experience insignificant Lygus pressure in cotton 
during the recent years, the research on Lygus feeding behavior as it relates to low-input 
production systems in the Texas High Plains needs to continue. In particular, the characteristic 
low annual rainfall and decreasing irrigation water availability in the region has resulted in 
increased dryland cotton acreage. This project examined the feeding behavior and plant response 
to Lygus injury in relation to drought conditions. Drought-stress treatments included two 
irrigation levels (full irrigation versus dryland), each nested with two cotton cultivars (early 
maturing DP 1518 versus full-season DP 1044). Each irrigation x cotton maturity combination 
received two Lygus infestation levels [untreated control versus 2X threshold (high infestation)], 
each with four replications, resulting in a total of 32 plots. 

Effect of drought-stress on Lygus-induced injury was more pronounced in DP 1518 (38.8% lint 
loss) compared to that in DP 1044 (28.2%), suggesting that DP 1518 may be more susceptible to 
Lygus injury under dryland or water-stressed conditions. Irrigated plots had significantly lower 
lint loss in both cotton cultivars due to Lygus feeding compared with that in dryland plots. Our 
preliminary results indicated that DP 1044 appeared to show lower sensitivity to Lygus injury 
under both dryland and irrigated conditions, but the impact was more pronounced under dryland 
conditions. This study is planned to be replicated in 2017. 
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Effect of Lygus on Drought-Stressed Cotton 

INTRODUCTION 

Western tarnished plant bug (WTPB), Lygus hesperus, is the primary Lygus species inhabiting 
cotton and several other crop and weed hosts in the Texas High Plains. Previous research 
indicates that WTPB is a pest of late-season cotton in the Texas High Plains. Regional survey 
work suggests that WTPB generally do not move from roadside weed habitats to cotton until late 
during the season as bolls mature, at which time roadside weeds decrease in prevalence or 
suitability. However, WTPB can be a significant economic pest of squaring and/or flowering 
cotton if they are forced to move into cotton in the absence of roadside weed habitats due to 
drought. 

Due to utilization of underground water in excess of its recharge capacity and characteristic low 
rainfall in this semi-arid region, the Texas Southern High Plains has been facing some significant 
drought conditions in recent years. This has resulted in many of our cotton acreages going to 
dryland or limited-irrigation production. The shift in cotton production system from 60:40% 
irrigated:dryland to 40:60% in just the last 10-15 years has altered our input resources, cultivars, 
and management practices. It is generally expected that the drought-stressed plants would be 
significantly more impacted by insect injury than fully irrigated crops, but the drought-stressed 
plants would also likely have lower fruit load thresholds. However, a plant’s ability to 
compensate for Lygus-induced crop damage may be significantly impacted by the drought-stress 
conditions, with potentially a low infestation rendering proportionately higher damage to the 
crop. 

Cotton plant growth is sensitive to numerous environmental and management input factors, 
particularly irrigation and nitrogen fertility. Cotton growth responses to various input factors are 
well-documented and growth models have been developed. However, the specific cotton plant 
responses to Lygus injury under a range of irrigation regimes remain uninvestigated. Plant bugs 
have a general inclination to attack the stressed plants and cause significant damage. The greater 
damage on stressed plants compared to healthy plants is partly due to the inability of plants to 
physiologically react to the injury. Thus, it is expected that the drought-stressed plants would be 
more vulnerable to Lygus injury than unstressed plants. However, the fruit-load threshold of a 
cotton plant is also dependent on soil moisture availability, among several other input and 
management factors. There is no information on how Lygus feeding behavior will be impacted 
under various irrigation regimes and how the plants would respond to varying levels of Lygus-

induced injury under drought conditions. Similarly, cotton cultivars respond differently to 
various moisture stress conditions and the interactive effect of Lygus injury, phenological 
attributes of cotton cultivar, and drought conditions are unknown. The overall goal of this study 
was to characterize the effect of drought conditions on Lygus infestation/feeding behavior and 
plant response to Lygus injury.  

METHODOLOGY 

The study was conducted in a multi-factor split-plot randomized block design with four 
replications (blocks). Drought-stress parameters included two irrigation levels (full irrigation 
versus dryland) that served as main plot factors, whereas two cotton cultivars (early maturing 
versus full-season) were used as subplot factors to create an interaction of cultivar maturity and 
drought-stress situations to mimic the Texas High Plains (THP) scenario during dry summers. 
The full irrigation water level was created via 100% replenishment of evapotranspiration (ET) 
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requirement for THP, whereas the dryland treatment received no supplemental irrigation. Two 
cotton cultivars included in the study were DP 1518 (short-season) and DP 1044 (full-season), 
planted on May 25, 2016. Each irrigation treatment (2) x cotton maturity (cultivar type) 
treatment (2) received two Lygus infestation levels [untreated control, 2X threshold (high 
infestation)], each with four replications, resulting in a total of 32 plots. 

Lygus density treatments were applied on one 3-ft cotton row section per plot on August 11. For 
insect release plots, a single release of Lygus adults (5 adult Lygus per plant, resulting in 1 bug 
per plant after 80% field mortality) was timed to simulate the acute infestation of Lygus while 
cotton was at peak flowering/boll development stage. Multi-plant (7 plants) cages were used to 
contain the released adults (Fig. 1). The control plots were flagged and sprayed with insecticides. 
Two weeks after the deployment of insect release treatments, all experimental plots were sprayed 
with insecticide Orthene to ensure that the released insects were removed. Two plants from each 
treatment were removed on August 30 and processed for Lygus damage assessment. Variables 
including number of fruits aborted and internal/external damage to developing bolls were 
measured. Pre-harvest plant mapping was conducted on October 29 and crop was hand-harvested 
on November 5 and ginned on a tabletop gin. Hand-harvested yield samples will be sent to 
Cotton Incorporated for fiber quality analysis. 

 

 

 

 

 

 

Figure 1. A and B) Multi-plant cages used to release Lygus on cotton, C) Examination and data 
collection from the test site. 

 

RESULTS 

As expected, higher numbers of internal warts were observed in bolls collected from Lygus-
infested plants compared to that in control plots (Fig. 2). Lygus appeared to cause greater 
damage to dryland-grown plants compared to that in full irrigation plots. It is somewhat 
interesting to note that the dryland plots received greater boll injury while the bolls in dryland 
plots are expected to possess tougher carpel wall. It is possible that the water-stressed bolls are 
more sensitive to Lygus feeding injury. 

Averaged across the water level and cultivar treatments, total boll density on Lygus-infested 
plants was lower (2.27 bolls per plant) compared to that on uninfested control plants (3.2 bolls 
per plant) two weeks after Lygus infestation (Fig 3), suggesting possible abortion of small bolls 
due to Lygus feeding. Within varieties, DP 1518 had slightly more bolls compared to DP 1544 
(Fig. 4), but this difference was not statistically significant. 

 

A B C 
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Figure 2. Internal injury warts in developing bolls caused by Lygus feeding on plants grown 
under full irrigation versus dryland, Lubbock TX, 2016. 

 

 

 

 
Figure 3. Mean number of bolls per plant following Lygus infestation treatment, averaged across 
water level treatments and cultivars, Lubbock, Texas. 
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Figure 4. Boll density in early-season versus full-season cotton varieties, Lubbock, Texas. 

 

 

Averaged across cultivars and irrigation treatments, no significant difference in lint yield was 
observed between Lygus-release treatments and non-release control treatments. However, 
drought-stress induced significantly greater impact of Lygus injury on cotton lint yield. Lygus 

injury caused 34.83% lint yield loss in dryland cotton compared to only 11.3% loss in irrigated 
cotton (Fig. 5), suggesting a reduced Lygus injury sensitivity on full irrigated cotton compared to 
that in water-stressed production situation.     

 
Figure 5. Effect of Lygus bugs on lint yield of cotton under dryland and irrigated production 
conditions, Lubbock, TX, 2016. 
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Lygus injury sensitivity varied between cultivars. While no significant difference in total lint 
yield was observed between the two cotton cultivars evaluated, Lygus-induced lint yield 
reduction was significantly greater (28.8%) in DP 1518 compared to 17.3% in DP 1044 (Fig. 6). 
Additional investigations will be conducted in upcoming years to characterize the detailed 
behavior of this phenomenon. 

 
Figure 6. Cotton varietal response to Lygus infestation in Texas High Plains. 

 

Effect of drought-stress was more pronounced in DP 1518 (38.8% lint loss) compared to that in 
DP 1044 (28.2%) (Fig. 7), suggesting that DP 1518 may be more susceptible to Lygus injury 
under dryland or water-stressed conditions. Irrigated plots had significantly lower lint loss in 
both cotton cultivars due to Lygus feeding compared with that in dryland plots (Fig. 7). Our 
preliminary results indicated that DP 1044 appeared to show lower sensitivity to Lygus injury 
under both dryland and irrigated conditions, but the impact was more pronounced under dryland 
condition. This study is expected to be replicated in 2017. 

 
Figure 7. Percentage yield losses due to Lygus infestation under dryland versus irrigated 
production conditions, Lubbock, Texas, 2017. 
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Monitoring the Old World Bollworm, Helicoverpa armigera, in Texas toward 

Developing Potential Management Strategies 

 

Project Summary 

 

An ongoing study has been conducted in the Texas High Plains to investigate the seasonal moth 
flight activity patterns of Helicoverpa spp. and to possibly detect the presence of the ‘Old World’ 
bollworm (OWB, H. armigera), if it has already been introduced into the Texas bollworm 
population. The primary objectives of the study were to: 1) Investigate the effectiveness of 
species-specific pheromone lures obtained from two vendors, and 2) Determine the efficiency of 
two different trap designs in capturing Helicoverpa spp. moths. Trap type x pheromone lure 
combination treatments were deployed in mid- to late July each year, followed by all traps being 
monitored and the captured moths counted approximately weekly through mid-November. All 
traps were re-baited with fresh lures approximately every two weeks. Sub-samples of up to 25 
moths per trap per sample date are currently in the process of being dissected to determine if the 
Texas High Plains moth populations contained any H. armigera. Trap x lure efficiencies in 
capturing Helicoverpa spp. are discussed. Our current hypothesis is that H. armigera, Old World 
bollworm, invasion has not occurred in Texas. In the absence of H. armigera, it is therefore, 
impossible to determine which lure type and/or lure vendor has the best pheromone lure 
formulation for attracting H. armigera. Among the five selected experimental treatments, the 
Texas Traps baited with Trécé™ H. armigera lure captured the highest number of Helicoverpa 
spp. moths during both 2015 and 2016. During 2016, the H. armigera baited traps with the 
USDA Cooperative Agricultural Pest Survey (CAPS) lures captured very few H. zea moths, but 
caught an equal or greater number of tobacco budworm moths [Heliothis virescens (F.)]. The 
Trécé™ (H. zea and H. armigera) lure baited traps did not attract tobacco budworm moths, yet 
both Trécé™ species-specific lures captured numerous H. zea specimens. A total of 1,252 moths 
from Trécé™ and USDA CAPS H. armigera lure baited traps have been dissected to date. Based 
upon these initial dissections, we do not believe that the H. armigera has been introduced to the 
Texas High Plains. All dissected male moths appeared to be H. zea specimens. 
 

Introduction 

 

The Old World bollworm (OWB), Helicoverpa armigera, is a polyphagous pest, feeding on a 
wide range of crop and non-crop plant hosts. Its global distribution spans Europe, Asia, Africa, 
Oceania, and South America. During 2014, H. armigera was detected in Puerto Rico and Costa 
Rica, and then on 17 June 2015, one male moth was collected in a pheromone trap in Bradenton, 
FL. It is anticipated that this pest will invade the southern U.S. in the very near term and some 
entomologists have speculated that the invasion has already occurred. Ecological niche modeling 
indicates that the majority of the U.S. is a suitable habitat for the permanent establishment of 
reproductive OWB populations. Therefore, the current OWB issue in Texas is a rigorous 
anticipatory survey. 
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This continuing Texas High Plains study is being conducted to investigate the seasonal moth 
flight activity patterns of Helicoverpa spp. captured on two different trap designs (Fig. 1) and 
pheromone lures, obtained from two sources, specifically designed to trap H. zea or H. armigera. 
It should be noted that H. zea moths commonly respond to H. armigera pheromone baited traps 
and the two species are difficult to distinguish from each other without genetic testing or 
dissecting the adult males.  
 
The study objectives were to: 1) Investigate the effectiveness of H. armigera and H. zea 
pheromone lures obtained from two sources [Trécé™, Inc. (both species); USDA CAPS (H. 

armigera lures only)], 2) Determine the efficiency of two different trap designs (‘Texas Trap’ vs. 
green ‘Bucket Trap’) in capturing Helicoverpa spp. moths, and 3) Perform dissections of 
seasonal male adult sub-samples of Helicoverpa spp. captured on H. armigera pheromone baited 
traps in order to possibly detect Old World bollworm sightings in Texas bollworm moth 
populations. 

Materials and Methods 

Survey area for the study included four trapping sites situated in a west-to-east orientation along 
Texas FM1294 in northern Lubbock County, TX (Fig. 2). Five selected experimental treatments 
included: 1) ‘Texas Trap’ baited with Trécé™ H. zea lure, 2) ‘Texas Trap’ with Trécé™ H. 

armigera lure, 3) ‘Bucket Trap’ (green) with Trécé™ H. zea lure, 4) ‘Bucket Trap’ (green) with 
Trécé™ H. armigera lure, and 5) ‘Bucket Trap’ (green) with USDA CAPS H. armigera 
pheromone lure. Each treatment was represented at each trapping site, including five treatments 
and four sites (replications) deployed in a randomized block design.  
 
Figure 2 also displays the yearly trapping periods for 2015 and 2016, typically deploying the 
traps during mid- to late July with monitoring extending until mid-November annually. Plans 
include an identical test to continue in 2017. Traps were inspected weekly and re-baited at two-
week intervals. All captured moths were counted, placed into Zip-Loc™ bags, and then samples 
were placed into a freezer for species identification dissections at a later date.  
 

 
 

Figure 1. Two trap designs, ‘Texas Trap’ (A) and green ‘Bucket Trap’ (B), deployed at four 
Lubbock County sites, 2015-2016. 
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Figure 2. Trapping study sites utilizing two trap designs and two species-specific pheromone 
lures from two sources. Five traps (one per treatment as listed in section above) were deployed at 
each of the four Lubbock County sites. 
 

Results and Discussion 

‘Texas Trap’ with Two Associated Pheromone Lure Treatments 

The Trécé™ H. armigera and Trécé™ H. zea lure baited Texas traps yielded 2015 seasonal 
weekly captures of 119 and 83 bollworm moths per trap, respectively; while during 2016, similar 
seasonal weekly moth capture averages of 110 and 80 were observed (Figs. 3 and 4). Overall, it 
should be noted that among the five study treatments, the Texas Traps baited with Trécé™ H. 

armigera lure captured the highest number of Helicoverpa spp. moths during both 2015 and 
2016 (Figs. 3, 4 and 5). Because H. zea cross-responds to H. armigera lure, it appears that the 
Trécé™ lure that is designed for H. armigera is as much or more attractive to H. zea (Figs. 3, 4, 
and 5). 
 

 
 

Figure 3. Texas Traps [a.k.a., Texas Pheromone Trap, TP Trap or Hartstack Trap (Hartstack et 
al. 1979)]: Weekly Helicoverpa spp. male moth captures during 2015 (left) and 2016 (right) on 
‘Texas Traps’ baited with H. zea or H. armigera Trécé™ pheromone lures. 
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Figure 4. Seasonal mean number of Helicoverpa spp. male moths captured per week per trap on 
Texas Traps (red bars) baited with Trécé™ H. armigera and H. zea pheromone lures. Likewise, 
the two orange bars indicate weekly means for green Bucket Traps baited with Trécé™ H. 

armigera and H. zea lures. The blue bar illustrates the seasonal weekly means for green Bucket 
Traps baited with the USDA CAPS H. armigera lures. Seasonal means within each trap type 
indicated by different lowercase letters indicate statistical difference between these means. 

 
Green ‘Bucket Traps’ with Three Associated Pheromone Lure Treatments 

Overall, green bucket traps baited with the Trécé™ H. armigera and H. zea lures yielded lower 
numbers of bollworm moths than the Texas Traps, yet overall peak trap response periods were 
observed on both trap designs similarly (Figs. 3, 4 and 5). The Trécé™ H. armigera and Trécé™ 
H. zea lure baited green bucket traps yielded 2015 seasonal weekly moth captures of 44 and 36 
bollworm moths per trap, respectively, reflecting the same general moth activity trend as 
observed from the Texas traps (Figs. 3 and 4).  
 
During 2016, a slightly different numerical trend was observed in which the Trécé™ H. zea lure 
baited traps captured a seasonal mean of 55 moths per trap, whereas the Trécé™ H. armigera 
lure captured slightly lower moth numbers (although not statistically different) at 52 moths per 
trap (Fig. 4). 
 
What should be noted is that the moth captures on the USDA CAPS baited green bucket traps 
did not reflect the same moth trap response activity patterns of the other four treatments which 
utilized lures obtained from Trécé™, Inc. Figures 4 and 5 clearly illustrate that the moth numbers 
were much lower and only the early season peak trap responses were slightly reflected by USDA 
CAPS lure as compared to the other pheromone lure treatments. While H. armigera lure is 
expected to cross-capture H. zea, USDA CAPS lures were designed to be more sensitive toward 
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H. armigera compared to commercially available H. armigera lure. At the present time, H. 

armigera does not appear to be in the Texas High Plains bollworm population (see below in 
Identification section), therefore it is impossible to determine which lure type and/or lure vendor 
has the best pheromone lure formulation for attracting H. armigera. 
 
During 2016, the traps baited with the USDA CAPS lures were observed to also capture tobacco 
budworm [Heliothis virescens (F.)] moths, while the Trécé™ (H. zea and H. armigera) lure 
baited traps did not attract tobacco budworm moths. In fact, traps baited with CAPS lure 
captured significantly greater abundance of tobacco budworm moths than Helicoverpa spp. For 
instance, during the 11-week trapping period of 18 August to 4 November, the four USDA 
CAPS lure baited traps captured a total of 170 tobacco budworm moths, while during the same 
time period these traps captured only 58 Helicoverpa spp. moths.  
 

 
 

Figure 5. Green ‘Bucket Traps’: Weekly Helicoverpa spp. male moth captures during 2015 (left) 
and 2016 (right). Traps were baited with H. zea or H. armigera Trécé™ pheromone lures, and H. 

armigera USDA CAPS lure.  
 

Dissections to Determine Helicoverpa spp. Identifications 

A total of 1,252 moths from Trécé™ and USDA CAPS H. armigera lure baited traps have been 
dissected to date. Based upon these initial dissections, we do not believe that the ‘Old World’ 
bollworm’ (H. armigera) has been introduced to the Texas High Plains. All dissected male moths 
appeared to be H. zea specimens. More Texas High Plains specimens are yet to be dissected, 
along with some samples from South Texas (Hidalgo County location). We plan to repeat this 
survey in 2017 with two locations from South Texas added to the 2016 study. 

 

Acknowledgments 

Research funding which facilitated this ongoing study came from Cotton Incorporated State 
Support Committee and Plains Cotton Growers, Inc. USDA CAPS lures were provided by 
USDA APHIS PPQ. 
 
 

34



  
FINAL REPORT 

2013-2016 

 

 

Cotton Incorporated Texas State Support Committee Program 

Project Number: 13-456TX 

 

 

 

 

 

Thrips Management in Texas High Plains Cotton 

 

 

Submitted by: 

Megha N. Parajulee 
Texas A&M AgriLife Research 

1102 East FM 1294 
Lubbock, TX 79403 

(806) 746-6101 
m-parajulee@tamu.edu 

 
 
 
 
 

Cooperators: 

Apurba Barman, Extension Cotton Entomologist 
Suhas Vyavhare, Extension Cotton Entomologist 
Abdul Hakeem, Postdoctoral Research Associate 

Sean Coyle, Technician 
Stanley C. Carroll, Research Scientist 

 
  

35

mailto:m-parajulee@tamu.edu


 

Thrips Management in Texas High Plains Cotton 

Megha N. Parajulee 
Texas A&M AgriLife Research and Extension Center, Lubbock 

PROJECT SUMMARY 

Thrips are the top-ranked economic insect pests in Texas High Plains cotton. Thrips can be found 
in cotton throughout the crop season, but cotton is most vulnerable to thrips damage within the 
first 30 days following seedling emergence. Lacking thrips-resistant cotton cultivars leaves no 
option for cotton growers but to primarily use insecticides for thrips management. While several 
seed treatment options are available, soil-applied aldicarb had been the most reliable and 
common method used for cotton seedling thrips control until the discontinuation of aldicarb in 
2012. Foliar-applied insecticides such as spinosads, organophosphates, and neonicotinoids are 
the obvious alternatives, but since these insecticides may negatively impact the agroecosystem 
via long-term excessive use, their use must be optimized for effectiveness against thrips and 
minimal ecological impacts. Objectives of this project were to: 1) evaluate the foliar insecticide 
application frequency in managing thrips in seedling cotton, and 2) evaluate the efficacy, 
residual performance, and economic competitiveness of selected products in thrips management. 

The experiment was conducted at three Texas locations (Hale County, Swisher County, and 
Wilbarger County) to represent cotton fields surrounded by variable vegetation/crop complexes 
and thrips population pressure in cotton. Thrips populations subjected to various foliar 
insecticide treatment regimes and thresholds were monitored on cotton cultivar FM 4946GLB2. 
Insecticide treatments included: 1) untreated check, 2) one foliar application at cotyledon stage 
(100% seedling emergence), 3) foliar applications at 100% seedling emergence and 1-2 true leaf 
stage, 4) foliar applications at 100% seedling emergence, 1-2 true leaf stage, and 3-4 true leaf 
stage, 5) foliar applications at 1-2 true leaf stage and 3-4 true leaf stage, 6) foliar treatments 
based on the current action threshold (1 thrips per true leaf), and 7) foliar treatments based on 
50% of the current action threshold. Orthene® 97UP at a rate of 3.0 oz/acre was used for all foliar 
applications. Seed treatment (thiamethoxam [Avicta®], imidacloprid [Aeris®]) and foliar 
(Orthene®, Bidrin®, Vydate®) insecticide treatments were evaluated for their efficacy and cost 
effectiveness in managing thrips populations in cotton relative to an untreated control. 

Both 2015 and 2016 growing seasons were marked by frequent rain events during early growing 
season, dry mid-summer, and warm fall. Thrips were unable to colonize in any of our test sites 
due to frequent rain events. Overall, Halfway (Hale Co.) site had higher thrips abundance than at 
Chillicothe (Wilbarger Co.) site, but the densities were far below economic threshold level of 1 
thrips per leaf. Thrips began to colonize at the seed treatment and foliar insecticide study site 
near Halfway by the first sampling date, but the densities did not sustain due to rain events. On 
average, neonicotinoid seed treatments (imidacloprid and thiamethoxam) and foliar insecticide 
treatments both significantly reduced thrips populations compared to that in untreated control 
plots; all five insecticide products provided similar level of thrips population suppression. Thrips 
populations did not develop at the Chillicothe site in both years. Lint yield did not vary across 
treatments, suggesting that the cotton crop is able to compensate for the low level thrips-induced 
crop injury at the seedling stage. Thrips densities were similar and much below ET level in all 
insecticide treatments, so the yield was expected to be similar across all treatments. 
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Introduction 

Thrips are the top-ranked economic insect pests in Texas High Plains cotton. Thrips can be found 
in cotton throughout the growing season, but cotton is most vulnerable to thrips damage within 
the first 30 days following seedling emergence. In Texas, an average of 4.5 million acres of 
cotton is infested with thrips annually, and approximately $1.2 million is spent annually to 
control thrips in cotton. Thrips are economically damaging to Texas cotton, and results in an 
average of 70,000 bales lost each year, equivalent to $33 million (Williams 2013). 

Previous thrips surveys revealed at least eight thrips species in Texas cotton, but Frankliniella 

occidentalis (western flower thrips) and Thrips tabaci (onion thrips) are the most common 
species, comprising more than 75% of the thrips found in cotton (Albeldano et al. 2008). The 
various thrips species in Texas, being difficult to identify, have typically been managed as a 
single complex, with a single approach being broadly applied. Differential damage potential and 
pesticide susceptibility among these species remain unexamined. 

Lacking thrips-resistant cotton cultivars leaves no option for cotton growers but to primarily use 
insecticides for thrips management. While several seed treatment options are available, soil-
applied aldicarb (Temik®) had been the most reliable and common method used for cotton 
seedling thrips control until the discontinuation of aldicarb insecticide in 2012. Foliar-applied 
insecticides such as spinosads, organophosphates, and neonicotinoids are the obvious 
alternatives, but since these insecticides may negatively impact the agroecosystem via long-term 
excessive use, their use must be optimized for effectiveness against thrips and minimal 
environmental impacts. Information is crucial in achieving such minimization, and an 
understanding of cotton crop responses to various levels of thrips-induced injury throughout 
seedling development would be valuable for decision-making related to implementation of thrips 
management actions. 

Ideally, cotton growers should be empowered with the capability to estimate the daily cost of 
delaying foliar insecticide applications for controlling thrips, further empowering them to finely 
adjust and achieve their acceptable, sustainable economic injury level for maximum benefits and 
minimum costs. Specific objectives of this project were to generate: 1) information on 
commercially available, effective and alternative chemical products for thrips management, and 
2) information on economically viable delivery methods for chemical control (e.g., seed 
treatment versus foliar application) of thrips under variable growing conditions and pest 
pressure. Such information is expected to empower Texas High Plains cotton growers to address 
thrips management in a timely and cost effective manner.  

Material and Methods 

Objective 1. Evaluating the foliar insecticide application frequency in managing thrips in 

seedling cotton under variable levels of pest pressure.  

The experiment was conducted at three Texas locations (Hale County, Swisher County, and 
Wilbarger County) to represent cotton fields surrounded by variable vegetation/crop complexes 
and thrips population pressure in cotton. Thrips populations subjected to various foliar 
insecticide treatment regimes and thresholds were monitored on cotton cultivar FM 4946GLB2. 
The individual experimental plots were 4 rows by 50 feet. Insecticide treatments along with their 
assigned treatment numbers included: 1) untreated check, 2) one foliar application at cotyledon 
stage (100% seedling emergence), 3) foliar applications at 100% seedling emergence and 1-2 
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true leaf stage, 4) foliar applications at 100% seedling emergence, 1-2 true leaf stage, and 3-4 
true leaf stage, 5) foliar applications at 1-2 true leaf stage and 3-4 true leaf stage, 6) foliar 
treatments based on the current action threshold (1 thrips per true leaf), and 7) foliar treatments 
based on 50% of the current action threshold. Orthene® 97UP at a rate of 3.0 oz/acre was used 
for all foliar applications. 

A plant washing technique was used for collecting and estimating the thrips densities at each 
study location weekly until the cotton was no longer considered susceptible to thrips damage. 
Five cotton seedlings were selected randomly from each plot as a sample unit. Plants were 
clipped at the base and placed in a .9451-L jar containing approximately 100 ml of 70% ethanol. 
Samples were taken back to the laboratory and were processed using the washing technique 
described by Burris et al. (1990). The jar was filled with 500 ml of tap water and 10 ml of 
household bleach, and one drop of liquid detergent was added to break the surface tension of the 
washing solution. The jar was agitated vigorously for 30 seconds, and the contents were poured 
into a No. 25 sieve (U.S.A. standard testing sieve, Sargent Welch Scientific, Buffalo, NY) on the 
top of a No. 230 sieve, and the sieves were rinsed to dislodge any remaining thrips. Plants were 
discarded and the sediment was backwashed with 70% ethanol into a 10 cm diameter Büchner 
funnel lined with a standard drip-coffee filter. The liquid was then suctioned off using a water 
faucet vacuum aspirator. The coffee filter with its contents was examined under a 
stereomicroscope, and both adult and immature thrips were counted and recorded separately. 

2015 Study 

Study Site I - Wilbarger Co. (Chillicothe). Cotton trial was planted on June 2, 2015. 
The first thrips sampling was conducted on June 10, followed by the application of spray 
treatments on the same day. Because no thrips were detected on this study site, treatments #6 and 
#7 were not triggered. Rain events prevented the sampling crew to access this study site at a 
regular weekly interval, but the second sampling was conducted on June 23, followed by the 
application of spray treatments on the same day. Again, frequent rain events prevented thrips 
colonization and no thrips were detected at this site. While this test was considered ‘failed’ in 
regards to providing relevant information to address our research goal, the crop was terminated 
with harvest-aids and harvested on November 3. 

Study Site II - Hale Co. (Halfway). Cotton trial was planted on May 27. The first thrips 
sampling was conducted on June 8, followed by the application of spray treatments on the same 
day. Because no thrips were detected on this study site, treatments #6 and #7 were not triggered. 
Second sampling was conducted on June 18, followed by the application of the spray treatments. 
The area-wide frequent rain events prevented the thrips colonization at this test site as well. As a 
result, the third sampling on June 26 also failed to detect any economically relevant thrips 
densities to trigger treatments #6 and #7. While this test was also considered ‘failed’ in terms of 
providing relevant information to address our research goal, the crop was terminated with a boll 
opener (Boll Buster® 1 quart per acre) and a defoliant [ET® (pyraflufen) 1.25 oz per acre] in a 
tank mix on October 14 and the test was hand-harvested on November 8, 2015. 

Study Site III - Swisher Co. Cotton trial was planted on June 3. The first thrips sampling 
was conducted on June 12, followed by the application of spray treatments on the same day. 
Because no thrips were detected on this study site, treatments #6 and #7 were not triggered. 
Second sampling was done on June 24, followed by the application of the spray treatments. The 
area-wide frequent rain prevented the thrips colonization at this site as well. As a result, the third 
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sampling on July 3 also failed to detect any economically relevant thrips densities to trigger 
treatments #6 and #7. This test was completely failed due to recurring weather events. The test 
was not harvested. 

2016 Study 

Tests were planted May 25, June 7, and June 13 at Halfway, Cotton Center, and 
Chillicothe, respectively. Thrips populations subjected to various foliar insecticide treatment 
regimes and thresholds were monitored. The individual experimental plots were 4 rows by 50 
feet. Insecticide treatments included: 1) untreated check, 2) one foliar application at cotyledon 
stage (100% seedling emergence), 3) foliar applications at 100% seedling emergence and 1-2 
true leaf stage, 4) foliar applications at 100% seedling emergence, 1-2 true leaf stage, and 3-4 
true leaf stage, 5) foliar applications at 1-2 true leaf stage and 3-4 leaf stage, 6) foliar treatments 
based on the current action threshold, and 7) foliar treatments based on 50% of the current action 
threshold. Orthene 90S at a rate of 3.2 oz/acre was used for all foliar applications. Plots were 
sampled and treatments were applied on June 16 at the Cotton Center location. Thrips 
populations were sampled once at all three locations (June 6, 16, and 24 in Halfway, Cotton 
Center, and Chillicothe, respectively) and treatments were applied on the same day. Thrips were 
sampled via thrips washing technique. The Cotton Center location was hailed out after the first 
sampling and the test site was lost. Similarly, the Chillicothe location faced unusual rain events 
followed by seedling disease and the test was abandoned. Three additional samplings were 
performed at the Halfway site (June 16, 22, and July 1), followed by treatment applications. 

 

Objective 2. Evaluating the efficacy, residual performance, and economic competitiveness 

of selected products in thrips management 

2015 Study 

Seed treatment (thiamethoxam, imidacloprid) and foliar (Orthene®, Bidrin®, Vydate®) insecticide 
treatments were evaluated for their efficacy and cost effectiveness in managing thrips 
populations in cotton relative to an untreated control. The study was conducted at two different 
locations within the Texas High Plains and one location in the Rolling Plains to represent cotton 
fields surrounded by variable vegetation/crop complexes and thrips population pressure in 
cotton. Cotton cultivar ‘FM 4946GLB2’ was planted (Hale Co., May 27; Wilbarger Co., June 2; 
Swisher Co., June 5). Treatment plots with foliar applications were planted with the ‘base’ 
(minimal seed treatment for warehouse storage purposes only) seed and the foliar applications 
were based on Texas A&M AgriLife Extension Service treatment thresholds for thrips. Adult 
and immature thrips were sampled by thrips washing of 5 cotton seedlings, once pre-treatment 
and then weekly for three times after the treatment deployment at Halfway (Hale County) 
location and two times at Chillicothe (Wilbarger County) location. Plans were laid-out for plant 
damage ratings and leaf area measurements, but no significant thrips pressure occurred in any of 
the three study locations due to frequent, heavy rain events during the early growth stage of 
cotton, except for some low density thrips at the Halfway site. Even without the thrips 
infestation, we kept the tests at Halfway and Chillicothe locations for harvesting to evaluate the 
effect of seed treatments on yield. Test plots were harvested on November 3 and 8 in Chillicothe 
and Halfway, respectively. Harvested samples were ginned and lint samples have been sent to 
Cotton Incorporated for fiber analysis. 
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2016 Study 

The 2016 study was conducted at the two 2015 study locations, Halfway (Texas High Plains) and 
Chillicothe (Rolling Plains). Cotton cultivar ‘FM 1900 GLT’ treated with imidacloprid or 
thiamethoxam (seed treatment) or the ‘base’ seed (foliar treatment) was planted on May 10 and 
June 13 at Halfway and Chillicothe, respectively. The Chillicothe site was sampled on June 24 
and July 7, but the test was severely compromised due to frequent rain events during the seedling 
stage. However, the study was continued and harvested the test plots for lint yield. The Halfway 
location received a significant hailstorm and damaged the plants, but the study was continued 
and the samples were taken for four weeks post-emergence (May 17, June 6, 16, and 22). Adult 
and immature thrips were sampled via whole-plant sampling technique (5-plant sample). 
Collected plant samples were processed to determine the thrips densities. Test plots were 
harvested November 22 (Halfway) and December 14 (Chillicothe) and samples were ginned to 
determine lint yield. 

 

Results and Discussion 

Objective 1. Evaluating the foliar insecticide application frequency in managing thrips in 

seedling cotton under variable levels of pest pressure.  

The 2015 growing season was marked by cool and wet spring, frequent rain events during the 
early cotton growing season, dry mid-summer, and warm and open fall. Because the cotton 
seedling stage, the susceptible stage for thrips infestation and injury, received frequent rain 
events, thrips were unable to colonize in any of our test sites. Overall, the Halfway site had 
higher thrips abundance than at Chillicothe site, but the densities were far below the current 
Extension recommended economic threshold level of 1 thrips per leaf. At Halfway, average 
thrips densities ranged from 1 to 3 thrips per 5-seedling sample on June 8, but the density quickly 
declined by the next sampling date. There were no significant differences in aphid densities 
across seven foliar application treatments (Fig. 1). The Chillicothe study site had no measurable 
thrips densities. 

As noted previously, the 2016 cotton growing season also received unusual rainfall events during 
early plant growth period, resulting in insignificant thrips colonization. The entire Halfway test 
plots had only five thrips specimens collected whereas only two thrips were recorded from the 
Chilliothe site. Therefore, the study did not allow us to examine the economic value of the 
various foliar application treatments. 

Because the thrips densities were very low (Halfway) to non-existent (Chillicothe) in both years, 
lint yield did not significantly vary with foliar application treatments that were targeted toward 
thrips population suppression (Fig. 2). However, lint yield in 2016 varied across foliar 
application treatments without reasonable explanation (Fig. 3). Lint yield was lower at Halfway 
compared to that at Chillicothe across all treatments in 2015. Lint yield data from Chillicothe are 
not reported for 2016 due to failure of the test at this location. 

Objective 2. Evaluating the efficacy, residual performance, and economic competitiveness 

of selected products in thrips management 

Thrips began to colonize at the seed treatment and foliar insecticide study site in Halfway by the 
first sampling date. On June 17 (second sampling date), thrips abundance increased and 
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marginally reached the economic threshold of 2 thrips per 2-leaf seedling cotton (Fig. 4). 
However, a heavy rain event after the second sampling date reduced thrips densities in all 
treatment plots to near zero. Thrips failed to recolonize beyond that point. On average, 
neonicotinoid seed treatments (imidacloprid and thiamethoxam) and foliar insecticide treatments 
both significantly reduced thrips populations compared to that in untreated control plots (Fig. 3); 
all five insecticide products provided similar level of thrips population suppression. Insecticide 
treatments significantly increased leaf area compared with that in control plots, except for 
Vydate in 2015 (Fig. 5). However, in 2016, cotton vigor, measured in terms of total leaf area, 
was significantly higher in the two neonicotinoid seed treatment applied plots compared to other 
treatments (Fig. 5). These data suggest that the seed-applied insecticide treatments may have 
some agronomic benefit to seedling growth even in the absence of thrips injury. Thrips 
populations did not develop at the Chillicothe site. 

Lint yield did not vary across treatments at the Chillicothe site in 2015 where no thrips 
infestations occurred. Lint yield was significantly lower in imidacloprid treatment plots 
compared to that in thiamethoxam plots at Halfway in 2015 (Fig. 6), but we found no biological 
basis for such difference. Thrips densities were similar and much below ET level in all 
insecticide treatments, so the yield was expected to be similar across all treatments. The 2016 
yield at Halfway varied numerically with treatments, but there were no significant differences 
(Fig. 7). 

 
Figure 1. Number of thrips per 5-plant samples at two sampling dates and seasonal average thrips 
densities at Halfway as affected by foliar application of Orthene® 97UP at different application 
frequencies in managing thrips in seedling cotton, 2015. 
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Figure 2. Lint yield (lb/acre) as influenced by foliar applications of Orthene® 97UP at different 
application frequencies in managing thrips in seedling cotton at two locations.  Insecticide 
treatments numbers are as follows: 1) untreated check, 2) one foliar application at cotyledon 
stage (100% seedling emergence), 3) foliar applications at 100% seedling emergence and 1-2 
true leaf stage, 4) foliar applications at 100% seedling emergence, 1-2 true leaf stage, and 3-4 
true leaf stage, 5) foliar applications at 1-2 true leaf stage and 3-4 true leaf stage, 6) foliar 
treatments based on the current action threshold (1 thrips per true leaf), and 7) foliar treatments 
based on 50% of the current action threshold. Halfway and Chillicothe, 2015. 
 
 
 
 

 
 
Figure 3. Lint yield (lb/acre) as influenced by foliar applications of Orthene® 97UP at different 
application frequencies in managing thrips in seedling cotton at Halfway, Texas, 2016.  
Insecticide treatments numbers are as for Figure 2. 
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Figure 4. Number of thrips per 5-plant samples at two sampling dates and seasonal average thrips 
densities at Halfway as affected by seed treatment and foliar applications of selected thrips 
management products, 2015. 

 

 

 
Figure 5. Total leaf area per 5-seedling sample as influenced by seed treatments and foliar 
applications of selected thrips management products, Halfway, TX, 2015-2016. 
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Figure 6. Lint yield (lb/acre) as influenced by seed treatments (thiamethoxam and imidacloprid) 
and foliar applications (Orthene®, Vydate®, and Bidrin®) of selected thrips management products 
at two locations, 2015. 
 

 
Figure 7. Lint yield (lb/acre) as influenced by seed treatments and foliar applications of selected 
thrips management products at Halfway, Texas, 2016. 
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In Texas, achieving cotton production goals often is dependent on managing pre-
flowering insect pests such as thrips, cotton aphid, whiteflies, and fleahoppers and stink bugs 
later in the season.  Thrips feeding in the terminal bud of cotton cause leaves to have a crinkled, 
tattered appearance as they expand and heavily damaged foliage often is stunted and curls 
upward at the margins.  Another characteristic of thrips damage is a silvery appearance of leaves 
at the feeding sites. 

Early-season pest management in cotton was primarily achieved with an in-furrow 
treatment of aldacarb (Temik®).  In 2010 the Environmental Protection agency and Bayer 
CropScience reached an agreement to terminate production and use of aldicarb in the United 
States (EPA Newsroom, 2010).  Consequently, achieving cotton production goals has required 
adoption of alternative practices for early-season pest management.  Neonicotinoid insecticide 
seed treatments have become the primary solution to managing early-season pests of cotton in 
Texas.  Thiamethoxam and imidacloprid are two common systemic insecticide seed treatments 
applied to commercial cotton seed.  They are relied on to provide protection from early-season 
cotton pests in Texas.  Although the two insecticides belong to the same insecticide group, their 
physical and chemical properties vary and they may exhibit differential mortality among target 
pests, especially under extreme variations in Texas cotton production regions. 

Introduction of new management strategies, such as new insecticides in a cropping 
system, may lead to secondary pest outbreaks.  The twospotted spider mite, Tetranychus urticae, 
is a sporadic, yet, potentially serious pest to cotton production in Texas.  Although it is generally 
considered a late-season pest of cotton, increasing frequency of mite infestations on seedling 
cotton has been reported where neonicotinoid seed treatments have replaced furrow applied 
aldacarb (Sclar et al. 1998, Beers et al. 2005).  Troxclair (2007) and Smith et al. (2013) reported 
cotton with thiamethoxam and imidacloprid seed treatments had a higher percentage of plants 
with twospotted spider mites than those treated with aldicarb or untreated cotton.  Smith et al. 
(2013) noted that a larger mite density on neonicotinoid treated cotton was the result of 
deleterious effects to predators with no effect on mites. 

Cotton fleahopper, Pseudatomoscelis seriatus (Reuter) (Hemiptera: Miridae), is another 
key insect pest of cotton with induced yield loss estimates of 0.4% over the past decade and was 
the leading cause of yield loss due to insect damage in Texas during 2012-2013 (Williams 2011). 
The cotton fleahopper can cause excessive loss of cotton squares resulting in reduced yield and 
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harvest delays (McLoud et al. 2015). Damage to individual fields may vary from none to 
extremely high square loss when heavy populations develop and are left uncontrolled. The 
reason for variability in losses caused by the cotton fleahopper is not understood but may, in part, 
be associated with cultivar differences (Holtzer and Sterling 1980, Barman et al. 2012). 
Understanding cotton fleahopper response to cotton varieties will allow better management 
strategies for managing this pest on cotton. 

The objectives of the current research were to determine the efficacy of neonicotinoid 
insecticide seed treatments to manage thrips on seedling cotton to evaluate cotton fleahopper 
populations on selected cotton varieties to determine if colonization differs among varieties with 
unique genetic backgrounds and determine if fleahopper damage differs among varieties and if 
this damage influences yield.  

Materials and Methods 

 
Thrips study. Cotton seeds treated with two different neonicotinoid insecticides 

(imidacloprid and thiamethoxam) were used to evaluate their efficacy against thrips on seedling 
cotton at multiple TX locations. Seeds of FM1900GLT, a widely-adapted cotton variety, was 
separately treated with imidacloprid and thiamethoxam.  An additional seed treatment, including 
the check with no insecticide seed treatment, consisted of a base fungicide for protection against 
fungal pathogens. Five cotton producing regions were selected for the placement of seed 
treatment trials including the Texas High Plains (3), Rolling Plains (1), Blacklands (1), Lower 
Rio Grande Valley (1), and Coastal Bend (2) regions. In each region, 1-3 locations were chosen 
to conduct the seed treatment trials. Site selection were based on the historical early-season 
population pressure and experience of the local collaborator.  A trial consisted of three different 
treatments (two insecticide seed treatments and one untreated control), replicated four times.  
Planting dates were adjusted per recommendations for respective production regions.  After 
planting and seedling emergence, thrips counts were made and several plant parameters were 
recorded.   A washing method (Burris et al., 1989) was used to determine thrips populations 
instead of a visual sampling method to reduce the sampling variability.  Plant samples were 
collected at four different time period/growth periods; cotyledon, 2-leaf, 3-leaf, and 4-leaf stages. 
For each sampling date and experimental plot, 10 randomly selected cotton seedlings of each 
respective growth stage, were cut above the soil and preserved in a quart size glass jar, half-filled 
with 75% ethanol. The samples were brought to the laboratory and processed to extract the thrips 
(both adults and immatures) for each sampling date. Adult and nymph counts were recorded 
separately for each plot and at each location. Later in the season, delays in plant maturity were 
assessed by counting nodes above white flower (NAWF). Yield data were obtained from the 
successful test sites. 

 

Fleahopper Evaluations: Four cotton varieties, Stoneville ST4946 (Bayer), DeltaPine 
DP1219 (Monsanto), Phytogen Phy333 and Phytogen PHY444 (Dow), were planted at multiple 
TX locations and one site in New Mexico. Varieties DP1219 and Phy444 are smooth-leaf and 
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ST4946 and PHY33 are hairy-leaf varieties. Cotton fleahoppers were sampled weekly beginning 
at pinhead square to 1/3 grown squares using the beat bucket technique.  Samples were taken 
from the middle two rows of four row plots by folding over 2-5 plants per sub-sample into a 5 
gallon bucket, beating the plants onto the side of the bucket, and immediately counting the cotton 
fleahoppers.  This procedure was continued moving up the middle of the 2 center rows 
alternating rows with each sub-sample until a total of 25 plants per plot were sampled.  Cotton 
fleahopper counts were divided into adults and nymphs.  Sampling for cotton fleahopper was 
discontinued after the first or second week of bloom. 

 
Corpus Christi: One week following first bloom, cotton fleahopper injury was evaluated 

on each of 6 plants in one of the center two rows within each plot using PMAP. Fruiting 
structures match-head size and larger and abscission sites were counted on each branch and first 
three positions from each of the 6 plants to determine percent fruit retention. Twenty plants, ten 
each from rows 1 and 4, were removed from the field and bolls on each branch and first three 
positions to determine retention at harvest. The center two rows were harvested for yield. Cotton 
fleahopper counts were analyzed by date (Corpus Christi only) and variety using SAS 9.4 (SAS 
Institute 2013) (Corpus Christi) or ARM. In-season and harvest retention data for positions 1 and 
2 combing branches 7 through 12 and yield were analyzed with SAS9.4. 
 

Results 

Thrips study: Thrips densities were low throughout the study locations in 2016. Many 
thrips study sites were abandoned due to crop stand failure (severe rain or hailstorms) or due to 
the lack of thrips existence in test plots. Thrips failed to recolonize after the rain events in many 
locations where thrips densities were beginning to colonize prior to the rain. In general, 
neonicotinoid seed treatments (imidacloprid and thiamethoxam) are expected to significantly 
reduce thrips populations compared to that in untreated control plots, but the lack of thrips 
activity failed to detect that phenomenon in our tests sites (Fig. 1). For example, only Victoria 
site had any meaningful number of thrips where adult thrips densities were lower in 
neonicotinoid treatment plots than on control plots on May 24 sampling date, but the numbers 
declined to below economic thresholds after that date. 

Insecticide treatments significantly increased leaf area compared with that in control plots at 
Halfway (Texas High Plains) location for both 2015 and 2016 (Fig. 2). In 2016, thrips were not 
detected at the Halfway test location. Nevertheless, cotton vigor, measured in terms of total leaf 
area, was significantly higher in the two neonicotinoid seed treatment applied plots compared to 
control plots, suggesting that the seed-applied insecticide treatments may have some agronomic 
benefit to seedling growth even in the absence of thrips injury. More detailed study is planned 
for 2017 to examine the effect of these seed treatments on seedling root health. Lint yield did not 
vary across treatments at any of the test sites in 2016. 
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Cotton Fleahopper Assessments: Cotton fleahopper nymphs (F3,53=0.14; P=0.9358), 
adults (F3,53=0.14; P=0.9358), and the combination of the two stages (F3,53=0.14; P=0.9358) 
showed no preference for smooth-leaf or hairy-leaf varieties at Corpus Christi (Table 1). Results 
from Victoria and Swisher counties in TX and the location in NM were similar (Fig. 3). Cotton 
fleahopper nymphs (F1,53=33.52; P<0.0001), adults (F1,53=13.24; P<0.0001), and the combination 
of the two stages (F1,53=18.97; P<0.0001) differed by assessment date (Table 2). 

 
Boll Retention and Yield: In-season plant mapping revealed differences among cotton 

varieties in boll retention on branches 7 through 12 for first (F3,9=9.86; P=0.0033) and second 
(F3,9=95.87; P=0.0168) position sites (Table 3). The number of first position bolls differed among 
cotton varieties at harvest ((F3,9=13.31; P=0.0012) but boll retention differences were not 
observed second position sites (F3,9=1.66; P=0.2434) (Table 3). Yield differences occurred 
among cotton varieties at the location in Corpus Christi (F3,9=18.22; P=0.0004). 

   
Discussion 

The lack of thrips activity in 2016 prevented us from conducting the species composition 
study. Also, we noted that the seed treatments improved the seedling vigor even in the absence of 
thrips infestation compared to that in plots with no seed treatments. Therefore, we plan to 
investigate the seedling health in relation to root growth behavior as influenced by seed treatment 
in 2017. We also expect to characterize the species composition in 2017, provided that the thrips 
activities will be more pronounced in our study locations. We will also plan to select more thrips-
prone locations in 2017. 

 
Cotton fleahoppers showed no preference for hairy-leaf or smooth-leaf cotton varieties in 

all TX locations. This contrasts with previous research reporting cotton fleahopper was usually 
more abundant on pubescent cotton varieties (Schuster and Frazier 1977). These results suggest 
that hairy leaf varieties are not only suitable for adult cotton fleahopper but nymphs are capable 
of feeding and surviving on cotton with dense pubescence. 

 
In-season and harvest assessments showed that cotton varieties classified as ‘hairy leaf’ 

had greater first position boll retention on branches 7 through 12 when compared with smooth 
leaf varieties at the Corpus Christi location. First position bolls on these branches are most 
vulnerable to damage by cotton fleahopper. One explanation is that hairy leaf varieties in this 
trial may have restricted nymphs moving from leaves to terminals where they could feed on pin-
head and match-head squares. The smooth-leaf varieties in this trial would allow nymphs easy 
access to the terminals where they could feed and damage developing squares. 
 
 Hairy-leaf cotton varieties ST4946 and PHY333 out-yielded DP1219, one of the smooth-
leaf cotton varieties in this trial. Phy333 provided significantly more lint when compared with 
PHY444, a smooth-leaf variety. Although lint produced by ST4946 was not statistically different 
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from that produced by PHY444, there was a numerical advantage in lint production by the hairy-
leaf cotton. The ability of the two hairy-leaf cotton varieties to retain more first position bolls 
than the smooth leaf varieties on branches 7–12 corresponds well with the yield advantages 
offered by these products. Their boll retention advantage over the smooth-leaf varieties on 
branches 7-12 also suggests they may interfere with cotton fleahopper nymph movement from 
leaves to developing squares. 
 
 Results of the 2016 research are intriguing and warrant further investigation into the 
possibility of hairy-leaf cotton varieties limiting cotton fleahopper damage to developing 
squares. In 2017 we propose to increase the number of cotton varieties evaluated to between 8 
and 10 with the majority of entries hairy-leaf varieties. We also intend to double plot size from 4 
to 8-rows with four rows not-treated and four rows treated with an insecticide to provide a 
‘cotton fleahopper free’ sub-plot for boll retention comparisons. We also will simplify boll 
retention evaluations by counting only first position sites.  
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Table 1: Mean number of cotton fleahopper nymphs, adults, and a combination of 
developmental stages on 100 plants of four cotton varieties with different trichome 
densities.   

Variety 
Mean (±SE) number of cotton fleahopper by 
developmental stage 

Nymphs Adults Total 

ST4946 9.0 ± 1.9 a 3.0 ± 0.6 a     9.0 ± 1.1 a 
DP1219  7.0 ± 1.5 a 5.0 ± 1.1 a    1.0 ± 0.4 a 
PHY333 8.0 ± 1.6 a 5.0 ± 1.0 a 21.0 ± 1.8 a 
PHY444  8.0 ± 1.9 a 3.0 ± 0.7 a   15 ± 1.1 a 
Means not followed by the same letter are significantly different (Tukey's LSD, P<0.05). Standard 
error of the mean is represented by SE. 

 

Table 2: Mean number of cotton fleahopper nymphs, adults, and a combination of developmental 
stages on different sampling dates.   

Date 
Mean (±SE) number of cotton fleahopper by developmental stage 
Nymphs Adults Total 

5/6/2016     6.0 ± 1.0   c 3.0 ± 1.0  b    9.0 ± 1.1    c 
6/1/2016      1.0 ± 0.5    d 1.0 ± 0.3  b      1.0 ± 0.4     d 
6/8/2016 15.0 ± 1.6 a 6.0 ± 1.1 a 21.0 ± 1.8  a 
6/16/2016  10.0 ± 0.8  b 6.0 ± 0.9 a  15.0 ± 1.1   b 
Means not followed by the same letter are significantly different (Tukey's LSD, P<0.05). Standard error of 
the mean is represented by SE. 
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Table 3: Mean percent boll retention on 24 plants on each of four cotton varieties with different 
trichome densities.  Percent retention is the total number of bolls on branches 7-12 divided by the total 
nuber of sites for each of positions one and two one week after flowering and at harvest. 

Variety 
Mean (±SE) retention (%) 
In-Season Harvest 
Position 1 Position 2 Position 1 Position 2 

ST4946 88 ± 4 a 78 ± 4 a     57 ± 3 a 20  ± 1 a 

DP1219  68 ± 7  b   63 ± 3 ab      32 ± 6  b 22  ± 2 a 

PHY333 87 ± 3 a 72 ± 4 a     63 ± 3 a 27  ± 4 a 

PHY444  66 ± 4  b  48 ± 8  b      42 ± 2  b 23  ± 1 a 

Means not followed by the same letter are significantly different (Tukey's LSD, P<0.05). Standard error of the 
mean is represented by SE. 

 

Table 4: Mean yield (lbs/a) of four cotton varieties with different trichome densities. 

Variety Mean (±SE) yield (lbs/a) 
ST4946   1008 ± 10 ab 
DP1219      744 ± 38    c 
PHY333 1173 ± 51 a 
PHY444    912 ± 53  b 
Means not followed by the same letter are significantly different (Tukey's LSD, P<0.05). 
Standard error of the mean is represented by SE. 
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Fig. 1. Number of thrips per 5-seedling sample at various thrips study sites in Texas, 2016. 
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Fig. 2. Seedling vigor, measured in terms of total leaf area per 5-seedling sample, affected by 
neonicotinoid seed treatments, Halfway (Texas High Plains), Texas, 2015-2016. 
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Seasonal abundance patterns of bollworm, tobacco budworm, and beet armyworm moths 
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INTRODUCTION 
A long-term study (15 years and continuing) study has been conducted in the southern Texas High 
Plains (THP) region to investigate the year-around weekly moth flight activity patterns of cotton 
bollworm, Helicoverpa zea (Boddie), tobacco budworm, Heliothis virescens (F.), and beet 
armyworm, Spodoptera exigua (Hübner).  

These three species are important cotton pests in the southern Texas High Plains, which is 
recognized as the most intensive cotton growing region of the world (Fig. 1). In this region, the 
bollworm is classified as an important economic pest while the tobacco budworm and beet 
armyworm are classified as occasional pests. 

The regional adoption of cotton and corn crop cultivars incorporating Bt technology has been 
instrumental in reducing the current threat of these lepidopteran pests, yet diminishing 
underground water availability for irrigation is necessitating lower crop inputs, such as genetically 
modified seed costs, for our increasing dryland crop production acreage. 

 

MATERIALS & METHODS 
Study Duration:  March 2002 to Present 

Study Sites:  Lubbock County, Texas 

Pest Species Monitored:  Cotton bollworm, tobacco budworm, and beet armyworm  

Survey Protocol: Nine pheromone traps [3 lepidopteran species monitored X 3 study sites 
(replications)] were placed in Lubbock County representing the approximate center of the southern 
Texas High Plains (Fig. 1). The three sites were selected and one trap for each pest species was placed, 
then baited and monitored weekly (growing season) to twice monthly (non-crop months) throughout 
the year. Trap types included: 1) Texas pheromone trap (Fig. 2A, Hartstack et al. 1979) for bollworms 
and tobacco budworms, and 2) Bucket traps (green, Fig. 2B) for beet armyworms. Pheromone was 
secured from a single source (Trece®, Inc., Adair, OK). Trapping sites were selected and records were 
maintained related their GPS coordinates. 
  

 

Figure 1. Texas High Plains pheromone trapping study site, Lubbock County, TX, 2002-2016. 

54



RESULTS & DISCUSSION 
Seasonal abundance and flight patterns of cotton bollworm, tobacco budworm, and beet armyworm 
moths were determined based upon captures in pheromone traps monitored all months of the year. 
For each species, the ongoing 15-year trapping study has been sub-divided into four successive 
periods, including: 1) 2002-2005, 2006-2009, 2010-2013, and 2014-2016, representing boll weevil 
eradicated and beginning of Bt cotton adoption in THP, low Bt cotton acreage (<50%), majority Bt 
cotton (70%), and the most recent 3-year period, respectively. 

 

Figure 2. S. Carroll services a Texas pheromone (TP) trap to monitor bollworm and tobacco budworm 
moths (A). R. Shrestha counts beet armyworm moths in a green bucket trap (B). 

 

Figure 3. Number of bollworm (top-left), tobacco budworm (top-right), and beet armyworm 
(bottom-center) moths captured per week, averaged across four selected 3-4 consecutive-year 
groupings spanning the 15-year study, Lubbock County, TX, 2002-2016. 
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Cotton Bollworm.  The cumulative annual number of bollworm moths captured per trap averaged 
10,618, 7,970, 4,071 and 3847 for 2002-2005, 2006-2009, 2010-2013, and 2014-2016, respectively. 
The observed trend suggests a decreasing, yet high bollworm numbers during years 2002 to 2009, 
followed by a leveling off of numbers beginning in 2010 to the present. Fig. 3 (top-left panel) clearly 
illustrates this trend of decreasing trap captures during the first 8 years, followed by lower, yet 
relatively level, overall annual bollworm total captures (per trap) from 2010 to 2016. Interestingly, 
although bollworm numbers decreased over time, the seasonal flight profiles remained quite similar 
over the four periods.  

Tobacco Budworm. The cumulative annual number of tobacco budworm moths captured per trap 
averaged 953, 87, 209 and 284 for 2002-2005, 2006-2009, 2010-2013, and 2014-2016, respectively. 
Higher numbers of tobacco budworm moths were trapped during the early 2002-2005 period and then 
numbers decreased and have remained fairly low in the past 11 years with the exception periods for 
peak flight from late August through September (Fig. 3, top-right). Although the number of trapped 
budworm moths varied between the four defined periods, the overall flight activity patterns had 
somewhat similar profiles with activity starting in late April, peak activity during early August to 
early October and most trap response ending by late October.         

Beet Armyworm. The cumulative annual number of beet armyworm moths captured per trap 
averaged 4,650, 1,790, 4,593, and 1090 for 2002-2005, 2006-2009, 2010-2013, and 2014-2016, 
respectively. Although beet armyworm moths were often captured during all months of the year, they 
were primarily active during the period of mid-March to early December (Fig. 3, bottom-center 
panel). Unlike decreasing bollworm and tobacco budworm numbers since the beginning of the study, 
no obvious population trends are evident. For example, high cumulative trapped beet armyworm 
numbers were observed during two separate periods of 2002-2005 and 2010-2013. The lowest 
numbers have been observed during the most recent years (2014-2016). 

Influence of annual rainfall on moth abundance and flight profiles. Within the 15-yr study period, 
cumulative annual rainfall ranged from 5.7-in. to 33.3-in. The two years with the lowest rainfall were 
2003 (8.8-in.) and 2011 (5.7-in.), while the two highest rainfall years were 2004 (33.3-in.) and 2015 
(29.5-in.). For each pest species, the seasonal abundance and flight profiles are plotted for the two 
highest and two lowest rainfall years (Fig. 4).   

Cotton Bollworm. The overall timing of the flight profiles were similar between high and low rainfall 
years, except in regard to the magnitude of the peak numbers of moths captured (Fig. 4, top-left panel). 
The highest cumulative number captured per trap per year was 7,254 for the low rainfall years, while 
the numbers in highest rainfall years declined by 31.0% to 5,005 moths. 

Tobacco Budworm. Again, the overall timing of the flight profiles was similar between high and low 
rainfall years, but more budworm moths were captured during the low rainfall years (Fig. 4, top-right 
panel). The highest cumulative number captured per trap per year was 533 for the low rainfall years, 
while the cumulative number in the highest rainfall years declined by 58.5% to 221 moths. 

Beet Armyworm. During the low rainfall years, the beet armyworm flight profiles started earlier and 
also extended later into the early winter period as compared to the flight active periods observed 
during the high rainfall years (Fig. 4, bottom-center panel). The highest cumulative number of beet 
armyworm moths captured per trap per year was 3,398 for the low rainfall years, while the numbers 
in highest rainfall years declined by 47.8% to 1,773 moths. 

 

56



 
Figure 4. Cotton bollworm (top-left), tobacco budworm (top-right), and beet armyworm (bottom-
center) moth seasonal flight profiles averaged for: 1) Two study years with the highest rainfall (2004 
& 2015), and 2) Two lowest rainfall years (2003 & 2011). Lubbock County, 2002-2016. 
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Abstract 

 
Supplemental nitrogen and irrigation water are critical agricultural inputs for cotton production in the Texas High 
Plains region. A multi-year field study was conducted to examine the effect of soil nitrogen (residual nitrogen plus 
applied nitrogen) on cotton agronomic growth parameters, yield, and fiber quality attributes under a drip irrigation 
production system. Fixed-rate nitrogen application experimental plots consisted of five annual augmented nitrogen 
fertility levels (0, 50, 100, 150, and 200 lb/acre) with five replications. Each year, soil to a 24-in. depth in each 
experimental plot was sampled for residual nitrogen analysis prior to planting or before treatment deployment. Rates 
of applied N exceeding 100 lb/acre resulted in higher residual nitrogen detection during the following season. Rates 
of N application exceeding 100 lb/acre resulted in higher lint yield, but micronaire values were significantly reduced. 
In this study, we examined the effect of augmented soil N and residual N in cotton production in the Texas High 
Plains. Specifically, we estimated the marginal product value of nitrogen and water inputs in Texas High Plains cotton 
production. 
 

Introduction 
 

Nitrogen fertility and irrigation water are the primary constraints in cotton production in the Texas High Plains. 
Because Texas High Plains cotton production is a low-input system, increasing production costs, limited productivity, 
and low cotton price are becoming increasing challenges for our cotton producers. On the other hand, nitrogen 
deficiency negatively impacts cotton plant growth and reproduction, causing reduced plant height, fewer fruiting 
branches, fewer bolls, and ultimately lower yields. However, the use of excess nitrogen fertility beyond the crop 
demand can have negative impacts on lint yields and fiber quality. The excessive use of nitrogen also tends to produce 
excessive vegetative growth and harvest delays, increasing pest pressure, and increased concern for groundwater 
pollution due to nitrate contamination. The objective of this study was to conduct an economic analysis of the impact 
of nitrogen fertilizer on cotton lint yield and fiber quality. 
 

Materials and Methods 
 

The study was conducted on a 5-acre sub-surface drip irrigated field at the Texas A&M AgriLife Research farm near 
Plainview, Texas. Five nitrogen application rates (0, 50, 100, 150, 200 lb/acre) had been deployed to the same 
experimental units consistently for six consecutive years since 2009. Soil residual nitrogen was monitored annually 
by taking two 24-inch core samples from each plot. The 0-12 inch portions of each core were combined to form a 
single, composite soil sample, and likewise, the 12-24 inch portions were combined, resulting in two samples per 
experimental plot. Samples were sent to Ward Laboratories, Kearny, Nebraska for analysis. Regionally well-adapted 
cultivars were used in this study over the duration of the study: FM960B2R was planted on May 20, 2009 and May 
27, 2010, DP104B2RF on June 14, 2011, and FM9063B2RF on May 17, 2012, May 23, 2013, and June 16, 2014. The 
experiment consisted of a randomized block design with five treatments and five replications (Fig. 1). The five 
treatments included side-dress applications of nitrogen fertilizer at rates of 0, 50, 100, 150, and 200 lb N/acre. Cotton 
was planted (56,000 seeds/acre) in 30-inch spaced rows and was irrigated with a subsurface drip irrigation system. 
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Figure 1. Helms Farm nitrogen study experimental plot layout following a five-treatment x five-replication 
randomized block design. Annually, each of the 25 plots received one of the five nitrogen augmentation treatments 
including 0, 50, 100, 150, or 200 lb N/acre, Hale Co., TX. 

 

 
 

Figure 2. A) Annual pre-season soil sampling of 25 sub-surface drip irrigated cotton plots; B) Annually near the time 
of first bloom, each plot received the same side-dressed nitrogen application treatment rate; C) Differential cotton 
plant growth responses are often visually apparent between plots receiving high and low N application rates, Hale Co., 
TX. 

 
Several plant growth parameters including plant height, root length, leaf surface area, and chlorophyll content were 
measured throughout the growing season annually. In order to determine the level of residual nitrogen, soil samples 
were taken from the experimental plots prior to the deployment of nitrogen fertility treatments. Fertility treatments 
were applied when plants began squaring with a soil applicator ground rig. Hand-harvested yield samples were 
obtained from each plot. Fiber samples were analyzed for lint quality parameters at the Cotton Incorporated Fiber 
Testing Laboratory. 
 
Economic analysis consisted of developing a lint yield function based upon the numerous variable inputs. The classical 
production function of a farm producing cotton lint (Y) with the available X inputs, Y= f(X), was used. The input 
variables included N application, residual soil nitrate N, rainfall, irrigation, and planting date. Rainfall and irrigation 
were further categorized into two groups, pre-plant and post-plant (during the growing season). The purpose of 
categorizing the time period was to examine the effect of each of these factors on two different sets of time (pre-plant 
versus during the growing season). This will allow for an effective management of crop inputs, especially the more 
economic allocation of the irrigation water.  
 
The cotton lint production function can be further illustrated as, lint yield= f (total N, pre-plant water, post-plant water, 
planting time). Different parameters were estimated using the following ordinary least squares (OLS) regression: =	 1 + 2 1 + 3 2 + 4 3 + 5 4 + 6 5 + , whereY = cotton lint yield (lb/acre) 

X1 = Total N available to the crop (lb/acre) 
X2 = Pre-plant water (mm) (irrigation plus rainfall) 
X3 = Post-plant water (mm) (irrigation plus rainfall) 
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X4 = Total N * Pre-plant water 
X5= Total N *Post-plant water 
ε is the least square regression residual 

 
Binary logistic model was used to analyze the effect of the variable inputs on fiber quality parameter, micronaire. The 

probability function for the model is: P (Yi = 1) = Pi = 	    

This can be operationalized as, 

( ) i
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Logit ( *
iY =j) = γ ′ X + iε

 
where j = grade, dummy (1 if premium quality, 0 otherwise).  
(micronaire value in the range of 3.5 – 4.9 units were considered as premium quality) 
 
The estimated model has the following functional form: 	 = 	 = 	 1 + 2 1 + 3 2 + 4 3 +5 4 + 6 5 + 7 6 +  
 Where,  

X1 = Pre-plant water (mm) 
X2= Post-plant water (mm) 
X3 = Residual N (lb/acre) 
X4= Applied N (lb/acre) 
X5= Planting time dummy (1 if May planting, 0 otherwise).  
ε is the least square regression residual 

 
Results and Discussion 

 
In general, soil residual N levels were significantly higher in plots that received the two highest annual application 
rates of N fertilizer versus plots receiving lower-rate N applications or no N augmentation (Fig. 3). Averaged over the 
six-year study period, soil residual N levels were lowest in zero and 50 lb N/acre plots, although the 50 lb N/acre plots 
had numerically higher residual N than in zero N plots. The highest N augmentation plots (200 lb N/acre) had the 
significantly highest average residual N; the year-to-year residual N was always the highest amount in this treatment, 
at least numerically. The two second highest N augmentation plots (100 and 150 lb/acre) resulted in significantly 
higher amounts of soil residual N compared to that in zero and 50 lb/acre plots. 
 

 

Figure 3. Effect of prior year’s N application (0, 50, 100, 150, and 200 lb per acre) on residual N accumulations.  In 
some cases, residual N carry-over resulted over more than one season’s N augmentation. 

As expected, zero N plots consistently produced the lowest lint yield compared to that in N-augmented plots (Fig. 4). 
Overall, 150 and 200 lb/acre plots produced the highest lint yield, followed by 100, 50, and zero N plots. Yield 
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increased curvilinearly with each additional 50 lb N added, with the numerically highest average yield occurring in 
augmented 150 lb N/acre treatment, but the yield numerically decreased beyond 150 lb N/acre with additional N. 
Consistent numerical decline in yield beyond 150 lb N/acre in most years suggests that N application beyond 150 
lb/acre may be unfavorable for cotton yield. Yield advantages because of optimal N application have been attributed 
to larger bolls at greater number of fruiting sites (Boquet and Breitenbeck, 2000; Moore, 1999). 
 

 
Figure 4.  Effect of nitrogen application rates on cotton lint yield, Hale Co., TX, 2009-2014. 

 

Lint maturity, measured in terms of micronaire values, also varied with N treatments (Fig. 5). Averaged over five 
years, micronaire values were similar and at the base range (3.5-3.6) across the three lower N levels, whereas the two 
highest N levels resulted in micronaire values in a discount range (<3.5). 

 

  

 
Figure 5. Effect of nitrogen application rates on cotton lint micronaire, Hale Co., TX, 2009-2014. 

 
The yield response estimation results for the OLS with different N and irrigation application are summarized in Table 
1. The N was applied on the third week of July. Pre-season irrigation was generally applied 1-3 weeks before planting, 
whereas post-irrigation was applied throughout the growing season on a regular basis. Pre-plant rainfall was recorded 
from 3 months prior to planting and post-plant rainfall was recorded during the growing season. Pre-plant water is the  
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sum of pre-plant irrigation and pre-plant rainfall, whereas post-plant water is the sum of post-plant irrigation and post-
plant rainfall. The rainfall after crop cut-out, although included in the post-plant water, likely did not contribute toward 
fruit maturity and lint.  
Table 1: Simple statistics of variables used in the analysis, 209-2014, Hale Co., Texas. 

Variable Description Mean Std Error Minimum Maximum 
Applied N 0, 50, 100, 150, 200 (lbs N acre-1) 100.00 71.00 0 200.00 
Residual NO3-N  Residual nitrogen (lbs acre-1) 64.75 80.73 5.00 481.00 
Total nitrogen Applied nitrogen+ residual nitrogen 164.75 126.92 6.00 631.00 

Pre-plant water  Pre-plant rainfall + pre-plant irrigation (inch) 10.40 2.80 6.93 13.41 

Post-plant water  Post-plant rainfall + post-plant irrigation (inch) 19.77 8.57 12.60 24.47 

Yield) Lint Yield (lbs acre-1 1218.10 473.33 406.21 2744.59 

Micronaire  measure of fiber fineness & maturity (Units) 3.56 0.45 2.56 4.52 

Planting date Dummy (Early planting 1, 0 Otherwise) 0.66 0.13 0 1.00 

 
Parameter estimates for the lint yield model are presented in Table 2. Coefficients total N (applied N plus residual N), 
pre-plant water, and total N x pre-water interaction showed a positive effect on lint yield, whereas post-plant water, 
total N x post-plant water, and pre-water x post-water interactions showed negative relationships. Nevertheless, all 
parameters, except the constant term, were significant in the model. The marginal effect of pre-plant water was found 
to be higher than post-plant water. Neupane (2010) noted a similar relationship in prior year data from the same study. 
Total water available to plants (rainfall and irrigation) at different stages showed varied the impact on lint yield. Post-
plant water, if irrigated late or rainfall occurs around crop cut-out, may contribute to undesirable vegetative growth at 
the cost of cotton boll growth and maturity. Neupane (2010) reported the marginal effect of residual NO3 on lint higher 
than the variable N. Boquet (2005) reported that increasing N from 90 to 157 kg ha-1 did not result in increased lint 
yield in irrigated or rain-fed cotton. 
 
Table 2. Parameter estimates for the lint yield model using OLS. 

 Term Estimate Std Error t Ratio Prob>|t| 

Intercept 66.17 155.89 0.42 0.672 

Total N 1.25 0.18 6.78 <.0001 

Pre-water 176.14 18.23 9.66 <.0001 

Post water -40.03 12.38 -3.23 0.0016 

Total N* Pre-water 0.52 0.11 4.81 <.0001 

Total N* Post water -0.13 0.07 -1.79 0.0767 

Pre-water *Post water -12.44 2.81 -4.42 <.0001 
 
The model gave a reasonably acceptable fit with R-square of 0.73. Observed values were fitted around 0 between 600 
to -600 which indicated that OLS model behaved well with equal variance of error term and reasonable linear 
relationship (Figure 6).  
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Figure 6. Residual analysis of the lint yield model (left) and observed versus predicted lint yield (right). 

 
Table 3: Parameter estimates for micronaire using binary logistic model  

Term Estimate Std Error Wald χ2 Prob>|t| Odds Ratio 

Intercept 3008.80 1253.90 5.76 0.0164  

Pre-plant water 2.15 0.55 15.28 <.0001 0.12 

Post-plant water -1.02 0.21 24.77 <.0001 2.78 

Residual N 0.01 0.01 3.50 0.0614 1.00 

Applied N  -0.02 0.01 14.53 <.0001 1.02 

Planting date 0.15 0.06 5.78 0.0162 0.86 

 
Binary logistic model was used to analyze the effects of variable inputs on micronaire quality. The coefficient was 
estimated from regression and results were interpreted in terms of change in the odds ratio. The marginal effects of 
increased inputs on the odds ratio was calculated and compared with the standard value (1.0).  If the marginal effect 
is higher than 1, an increase in the input causes the production of a premium micronaire quality for the lint. Similarly, 
a value less than 1 will increase the chance of the fiber being in a lower grade. Rainfall and irrigation water received 
during the different crop stages showed different relationships with micronaire quality. Pre-plant irrigation and pre-
plant rainfall showed a positive relationship on premium quality lint production, whereas post-plant water resulted in 
negative relationships regarding micronaire values. Residual N and early planting showed positive relationships and 
N application rate had a numerical negative relationship, but they were all significant (Table 3). Neupane (2010) 
reported a positive linear relationship between micronaire and water/N fertility level.  
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Abstract 
 

Field experiments were conducted in 2012 and 2013 during drought conditions in South Texas and the Texas High 
Plains to test whether cotton water-deficit stress, age, and cultivars are moderate factors that affect cotton fleahopper, 
Pseudatomoscelis seriatus (Reuter) (Hemiptera: Miridae), abundance and yield loss. Irrigation and sequential 
plantings of several cultivars were used to simulate a range of water-deficit stress, plant ages, and cultivar variability. 
Cotton grown under these experimental conditions were exposed to cotton fleahopper using natural and artificial 
infestation. Cotton cultivars had a strong influence on cotton fleahopper abundance, with higher densities on Stoneville 
cultivar 5458 B2RF, which is relatively pubescent, than densities on the Phytogen cultivar 367 WRF, which is 
relatively glabrous, in South Texas (p < 0.04). But the strong cultivar effects on cotton fleahopper abundance did not 
correspond to yield reduction. No water regime effects on cotton fleahopper densities were observed in 2012 (p > 
0.05), whereas cotton fleahopper densities increased on older cotton grown under no water stress in 2013 in South 
Texas (p < 0.05). In contrast, yield response was primarily sensitive to soil moisture conditions (up to 50% yield 
reduction when grown in dryland mimic conditions below 75% crop ET replacement, p < 0.0009). Yield loss 
attributable to cotton fleahopper activity was relatively lower than that attributable to water-deficit stress. Modest 
water and cotton fleahopper stress synergies occurred, with enhanced yield loss attributable to cotton fleahopper seen 
in cotton grown in high water-deficit conditions in the High Plains (p < 0.05). These yield trends were consistent 
across cultivars (no interaction with cultivar), even though cotton fleahopper populations varied significantly across 
cultivars.  

  
Introduction 

 
Cotton fleahopper, Pseudatomoscelis seriatus (Reuter) (Hemiptera: Miridae), feeding on squares (i.e., pre-floral buds) 
of  cotton, Gossypium hirsutum L. (Malvaceae), has reduced yield by up to 6% and also has delayed harvest in the 
southwest and mid-south (USA) cotton growing regions. But variability in the relationship of cotton fleahopper-
induced square loss to subsequent yield loss under similar cotton fleahopper feeding pressure occurs and presents a 
challenge to cotton fleahopper management using traditional sampling and economic threshold methods. In practice, 
field history of cotton fleahopper damage, weather conditions, and IPM practitioner sensitivity to square loss have 
been used to adjust decision-making locally. In South Texas, one to four foliar sprays for cotton fleahopper control 
are common across cotton fields that have apparently similar pest risk based on similar cotton fleahopper density 
estimates generated from pest monitoring (Brewer, pers. obs). 
 
In review of the literature, cotton yield loss variability to cotton fleahopper feeding has been partly associated with 
cultivar differences (Holtzer and Sterling, 1980), including heritable traits considered for plant resistance (Knutson et 
al., 2013). Ring et al. (1993) calculated visual-based cotton fleahopper economic injury levels (EIL) of between 0.015 
and 0.45 insects per plant. The wide range was attributed to cultivar influences, based on comparison of yield—cotton 
fleahopper density relationships. Parajulee et al. (2006) partly attributed severity of cotton square loss to susceptibility 
differences across stages of cotton development and age of the reproductive tissues when cotton fleahopper migrated 
into fields from overwintering sites. Cotton may also compensate for early square loss (Anon, 2015). Cotton water 
deficit-induced stress (water stress) also has been associated with square retention rates (Stewart and Sterling, 1989), 
which may influence plant sensitivity to cotton fleahopper feeding. These factors may be the underpinning of why 
thresholds in outreach materials vary across cotton growing regions of the southwest (i.e., 0.10 to 0.30 insects per 
terminal visually inspected during the first three weeks of squaring) (Anon, 2015), and why this insect is a minor pest 
in other locations. But if management strategies (i.e., planting time and cultivar selection) and weather conditions (i.e., 
poor rainfall in dryland production areas) influence cotton sensitivity to cotton fleahopper feeding, direct density 
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estimation of cotton fleahopper for decision-making may give false indication of damage potential and improperly 
trigger insecticide applications using economic thresholds based on insect population estimates.  
 
Here, we hypothesize that cotton water stress, age, and cultivars affect cotton fleahopper abundance and yield loss. 
The practical goal of understanding these relationships is to improve our assessment of cotton risk from cotton 
fleahopper and begin generation of a data base to make objective economic threshold adjustments under variable 
weather and management practices.  
 

Methods 
 
Drought conditions in Texas, 2012 and 2013, provided opportunity to assess cotton fleahopper activity and cotton 
response in a high contrast of water stress conditions manipulated by using irrigation in a field setting. Cotton 
fleahopper abundance and cotton response including yield were evaluated in high to low water-deficit conditions in 
two widely separated cotton growing regions: the coastal region of South Texas and the Texas High Plains. Standard 
agronomic practices were used. Cultivars, planting dates, and natural and artificial infestations of cotton fleahopper 
were used to optimize contrast in cotton fleahoppper pressure and cotton response. Experimental manipulation varied 
between South Texas and the Texas High Plains per opportunities and constraints outlined below.  
 
South Texas location 
A natural cotton fleahopper population was followed across time at a Corpus Christi, TX, location. A split plot design 
was used to expose a natural population of cotton fleahopper to a soil moisture gradient of three (2012) and two (2013) 
water regimes (main plot), to two different plant ages by using two planting dates (sub-plot), and to two cotton cultivars 
(sub-sub-plot). An insecticide treatment was added as a final split plot in the design to directly test for cotton 
fleahopper-induced yield loss. Water regimes were established by using an above-ground drip irrigation system. 
Square injury from cotton fleahopper feeding was also confirmed by visual observation. The specific plot site was 
moved yearly so that the previous year crop was either sorghum or corn. There were five replications, and individual 
plot size was four 15.24 m rows on 96.5 cm centers.  
 
In 2012, the water regimes used were a substantial water-deficit dryland mimic using minimal irrigation during 
drought (2.90 cm of irrigation), a moderate water-deficit dryland mimic using irrigation targeting 75% crop 
evapotranspiration replacement (crop ET) (6.245 cm of irrigation), and a non-water-deficit mimic using irrigation 
targeting 90% crop ET (10.85 cm of irrigation). Cumulative rainfall from planting to harvest was 15.5 cm for both 
plantings. The surface irrigation drip tubes were 17 mm (dia.) and emitted 3.4 liters per h. The two planting dates were 
April 12 and 30. The two cultivars were Phytogen 367 WRF (Dow AgroSciences) and Stoneville 5458 B2RF (Bayer 
CropScience). The Stoneville cultivar was relatively pubescent, a trait which has been associated with high cotton 
fleahopper populations (Knutson et al. 2013), while the Phytogen cultivar was more glabrous with a lower density of 
trichomes on the leaves. The last split was a foliar insecticide treatment: no insecticide and acephate applied four times 
at a rate of 560.4 g per ha weekly beginning at first week of squaring. In 2013, two water regimes were used: a 
substantial water-deficit dryland mimic which required irrigation due to the continuing drought (15.49 cm of irrigation 
for an earlier planting and 20.07 cm of irrigation for a later planting) and the non-water-deficit mimic using irrigation 
targeting 90% crop ET replacement (26.42 cm of irrigation for an earlier planting and 35.05 cm or irrigation for a later 
planting). Cumulative rainfall was 31.0 cm and 27.9 cm for the earlier and later planting, respectively, measured from 
planting to harvest. The two planting dates in 2013 were April 22 and May 6, moved later this year to further encourage 
cotton fleahopper movement into the crop during the ongoing drought. The same cultivars were used as in 2012. The 
insecticide treatment was changed to thiamethoxam (Centric 40 WG, Syngenta) applied three times at a rate of 87.6 g 
per ha weekly beginning at first week of squaring.  
 
High Plains location 
The  Lamesa, TX, location experienced barely detectable cotton fleahopper populations in 2013 likely due to the 
extended drought; therefore we focused on boll retention and subsequent yield using an augmented population of 
cotton fleahopper. Water stress and cotton fleahopper pressure were each manipulated at two levels in a randomized 
complete block. A high water-deficit dryland mimic (11.43 cm of irrigation) and a moderate water-deficit dryland 
mimic (22.86 cm of irrigation) were delivered through a low-energy precision application via center pivot irrigation 
system. Only trace amounts of rainfall were detected. An augmentative release of cotton fleahopper was used to 
directly test for yield response to cotton fleahopper as compared with a no infestation control. Square injury from 
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cotton fleahopper feeding was also confirmed by visual observation. The cultivar planted was Phytogen 367 WRF. 
The treatments were replicated three times, and plot size was 13.7 m by four rows on 101.6 cm row centers.  
 
Plants were artificially infested during the third week of squaring at a rate of five cotton fleahopper nymphs per plant 
across a three meter uniform section of each plot. The source of nymphs was from the wild host plant woolly croton, 
Croton capitatus Michx. Woolly croton was collected in the fall near College Station, TX, and placed in laboratory 
cold storage (Lubbock, TX) until fleahoppers were needed the following year following the protocol of Hakeem and 
Parajulee (2015). In brief, conditions conducive to cotton fleahopper emergence were simulated in a laboratory 
environment in order to induce hatching of overwintered eggs embedded in the woolly croton stems, and emerged 
cotton fleahoppers were placed on fresh green beans. At approximately ten days post-emergence, fleahopper nymphs 
were provided fresh cotton squares as a training substrate prior to field release. Releases were conducted by aspirating 
third to fourth instar cotton fleahopper nymphs from the laboratory colony, transferring them into 1.9 cm by 3.2 cm 
plastic vials, then depositing them onto the terminals of plants in each treatment plot.  
 
Measurements and analyses 
At the South Texas location, insect counts using a beat bucket technique (Brewer et al., 2012) were made on a weekly 
basis after cotton fleahopper numbers exceeded 0.10 bugs per plant through the sixth week of squaring. A total of 20 
plants were sampled per plot. Plant data included lint yield and percent boll retention measured near harvest. Weekly 
data showing treatment differences were reported here. At the Texas High Plains location, the data included number 
of harvestable bolls and lint yield.  
 
All measurements were analyzed with ANOVA, conforming to the plot designs for the South Texas and Texas High 
Plains locations.  Count data were transformed by the square root of the count + 0.5. Percent boll retention data from 
South Texas were transformed by the arcsine of the square root of the proportion. Based on our hypotheses, we gave 
special attention to cotton fleahopper density and yield patterns discerned from significant interactions between water 
stress and plant age, and water stress and cultivar. Cotton fleahopper-influenced effects were experimentally verified 
by a significant insecticide spray (South Texas) or cotton fleahopper augmentation (Texas High Plains) effect. Using 
the split plot design and limiting each split to two treatments in the South Texas location, differences in means were 
directed tested with the ANOVA. In the Texas High Plains location, Tukey’s Honest Significant Difference test was 
used to compare means across four treatments. 
 

Results and Discussion 
 
Cotton fleahopper density and plant response measures of boll retention and yield were sensitive to changes in cotton 
water-deficit stress, age, and cultivars. Plant response was partly attributable to cotton fleahopper activity. Typical 
square injury caused by cotton fleahopper was observed (Anon, 2015). In South Texas, yield reduction caused by 
cotton fleahopper injury was experimentally verified in 2012 (spray effect:  p  = 0.005) and to a more limited extent 
in 2013 especially for Phytogen 367 WRF (cultivar by spray interaction: p  = 0.028) (Fig. 1). Water-deficit stress and 
cotton fleahopper stress influences on cotton yield appeared to function independently (no water stress by spray 
interaction, p > 0.10). 
 
In the Texas High Plains, yield reduction attributable to water-deficit stress and cotton fleahoppers were observed, 
especially in the high water-deficit regime. Synergies in water and cotton fleahopper stress occurred, with enhanced 
yield loss attributable to cotton fleahopper stress seen in cotton grown in high water-deficit condition artificially 
infested with cotton fleahopper (p < 0.05) but were not seen in cotton grown in a moderate water-deficit regime (Fig. 
2). 
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Fig. 1. Lint yield (kg/ha) across water regimes (a dryland mimic [dryland], targeting 75% crop ET replacement in 
2012 only [irrigation75%], and targeting 90% crop ET replacement [irrigation 100%]), planting dates (early and late), 

cultivars (Phytogen 367 WRF and Stoneville 5458 B2RF), and insecticide protection (sprayed and not sprayed) 
exposed to a natural population of cotton fleahopper in 2012 (A), and 2013 (B), Corpus Christi, TX. 
 
Fig. 2. Lint yield (kg/ha) across high water-deficit (High) and moderate water-deficit (Moderate) regimes exposed to 
augmented populations of cotton fleahopper (fleahopper augmentation and control), Lamesa, TX, 2013. Different 
letters above bars indicated signficant differences based on Tukey’s Honest Significant Difference test (p = 0.05). 
 
South Texas location 
Cotton fleahopper densities in the early planting exceeded an economic threshold of 0.30 cotton fleahoppers per plant 
using beat bucket sampling, which is about equal to 0.15 cotton fleahopper per terminal visually inspected (Brewer et 
al., 2012). Cotton fleahopper was most abundant during the fourth through sixth week of squaring (the early planting) 
in 2012 (planting date effect on June 1 and June 14: p < 0.0006) (Fig. 3), with more cotton fleahoppers occurring in 
the unsprayed plots (spray effect:  p < 0.0001).  
 
Cotton fleahopper densities were higher in the Stoneville cultivar ( p < 0.04). They were also higher in the earlier 
planted cotton when grown in poorer soil moisture conditions during the fourth week of squaring (June 1 water regime 
by planting date interaction: p < 0.011) (Fig. 3).  
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Fig. 3. Cotton fleahoppers (adults and nymphs) per plant 
during two sampling dates (June 1 and June 14) taken during the first six weeks of squaring. Data taken were across 
water regimes (a dryland mimic [dryland], targeting 75% crop ET replacement [irrigation 75%], and targeting 90% 
crop ET replacement [irrigation 100%]), planting dates (early and late), cultivars (Phytogen 367 WRF and Stoneville 
5458 B2RF), and insecticide protection (sprayed and not sprayed) exposed to a natural population of cotton fleahopper, 
Corpus Christi, TX, 2012. 
 
For earlier planted cotton, cotton fleahopper densities were highest under irrigation targeting 90% crop ET 
replacement in 2013 (July 3 and July 11 water regime by planting date interaction:  p < 0.05) (Fig. 4). Insecticide 
treatment significantly reduced the populations where they were found in high density under good soil moisture, on 
the Stoneville cultivar, and on early planted cotton (various interactions with the spray treatment were significant, p < 
0.05) (Fig. 4).  
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Fig. 4. Cotton fleahoppers (adults & nymphs) per plant during three sampling dates (June 27, July 3, and July 11) 
taken during the first six weeks of squaring. Data were taken were across water regimes (a dryland mimic [dryland] 
and targeting 90% crop ET replacement [irrigation 100%]), planting dates (early and late), cultivars (Phytogen 367 
WRF and Stoneville 5458 B2RF), and insecticide protection (sprayed and not sprayed) exposed to a natural population 
of cotton fleahopper, Corpus Christi, TX, 2013. 
 
Cotton cultivars had a strong influence on cotton fleahopper abundance. In 2012, higher densities were found on 
Stoneville 5458 B2RF than on Phytogen 367 WRF on June 14 (f = 4.91, d.f. = 1,24; p = 0.036) (Fig. 3). In 2013, the 
Stoneville cultivar planted early tended to build the highest cotton fleahopper populations (July 3 planting date by 
cultivar interaction: p = 0.025) (Fig. 4). Water stress had no to modest effects on cotton fleahopper densities. No water 
regime effects on cotton fleahopper densities nor two-way water regime interactions with other factors were observed 
in 2012 (p > 0.05). In 2013, cotton fleahopper densities continued to build on older cotton (the early planted cotton) 
grown under no water stress (July 3 and July 11 planting date by water regime interaction:  p = 0.05) (Fig. 4).  
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In contrast, water stress had considerable influence on plant response, while cultivar influences on plant response were 
much reduced compared to its influence on cotton fleahopper density. Boll retention tended to be marginally higher 
in the early planted cotton growing under no water stress for both cultivars in 2012 (planting date by water regime 
interaction: p = 0.06) (Fig. 5). In 2013, boll retention was greater in non-water stress conditions (water regime effect:  
p = 0.0037). Boll retention did not significantly vary across cultivars (p > 0.05) (Fig. 5). We note that boll retention 
data were not taken in sprayed plots; therefore yield data was used to directly test for cotton fleahopper-induced plant 
response.  

Fig 5. Percent boll retention averaged from all plant bolls taken across water regimes (a dryland mimic [dryland], 
targeting 75% crop ET replacement in 2012 only [irrigation 75%], and targeting 90% crop ET replacement [irrigation 
100%]), planting dates (early and late), and cultivars (Phytogen 367 WRF and Stoneville 5458 B2RF) exposed to a 
natural population of cotton fleahopper in 2012 (A), and 2013 (B), Corpus Christi, TX. 
 
Yield reduction was less severe in cotton grown under improved soil moisture (where boll retention was also higher), 
and there was comparably modest yield loss attributable to cotton fleahopper activity. The highest yields were in plots 
with improved soil moisture (2012 water regime effect:  p < 0.0001, and 2013 water regime effect, fp = 0.0008) (Fig. 
1). In 2012, the maximum yield occurred in early planted cotton grown under no water stress (water regime by planting 
date interaction: p- < 0.0001) (Fig. 1), even though cotton fleahoppers were more abundant on the early planted cotton 
(Fig. 3). The strong influence of soil moisture on yield was consistent across cultivars (no interaction with cultivar), 
even though cotton fleahopper populations varied significantly across cultivars (Figs. 3 and 4). Controlling fleahoppers 
modestly benefitted yield in 2012 as indicated by the significant spray factor noted above (p = 0.005), and modest 
yield benefits from controlling cotton fleahopper was also seen in 2013 for the Phytogen cultivar as noted above (p = 
0.028). Although yield loss attributed to cotton fleahopper was greater on the Phytogen cultivar than on the Stoneville 
cultivar (Fig. 1), it commonly had fewer cotton fleahoppers (Fig. 3). As noted by Knutson et al. (2013), cotton 
resistance to cotton fleahopper includes tolerance in which cotton fleahopper presence does not induce yield loss. 
 
High Plains location 
In 2013, lint yield was lower in the fleahopper augmented treatment under the high water-deficit regime, while cotton 
fleahopper augmentation did not significantly lower yield under the moderate water-deficit regime (p < 0.05, Fig. 2). 
The plant may be able to compensate for fleahopper-induced fruit loss under no to modest water-deficit growing 
conditions. Although not significantly different (p > 0.05), the difference in total number of harvestable bolls 
attributable to the cotton fleahopper augmentation under the high water-deficit water regime (1.4 bolls per plant) was 
numerically greater than that for moderate water-deficit regime (0.4 bolls per plant) (Fig. 6). 
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Fig. 6. Total number of harvestable bolls across high water-deficit (High) and moderate water-deficit (Moderate) 
regimes exposed to augmented populations of cotton fleahopper (fleahopper augmentation and control), Lamesa, TX, 
2013. Different letters above bars indicated signficant differences based on Tukey’s Honest Significant Difference 
test (p = 0.05). 
 
Final Remarks 
In our study, plant age and cultivar selection were main moderators of cotton fleahopper populations (Figs. 3 and 4), 
although strong cultivar effects on cotton fleahopper dynamics did not correspond to yield reduction (Fig. 1). We saw 
few planting date by cultivar interactions, suggesting the influence of these strategies on cotton fleahopper pest 
management can be considered independently. Water-deficit stress had much more modest influence on cotton 
fleahopper abundance (Figs. 3 and 4). 
 
In regard to plant response, cotton fleahopper-associated yield loss was lower than water stress-associated yield loss, 
and the combined effects of water and cotton fleahopper stress on yield were variable. In South Texas, water stress 
directly affected yield with modest influence from cotton fleahopper (Figs. 1, 2, and 3). In the Texas High Plains, high 
water stress resulted in reduced yield and a trend toward reduced boll loads, and the effect was enhanced when cotton 
fleahopper was present (Figs. 2 and 6). The augmented release rate of five nymphs per plant at week three of squaring 
may have represented higher acute cotton fleahopper pressure than the natural populations experienced in South Texas. 
These results reflect the field variability seen in plant response to cotton fleahopper feeding, and the paradox of 
observations of different frequencies of insecticide sprays used to control cotton fleahoppers under apparently equal 
cotton fleahopper pressure.  
 
We live in a climate that produces highly variable weather, as seen in drought conditions in Texas from 2011 to 2013. 
For the case of cotton fleahopper feeding on cotton, water-deficit stress affects yield substantially and directly, while 
our data supported a more modest water stress influence on cotton fleahopper dynamics. Cottton fleahopper-associated 
yield loss was lower than water stress-associated yield loss. Elevated yield loss attributable to the combined effects of 
cotton fleahopper and water-deficit stress was was more variable, seen under manipulated (artificial infestations) high 
cotton fleahopper densities. Cotton fleahopper decision-making may be more cultivar specific than as implied when 
reviewing regionally-based thresholds that do not mention cultivars (Anon, 2015). Cultivar sensitivity to cotton 
fleahopper injury leading to yield differences has been previously demonstrated for past cotton cultivars (Ring et al., 
1993). For future work, use of more agriculturally representative cultivars should be emphasized, grown under a 
number of cotton fleahopper exposure scenarios. Including water regime scenarios remains relevant, but enhanced 
combined effects of water deficit-stress and cotton fleahopper stress appear to be less common than originally 
hypothesized. 
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Abstract 

 
A field study was conducted at the AG-CARES research farm located near Lamesa, Texas, to determine the effect of 
two irrigation levels (low and high) on cotton fleahopper-induced fruit loss and resulting cotton yield when exposed 
to varying cotton fleahopper densities. Cotton cultivars FM2011 and DP1454 were planted under a center pivot 
modified to provide “low” (3.3 inches in-season) and “high” (6.5 inches in-season) irrigation treatments. Field 
collected cotton fleahopper adults were released onto cotton squares in multi-plant cages. Cotton fleahopper nymphs 
were released onto uncaged plants. Three cotton fleahopper density treatments included ‘high’ (5 fleahoppers per 
plant), ‘low’ (2 fleahoppers per plant), and an uninfested control. Released cotton fleahoppers were allowed to feed 
for one week to mimic a natural early-season acute infestation. After one-week feeding period, cages were removed 
and plants were sprayed with Orthene® 97UP. Pre- and post-plant mapping were conducted to monitor fruiting 
patterns. The highest lint yield was recorded in control treatment, followed by low cotton fleahopper density, and the 
lowest lint yield was recorded in the high cotton fleahopper density treatment. Significantly more lint yield was 
recorded from ‘high’ irrigation plots compared with ‘low’ irrigation plots. Cotton variety DP1454 had a significantly 
higher yield compared to FM2011. 

 
Introduction 

 
Cotton fleahopper (Pseudomatoscelis seriatus) is an important economic pest of cotton in Texas. Cotton fleahopper 
is an early season pest which causes damage to cotton squares, often resulting in fruit loss, delayed crop maturity and 
potential yield reductions. Cotton may compensate for fleahopper-induced fruit loss by producing new fruits and 
adding lateral fruiting positions. It is unclear what impact varying irrigation levels will have on cotton fleahopper 
infestation levels and the resulting impact on crop compensation and final lint yield. It was hypothesized that irrigated 
cotton would exhibit a greater compensatory capability compared to a low irrigation scheme. The objective of this 
study was to determine the impact of cotton fleahopper density on cotton fruiting and lint yield under low and high 
irrigation water regimes. 

 
Materials and Methods 

 
The study was conducted during summer 2015 at the Agricultural Complex for Advanced Research and Extension 
Systems (AG-CARES) located near Lamesa, Texas. Two cotton cultivars, FM2011 and DP1454, were planted on May 
16, 2015 under a center pivot modified to provide replicated “low” (3.3 inches in-season)  and “high” (6.5 inches in-
season) level irrigation treatments. Laboratory-reared (Hakeem and Parajulee 2015) and/or field collected cotton 
fleahoppers were released onto cotton terminals in 3-ft. (L) x 2-ft. (W) x 3 ft. (H) multi-plant cages (adults; Fig. 1) or 
in the 3-ft sections of cotton rows on open field (nymphs). Each section contained 7 plants. 
 
Experimental design consisted of two insect stages (adults versus nymphs), three insect release treatments (high, low, 
and control), two water levels (high versus low), and two cotton cultivars, replicated three times and deployed in a 
randomized complete block design (total 72 plots). Insect release treatments, 1) control (zero fleahopper 
augmentation), 2) two bugs per plant (low density), and 3) five bugs per plant (high density), were deployed on July 
2, 2015 (Fig. 1), and then allowed to feed for one week in order to mimic a natural early-season acute infestation. 
Plant mapping was conducted before and after cotton fleahopper releases to monitor for altered fruiting patterns. Yield 
monitoring was achieved via hand-harvesting of each experimental plot on October 26. 2015. 
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Figure 1. Multi-plant cages deployed in the field to examine the impact of cotton fleahopper densities on cotton yield, 
Dawson County, TX. 

 
Results and Discussion 

 
As expected, acute infestations of cotton fleahoppers resulted in lint yield reductions in cotton.  While the numerical 
trend in the effect of cotton fleahopper on cotton lint yield was similar between adults and nymphs (Fig. 2), treatment 
differences were not detected on nymphal data due to high variability in the data. Nevertheless, significantly lower 
lint yield was recorded in high fleahopper density treatment (5 fleahoppers adults per plant) compared to that in control 
(no fleahoppers released) (Fig. 2). While no significant differences were observed in nymphal release treatments, a 
higher numerical yield was recorded in control followed by low fleahopper density released (2 fleahoppers per plant) 
and then the high fleahopper density release. 

 
Figure 2. Cotton lint yield (g per 7-plant experimental unit) influenced by an acute infestation of cotton fleahoppers 
in pre-flower cotton on the AG-CARES farm, Lamesa, TX. 

 
Regardless of the cotton fleahopper infestation, irrigation water level significantly influenced the cotton lint yield (Fig. 
3). Significantly more lint yield was recorded from the higher irrigation plots compared with low irrigation plots. 
Cotton variety DP1454 had significantly more lint yield compared to FM2011 (Fig. 3). Although there were no 
significant cultivar x water level interactions in the impact of cotton fleahoppers on cotton lint yield, our data suggests 
that cotton grown under a higher irrigation level may compensate yield loss caused by cotton fleahoppers compared 
to that in a low water regime. Brewer et al. (2012) also noted this phenomenon in a similar study at both South Texas 
and Texas High Plains locations. 

 
Figure 3. Cotton lint yield (g per 7-plant experimental unit) influenced by irrigation water level (left) and cotton 
cultivar (right) in absence of cotton fleahopper infestations on the AG-CARES farm, Lamesa, TX. 
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Abstract 

 
A field study was conducted to generate data relevant to developing economic threshold-based management 
recommendations for Lygus hesperus in Texas High Plains cotton. Cotton plants were caged and exposed to five levels 
of Lygus (0, 1, 2, 4 and 6 adults per plant) for one week at 200, 350 and 550 HU after first flowering. One week after 
Lygus releases, cages were removed, harvested one plant from each cage for damage assessment, and sprayed the 
remaining crop to keep the maturing bolls free from further insect infestations. Higher Lygus densities caused greater 
boll damage as evidenced by more external lesions and internal warts compared to that for lower Lygus densities or 
control cages. Cotton compensated the early season Lygus-induced fruit loss, whereas mid-season infestations caused 
the greatest lint yield reduction. Lygus treatment threshold for early-season bolls would be twice the infestation level 
of our current threshold and up to three times for late season infestations. 

 
Introduction 

 
Texas is the leading cotton, Gossypium hirsutum L., growing state within the United States, with approximately 5 
million acres (55% of U.S. cotton production) planted in recent years. Lygus hesperus is an emerging pest of cotton 
in the Texas High Plains. In 2013, an overall 2.55% reduction in U.S. cotton fiber yield was attributed to arthropod 
pests while 0.83% was due solely to Lygus species, which was ranked top among other yield-reducing pests (Williams 
2014). Both adult and nymphal stages of Lygus can cause damage to fruiting cotton. Late-instar Lygus nymphs can 
cause greater damage to the young bolls than adults (Jubb and Carruth 1971, Parajulee et al. 2011).  
 
As boll maturity profiles change, Lygus boll selection and feeding behavior may also change which can result in 
different levels of crop injury and yield loss. There is a strong relationship between boll maturity and Lygus feeding 
damage, thus understanding the boll maturity profile and characterizing Lygus damage risk dynamics is a necessary 
prerequisite for developing treatment thresholds. Current pesticide application decisions are based on field scouting, 
whereby spray applications are typically warranted when Lygus populations exceed present economic threshold levels. 
Generally, cotton bolls that accumulated 350 heat units are safe from piercing-sucking insects. The effect of Lygus 
feeding injuries during early, mid, and late season on lint yield is not clearly understood. The objectives of this 
experiment were to determine the effect of Lygus feeding on lint yield at three crop development stages, 200, 350 and 
550 HU (>60 oF) after first flowering. 
 

Materials and Methods 
 

A field study was conducted at the Texas A&M AgriLife Research and Extension Center farm located near Lubbock, 
Texas to develop economic threshold-based management recommendations for Lygus hesperus, a mid-season pest of 
Texas High Plains cotton (Fig. 1). Cotton cultivar ST 4946 GLB2 was planted in a field with 40-inch row spacing. 
The targeted seeding rate was 40,000 seeds per acre. Standard agronomic practices for the Texas High Plains were 
used. Multi-plant cages were used to accommodate approximately 12 plants within the cage and the cage served as a 
replication. This study was laid out in a split-plot randomized block design with four replications, three main plot 
factors (three cotton boll developmental stages [early, mid, and late boll development]), and five subplot factors (five 
levels of Lygus infestation [control or zero bugs, one bug/plant, two bugs/plant, four bugs/plant, and six bugs/plant]). 
Cage locations were marked on July 27 when 50% of the plants within the uniform stand had their first white flower. 
The heat unit accumulations were estimated from that point forward. Cages were installed and Lygus density 
treatments were deployed at 200, 350 and 550 HU accumulations. Cages were removed one week after actual releases 
and we harvested one plant from each cage to estimate Lygus damage on bolls. After the cages were removed,  
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Orthene® 97UP insecticide was sprayed to maintain the experimental row-sections of the field insect-free for the 
remainder of the growing season. Plant mapping was done before harvest. Bolls were hand-harvested and ginned using 
a table-top laboratory gin for lint and seed estimation.   
 

 

Figure 1.  Lygus adult (left); nymph (middle); and infested boll (right). 
 

Results and Discussion 
 

Feeding marks are indicators of Lygus infestation and injury. External feeding mark (sunken lesions on the external 
surface of the boll) numbers were considerably higher in early season bolls compared to that in late season. Number 
of external lesions per boll increased with increased Lygus density, which is especially pronounced during the early 
season period (Fig. 2). Four Lygus per plant caused significantly higher external lesions compared to the control and 
the 1 and 2 Lygus per plant treatments; however, increasing the density to six Lygus per plant did not increase the 
external feeding injury marks (Fig. 2). Our previous study suggested that the survivorship of the field-collected and 
cage-released Lygus adults in the Texas High Plains is about 20-25%. Therefore, our highest actual density was set 
around 1-1.5 bugs per plant. 

 

 
Figure 2. Cotton boll external injury (external lesions) at two phenological stages of cotton following a 7-day 

exposure of various densities of Lygus adults in multi-plant cages, Lubbock, TX, 2015. 
 
Internal injury followed the similar trend as for external lesions, with an increased number of internal injury warts as 
Lygus densities increased. Regardless of the crop’s phenological stages, Lygus caused internal injuries to the bolls 
compared to that in control cages. However, a density-dependent relationship between Lygus density and internal boll 
damage was more evident in late season (Fig. 3). 
 

C
AB

BC

BC

BC

ABC

A

C

AB

A

0

1

2

3

4

5

6

Ex
te

rn
al

 le
sio

ns

Early Season (200 HU)                                                Late season (550 HU)

0 Lygus 1 Lygus 2 Lygus 4 Lygus 6 Lygus

76



 

 
Figure 3. Cotton boll internal injury (internal warts) at two phenological stages of cotton following a 7-day exposure 

of various densities of Lygus adults in multi-plant cages, Lubbock, TX, 2015. 
 

Overall, lint decreased for each successive phenological stages of cotton due to an artifact of experimental logistics 
(Fig. 4). Each cage contained about 12 plants and plants were thinned to 6 per cages at the time of insect release. As 
a result, the early season test had significantly more time to compensate for thinned plant densities compared to when 
we thinned the densities in successive phenological stages. Within each phenological stage, higher Lygus densities 
significantly reduced the lint yield compared to that in control cages. Early season crop compensated for boll injury 
and the yield in 0, 1, and 2 Lygus-augmented cages were similar. During mid-season, Lygus infestations reduced yield 
significantly for all densities, indicating the greater vulnerability of the mid-season crop to Lygus injury in the Texas 
High Plains. In late season, low density of Lygus overcompensated the yield as Lygus likely fed on young, non-
harvestable fruits which provided an opportunity for harvestable bolls to mature (Fig. 4). The seed yield followed the 
same pattern as observed for lint yield (Fig. 5). 
 

 
 

Figure. 4. Cotton lint yield following a 7-day exposure of various densities of Lygus adults in multi-plant cages at 
three cotton phenological stages, Lubbock, TX, 2015. 

 
Figure. 5. Cotton seed yield following a 7-day exposure of various densities of Lygus adults in multi-plant cages at 

three cotton phenological stages, Lubbock, TX, 2015. 
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Abstract 
 
The relationship between nitrogen fertilizer application in cotton and subsequent changes in lint and seed yield is well-
understood. However, little research has been done to evaluate the role of nitrogen fertility in arthropod population 
abundance in cotton. Previous work suggests that there exists a non-linear relationship between soil nitrogen 
availability and cotton aphid abundance in cotton. However, interaction between plant-available soil nitrogen and 
moisture ultimately determines arthropod population dynamics, at least for the cotton aphid. Also, there is a lack of 
information on plant parameter values with respect to varying rates of available soil nitrogen in cotton production. A 
multi-year comprehensive field study was conducted to examine the effect of soil nitrogen (residual nitrogen plus 
applied nitrogen) on cotton agronomic growth parameters and arthropod abundances under a drip irrigation production 
system. Fixed-rate nitrogen application experimental plots, previously established and fixed for five years prior to the 
initiation of this study in 2008, consisted of five augmented nitrogen fertility levels (0, 50, 100, 150, and 200 lb/acre) 
with five replications. Each year, soil in each experimental plot was sampled for residual nitrogen analysis prior to 
planting. Rates of applied N exceeding 100 lb/acre resulted in higher residual nitrogen detection during the following 
season. However, variation in residual nitrogen did not significantly affect early plant growth (plant height, root length, 
or leaf area), except for 150 lb N/acre treatment. Increased N levels corresponded to increased leaf chlorophyll content, 
but leaf chlorophyll content was generally consistent across nitrogen levels exceeding 100 lb/acre. Aphid abundance 
was significantly lower in zero N plots versus other plots. Rates of N application exceeding 100 lb/acre resulted in the 
highest lint yield, but consistent numerical decline in yield beyond 150 lb N/acre in most years suggests that N 
application beyond 150 lb/acre may be unfavorable for cotton yield. 

 
Introduction 

 
Second to water, nitrogen fertility limits cotton production yields in the Texas High Plains. A three-year study was 
conducted near Lamesa, Texas, under a limited irrigation production system (Bronson et al. 2006) to characterize the 
effect of nitrogen application on leaf moisture and leaf nitrogen content in cotton and the resulting influence on cotton 
aphid population dynamics (Matis et al. 2008). Leaf nitrogen content did not vary with nitrogen application method 
(variable N versus blanket N application of an optimal amount), but both the blanket application and variable-rate 
application resulted in significantly higher leaf nitrogen contents than were noted in zero-augmented nitrogen plots. 
As nitrogen application rates were increased from zero to an optimum rate, a significant decrease in both aphid birth 
and death rates occurred, translating to a decrease in crowding and an increase in aphid survival (Matis et al. 2008). 
While these data help to characterize cotton aphid population dynamics between zero nitrogen fertility management 
and optimal nitrogen application rates, the population dynamics of cotton aphids and other cotton arthropods have not 
been examined under a full range of nitrogen fertility rates (Parajulee 2007; Parajulee et al. 2006, 2008). In particular, 
no known study has produced plant growth parameters or fruiting profile data pertaining to a spectrum of nitrogen 
application rates in cotton. The objective of this study was to evaluate, in cotton growing under a subsurface drip 
irrigation production system, cotton crop growth parameters and arthropod population abundance, as influenced by 
varying N fertilizer application rates. 

 
Materials and Methods 

 
The study was conducted at the Texas A&M AgriLife Research farm near Plainview, Texas. A 5-acre sub-surface 
drip irrigation system had been in place for six years prior to this study. Plot-specific nitrogen fertility treatments had 
been applied in a randomized block design with five replications since 2002. Five nitrogen application rates (0, 50, 
100, 150, 200 lb/acre) had been deployed to the same experimental units consistently for five consecutive years to 
induce maximum discrimination among treatment plots through variation in soil residual nitrogen (Fig. 1) 
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Figure 1. Helms Farm nitrogen study experimental plot layout following a five-treatment x five-replication 
randomized block design. Annually, each of the 25 plots received one of the five nitrogen augmentation treatments 
including 0, 50, 100, 150, or 200 lbs N/acre, Hale County, TX. 

The study reported herein was conducted for six years (2008-2013). Soil residual nitrogen was monitored annually by 
taking two 24-inch core samples from each plot Fig. 2). The 0-12 inch portions of each core were combined to form 
a single, composite soil sample, and likewise, the 12-24 inch portions were combined, resulting in two samples per 
experimental plot. Samples were sent to Ward Laboratories, Kearny, Nebraska for analysis. Regionally well-adapted 
cultivars were used in this study over the duration of the study: FM960B2R was planted on May 13, 2008, May 20 
2009, and May 27, 2010, DP104B2RF on June 14, 2011, and FM9063B2RF on May 17, 2012 and May 23, 2013. The 
experiment consisted of a randomized block design with five treatments and five replications. The five treatments 
included side-dress applications of nitrogen fertilizer at rates of 0, 50, 100, 150, and 200 lb N/acre. Cotton was planted 
(56,000 seeds/acre) in 30-inch rows and was irrigated with a subsurface drip irrigation system. 

 

 
Figure 2. A) Annual pre-season soil sampling of 25 sub-surface drip irrigated cotton plots; B) Annually near the time 
of first bloom, each plot received the same side-dressed nitrogen application treatment rate; C) Differential cotton 
plant growth responses are often visually apparent between plots receiving high and low N application rates, Hale 
County, TX. 

 
Leaf area, plant height, and root length were measured on July 3 (2008), July 20 (2009), July 27 (2010), July 15 
(2011), July 6 (2012), and July 22 (2013) to evaluate the influence of residual nitrogen on early plant growth patterns. 
Except for 2008, leaf chlorophyll content was also measured from 5th mainstem node leaves (n=10 leaves per plot) 
weekly from July 30 to October 1 (10 weeks) in 2009, August 9 to September 9 in 2010 (5 weeks), July 21 to August 
25 (6 weeks) in 2011, July 6 to August 2 (5 weeks) in 2012, and July 22 to September 27 (9 weeks). Soil samples 
were taken from the experimental plots on July 14 (2008), July 6 (2009), March 25 (2010), April 27 (2011), June 1 
(2012, and June 20 (2013) for residual nitrogen analysis. Crop growth and insect activity were monitored throughout 
the season. Fertility treatments were applied on July 18 (2008), July 10 (2009), July 8 (2010), August 3 (2011), July 
6 (2012), and July 11 (2013) with a soil applicator ground rig. COTMAN SQUAREMAN monitoring was used to 
monitor early plant growth, and was followed by measurement of Nodes Above White Flower (NAWF) for most study 
years. Pre-harvest plant mapping was used as an indicator of fruit load. Foliage-dwelling mobile arthropods were 
monitored weekly using a Keep It Simple Sampler (KISS; Beerwinkle et al. 1997) to collect insects from upper-
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canopy foliage, beginning from square initiation and ending at crop cutout, for years when arthropod activity occurred 
(Fig. 3a-f) 

Cotton aphid populations did not develop in four (2008, 2011, 2012, and 2013) of the six years of the study, despite 
repeated applications of cyhalothrin intended to stimulate aphid population growth. Cotton aphid abundance was 
monitored weekly for five weeks from August 20 to September 17 in 2009 and from August 9 to September 9 in 2010. 
Hand-harvested yield samples were obtained from each plot. Fiber samples were analyzed for lint quality parameters 
at the Cotton Incorporated Fiber Testing Laboratory (North Carolina). 
 

 
 

Figure 3. A) Blower sampling for arthropods, B) Processing of arthropod samples in the laboratory, C) Measuring 
leaf chlorophyll, D) Whole-plant sample collection for parameter estimation, E) Measuring leaf area, plant root and 
shoot biomass, F) cotton harvesting. 

 
Results and Discussion 

 
In all study years, soil residual N levels were significantly higher in plots that received the two highest application 
rates of N fertilizer versus plots receiving lower-rate N applications or no N augmentation, excepting plots that 
received 100 lb/acre N in 2012 (Fig. 4). Averaged over the six-year study period, soil residual N levels were lowest 
in zero and 50 lb/acre plots, although the 50 lb/acre plots had numerically higher residual N than in zero N plots. The 
highest N augmentation plots (200 lb/acre) had significantly highest average residual N; the year-to-year residual N 
was always the highest amount in this treatment, at least numerically. The two second highest N augmentation plots 
(100 and 150 lb/acre) resulted in significantly higher amount of soil residual N compared to that in zero and 50 lb/acre 
plots. Even though some year-to-year variation in leaf area, plant height, and root length was noted early in the crop 
season, differential amounts of soil residual N generally did not influence early plant growth, except for 150 lb/acre 
(Figs. 5-7). The 150 lb/acre treatment was significantly favorable for plant growth during early season contributing to 
the highest leaf area, plant height, and root length compared to that in other N treatments. Measured leaf chlorophyll 
content varied with nitrogen application level, and leaf chlorophyll contents from cotton in those plots which received 
0 lb N/acre or 50 lb N/acre were significantly lower than all others (Fig. 8). Cotton in plots which received the three 
highest nitrogen application rates (100, 150, and 200 lb N/acre) exhibited relatively consistent leaf chlorophyll 
readings (Fig. 8). It is noteworthy that the leaf chlorophyll content in zero N treatment plots declined precipitously 
beginning in late August, when plants began allocating much of their resources to boll maturation, whereas this 
phenomenon did not occur in plots that received ≥50 lb N/acre. Cotton aphid activity began in late August in 2009, 
and densities peaked in early- to mid-September. Cotton aphid densities were significantly lower in 0 lb N/acre 
treatment plots compared with that in N augmented plots located only feet apart (Fig. 8). There were no significant 
differences in aphid densities across N augmented plots in 2009. Cotton aphid colonization occurred two weeks earlier 
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in 2010 compared to that in 2009. While cotton aphid densities remained below economic threshold (50 aphids/leaf 
for two consecutive weeks) in 2009, aphid populations surpassed economic threshold in all N-augmented plots in 
2010, whereas aphids remained below 50/per leaf, except for 1 week, in zero-N plots. 
 
Nitrogen fertility level influenced boll maturity. Bolls in zero applied N plots tended to mature significantly earlier 
than in N augmented plots. Laboratory measurement of boll exocarp penetrability showed that bolls from zero N 
augmented plots required significantly greater pressure to puncture the exocarp versus that required to do so for bolls 
from N augmented plots. Variation in soil residual N levels, coupled with variable N application, resulted in 
phenotypic expression of nitrogen deficiency in cotton across treatment plots, especially between zero N plots and N 
augmented plots (Fig. 2). The zero N plots consistently produced the lowest lint yield for every year of the six-year 
study, except in 2010 when 50 lb/acre plots and zero N augmented plots had similar lint yields (Fig. 9). Overall, 150 
and 200 lb/acre plots produced the highest lint yield (1,460 lb and 1,430 lb lint for 150 and 200 lb N treatments, 
respectively), followed by 100 (1,302 lb), 50 (1,190 lb), and zero N (960 lb) plots. Yield increased curvilinearly with 
each additional 50 lb N added, with the numerically highest average yield (1,460 lb/acre) occurring in augmented 150 
lb N/acre treatment, but the yield numerically decreased beyond 150 lb N/acre with additional N. Consistent numerical 
decline in yield beyond 150 lb N/acre in most years suggests that N application beyond 150 lb/acre may be unfavorable 
for cotton yield. 

Figure 4. Effect of prior year’s N application (0, 50, 100, 150, and 200 lb per acre) on residual N accumulation for the 
current crop year (left) and average residual N over a six-year period (right). 
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Figure 5. Effect of prior year’s N application (0, 50, 100, 150, and 200 lb per acre) on residual N accumulation for 
the current crop year (left) and average residual N over a six-year period (right). 

 

Figure 6. Effect of residual N from the previous crop year on plant height during the early crop growth period of 
each of the six study years (left) and average plant height over a six-year period (right). 
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Figure 7. Effect of residual N from the previous crop year on root length during the early crop growth period of each 
of the six study years (left) and average root length over a six-year period (right). 
 
 

 
 

Figure 8. Temporal dynamics of cotton aphid abundance in relation to cotton leaf (5th main stem) chlorophyll 
content as affected by variable rates of nitrogen application (left chart – 2009, right chart – 2010). 
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Figure 9. Year-to-year variation in the effect of nitrogen application rates on cotton lint yield (left) and average lint 
yield over a 6-year period (right), Helms Farm, Hale County, TX. 
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Abstract A 2-year study was conducted to characterize the intercrop movement of conver-
gent lady beetle, Hippodamia convergens Guerin-Meneville (Coleoptera: Coccinellidae)
between adjacent cotton and alfalfa. A dual protein-marking method was used to assess
the intercrop movement of the lady beetles in each crop. In turns field collected lady
beetles in each crop were assayed by protein specific ELISA to quantify the movement
of beetles between the crops. Results indicated that a high percentage of convergent lady
beetles caught in cotton (46% in 2008; 56% in 2009) and alfalfa (46% in 2008; 71% in
2009) contained a protein mark, thus indicating that convergent lady beetle movement was
largely bidirectional between the adjacent crops. Although at a much lower proportion,
lady beetles also showed unidirectional movement from cotton to alfalfa (5% in 2008 and
6% in 2009) and from alfalfa to cotton (9% in 2008 and 14% in 2009). The season-long
bidirectional movement exhibited by the beetles was significantly higher in alfalfa than
cotton during both years of the study. The total influx of lady beetles (bidirectional and
unidirectional combined) was significantly higher in alfalfa compared with that in cotton
for both years. While convergent lady beetles moved between adjacent cotton and alfalfa,
they were more attracted to alfalfa when cotton was not flowering and/or when alfalfa of-
fered more opportunities for prey. This study offers much needed information on intercrop
movement of the convergent lady beetle that should facilitate integrated pest management
decisions in cotton utilizing conservation biological control.

Key words enzyme-linked immunosorbent assay; Hippodamia convergens; mark-
capture; protein marker

Introduction

Monocultural practices have been reported to decrease
the abundance and effectiveness of insect natural ene-
mies (Altieri & Letourneau, 1982), which may result in
increased pest severity in such systems (Andow, 1991;
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Tel: (806) 746-4030; fax: (806) 746-6528; email: m-parajulee@
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2015 after original online publication.

Landis et al., 2000). One way to alleviate this problem
is through the use of vegetational diversity (Gurr et al.,
2004). Conservation of natural enemies through enhance-
ment of vegetational diversity has been a topic of in-
tense study for many years (Root, 1973; Andow, 1991;
Parajulee et al., 1997). Increased vegetational diversity
conserves natural enemies by improving the availability
of food and overwintering or hibernating sites (Landis et
al., 2000). Numerous studies demonstrate that diversifi-
cation of agricultural systems leads to higher densities and
diversities of generalist predators (Sheehan, 1986; Bugg
& Waddington, 1994; Parajulee et al., 1997; Landis et al.,
2000; Langellotto & Denno, 2004). However, it is often
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unclear whether higher densities or diversities of natural
enemies lead to better pest control and crop protection
(Bugg & Waddington, 1994; Snyder et al., 2005). Under-
standing the underlying population processes of natural
enemies such as movement, reproduction, and survival is
crucial in predicting how agriculture diversification prac-
tices facilitate biological control (Corbett & Plant, 1993;
Prasifka et al., 1999; Schellhorn et al., 2000).

Studies have shown that alfalfa, Medicago sativa L.,
provides a year-round reservoir for beneficial insects
(Walker et al., 1996; Mensah, 1999) and has been sug-
gested as a best refuge habitat as part of an integrated
pest management program (Mensah, 1999). Natural en-
emy populations often develop in alfalfa fields and
expand into other crops where they contribute to sup-
pressing pests (Flint & Roberts, 1988). It has been
shown that alfalfa, whether cultivated as forage crop
or growing voluntarily along with other weed hosts,
serves as a significant reservoir of convergent lady bee-
tles, in most Texas High Plains counties throughout the
cotton growing season (Parajulee et al., 2007). Para-
julee et al. (2007) ranked plant species based on num-
ber of adult lady beetles captured. Alfalfa was ranked
2nd (February–March), 4th (June–July), 3rd (August–
September), and 1st (October–November) among cotton
and >20 weed host species. This clearly suggests that
alfalfa harbors relatively large numbers of adult con-
vergent lady beetles throughout the season. Convergent
lady beetles may move from alfalfa to adjacent cot-
ton and provide natural pest suppression. Though sev-
eral studies support this, a basic understanding of preda-
tor movement in a cotton–alfalfa system is generally
lacking.

Understanding the movement of predatory insects be-
tween crops is of great importance in using habitat ma-
nipulation to enhance biological control services (Jervis
et al., 2004; Lavandero et al., 2004; Snyder et al., 2005).
Information on natural enemy movement, spatial distri-
bution, and density can be generated through the appli-
cation of marking techniques (Lavandero et al., 2004).
Various marking techniques are used to study the move-
ment of insects (Hagler & Jackson, 2001). Protein mark-
ing methodology has been successfully used in various
studies of insects such as convergent lady beetle (Ha-
gler & Naranjo, 2004), pink bollworm (Hagler & Miller,
2002), pear psylla (Jones et al., 2006), thrips (Jasrotia
& Ben-Yakir, 2006), and honeybee (Hagler et al., 2011).
A field marking study using protein markers and ELISA
protein detection revealed that Lygus move back and forth
between alfalfa and cotton, and as such, alfalfa acts as
both a source and a sink for Lygus in the cotton–alfalfa
agroecosystem depending on the phenological stages of
the crop (Shrestha et al., 2009).

The overall objective of this project was to study the
intercrop movement behavior of H. convergens, using a
dual protein marking approach. The information gathered
in this study will be useful in the development of pest man-
agement strategies to utilize naturally occurring biological
control agents for insect pest suppression in cotton–alfalfa
agroecosystems. Specific objectives of this study were to:
(i) characterize convergent lady beetle movement between
adjacent cotton and alfalfa and (ii) determine the timing
and magnitude of convergent lady beetle movement from
alfalfa to cotton throughout the growing season.

Materials and methods

Site selection and plot layout

A 2-year mark-capture study was conducted at the
Texas A&M University AgriLife Research Farm, Lub-
bock, Texas to characterize season-long convergent lady
beetle intercrop movement between adjacent cotton and
alfalfa. A site was selected with 12 rows of cotton (180
m × 12 m) adjoined by an alfalfa field of equal area. A
FiberMax R© cotton variety, FM 9063 B2RF, was planted
on May 19, 2008 and May 22, 2009, respectively. Al-
falfa seed was sown a year in advance (April 30, 2007)
to establish a crop. Both crops had similar soil type and
irrigation practices. The crops were divided into three 60-
m blocks. There were 4 equidistant subsampling areas
(60 m × 0.508 m) per block in alfalfa in 2008 and 3 per
block in 2009. Thus, in alfalfa, there were 12 subsamples
in 2008 and 9 in 2009. In cotton, the 5th and 10th rows
from the edge of the alfalfa plot were reserved for sub-
sampling (60 m × 1.016 m) in each block. Thus, in cotton,
there were 6 subsamples per year. Cutting the alfalfa to a
lower plant height (mowing), the standard farming prac-
tice to harvest alfalfa hay, was applied to alfalfa once in
2008 on August 13 and twice in 2009 on August 3 and
August 28 during the sampling periods.

Field marking

Two crude food proteins were selected for application
in alfalfa and cotton. An egg white (10%) and water so-
lution, hereinafter referred to as EW (10% EW, Papetti
Farm R© AllWhites R© 100% Liquid Egg Whites, Michael
Foods, Minnetonka, MN, USA), was sprayed in alfalfa,
while a nonfat dry milk (10%) and water solution, here-
inafter referred to as NFDM (10% NFDM, Great ValueTM

Nonfat Dry Milk, Wal-Mart Stores, Inc.), was sprayed in
cotton, each at a rate of 285 L/ha. Spray applications were
made, approximately at weekly intervals, from the 7–8
true leaf stage of cotton through boll development during
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the cotton growing seasons of 2008 (9 applications) and
2009 (7 applications). Extra care was taken to avoid pro-
tein marker solution cross-contamination. Separate tanks
were used to load and spray the markers. Marker solu-
tion applications were performed with a tractor-driven,
4-row boom sprayer, which was thoroughly cleaned after
each use. Insect marker acquisition occurred either dur-
ing spray application or after by residual contact by the
insects with the marked plant tissue (Hagler et al., 2014).

Insect sampling

Insect samples were collected from each subsampling
area via a “keep it simple” (KIS) sampler after 24 h of
protein marker application. A KIS sampler is a handheld
pneumatic sampling device, in this case, made locally
by modifying an Echo R© PB-265 backpack leaf blower
(nominal air flow rating: 458 cfm) with an insect col-
lecting mesh net (Beerwinkle et al., 1997). Clean insect
collecting mesh net was used at each sampling time for
each individual sample to avoid contaminations. Insect
sampling was performed in cotton and alfalfa on 9 sam-
pling dates in 2008 and 7 sampling dates in 2009. Insect
samples were stored in 3.78 L Zip-Loc R© bags and insects
in samples were killed by freezing at −20 °C. Soon after
freezing, the convergent lady beetles were placed indi-
vidually into 1.5-mL microcentrifuge tubes and stored at
−20 °C for further processing via ELISA assay.

Insect sampling was similar to survey sampling where
samples were taken from various plots in 2 crop fields
on several dates. The experimental design consisted of
sampled areas as main plots with sampling dates as sub-
plots. Each subsample from cotton was taken from a 60 m
× 1.016 m sampling section (0.00619 hectare) and each
subsample in alfalfa was taken from a 60 m × 0.508 m
sampling section (0.003095 hectare). In order to report
convergent lady beetle counts on a “per hectare” basis,
the reciprocal of each hectare sampling area value was
taken. The resulting multiplication factors were 322.80
and 161.40 for alfalfa and cotton, respectively. Subse-
quent analysis was done considering insects per hectare.

Indirect enzyme-linked immunosorbent assay (ELISA)

Indirect ELISA was performed for each individual bee-
tle to examine protein marker adherence using the pro-
tocols described by Jones et al. (2006). Since the 2
markers are not cross-reactive, testing of a single lady
beetle specimen for both markers was possible, allowing
for tracking of intercrop movement. The antigen solution
from each convergent lady beetle specimen was obtained

by washing the beetle in 300 μL of 1× TBS buffer. Eighty
microliter of antigen solution thus obtained by washing
individual beetle was loaded into a single well in the 96-
well microtiter plate. When testing for NFDM, a bovine
casein standard was used as a positive control, whereas
when testing for EW, a chicken egg albumen standard was
used. Negative controls were included for each test which
consisted of 80 μL solution obtained by washing indi-
vidual unmarked beetle with 300 μL of 1× TBS buffer.
The spectroscopy was carried out on the microtiter plate,
with absorbance readings taken at a light wavelength of
650 nm using a Stat Fax 3200 plate reader (Awareness
Technology, Inc., FL, USA). Absorbance values or op-
tical density (OD) for each sample was then compared
with the absorbance values of 8 known negative samples
from unmarked beetles. The cutoff threshold OD value of
the sample was equal or greater than the mean absorbance
value of the known negatives, plus 3 times the standard de-
viation from the mean. A positive reading occurred when
the absorbance value of the individual insect sample was
equal or greater than the cutoff value and samples were
interpreted as negative when the absorbance value was
less than the cutoff value (Hagler, 1997).

Categorization of the marked convergent lady beetles

Based on the marker detection on convergent lady bee-
tle samples via indirect ELISA, the total captured con-
vergent lady beetles were categorized into 5 categories.
These categories provided the basis for characterization
of convergent lady beetle movements. These categories
were: (i) Double-marked immigrant: captured convergent
lady beetles testing positive for both crop-specific pro-
tein markers applied to cotton and alfalfa were classified
as “double-marked immigrants.” These convergent lady
beetles showed bidirectional movement (back and forth)
between the crops. (ii) Single-marked immigrants: cap-
tured convergent lady beetles testing positive only for a
protein marker not applied to the capture source host were
classified as “single-marked immigrants.” These insects
showed unidirectional movement into the capture source
host. “Capture source host” refers to the host crop from
which the convergent lady beetles were collected. (iii) To-
tal immigrants: captured convergent lady beetles testing
positive for both protein markers applied to cotton and
alfalfa plus captured convergent lady beetles testing pos-
itive only for a protein marker not applied to the capture
source host were classified as “total immigrants.” Thus,
this group, “total immigrants,” is the combination of bidi-
rectional and unidirectional movement shown by conver-
gent lady beetles which represent the total convergent
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lady beetle influx in a crop from the other crop within the
24-h postapplication time frame. (iv) Resident: captured
insects testing positive only for the protein marker applied
to the capture source host were classified as “resident.”
These insects showed no movement from 1 host crop to
another and chose to remain in the same crop within the
24-h postapplication time frame. (v) Unmarked: captured
insects testing negative for both protein markers, regard-
less of the capture source host, were classified as “un-
marked.” It might be possible that these insects were in
the experimental plot and did not get marked or that our
detection technique failed to detect the marker adhering
to their bodies. However, the most likely scenario is that
these insects moved into the experimental field from the
surroundings.

Data analysis

Proc TTEST (SAS Institute, 2008) was used to separate
the means for years and host. The effect of cotton phe-
nology on the convergent lady beetle intercrop movement
behavior was also determined by grouping the data into
3 cotton phenological stages: cotton squaring, flowering,
and boll growth. All sample data from each phenological
stage were averaged and the effect of cotton phenology
on the movement behavior was analyzed. Because crop
phenology contained 3 levels, an LSD test with α = 0.05
was used to separate the means.

Data were also analyzed using days after planting (DAP)
of cotton as the regression variable. Following Draper and
Smith (1981), the zero was moved to the mean DAP for
each year: 2008, center was at 78.11 (August 5) so all
DAP had the mean subtracted (X − x); and for 2009, the
center was at 70.15 (July 31). The weekly lady beetle
captures were essentially independent of each other. This
fact allowed for the accumulation of the counts from sam-
ple time to sample time. This cumulative presentation of
the data was divided into 4 sets based on crop habitat
and year of the study (2008 alfalfa, 2008 cotton, 2009
alfalfa, and 2009 cotton), and each set was fitted with lin-
ear or quadratic (curvilinear) regression (Proc MIXED;
SAS Institute, 2008) models. The regression coeffi-
cients from the various fitted lines were tested using the
t-test.

Results

Convergent lady beetle abundance

During the 2 years of study, a total of 267 samples
were collected (96 from cotton and 171 from alfalfa).

A total of 1414 adult convergent lady beetles were re-
trieved from these samples. Out of the total captured,
345 convergent lady beetles were from cotton while 1069
were from alfalfa. Total numbers of adult convergent lady
beetles captured in cotton in 2008 and 2009 were 184
and 161, respectively. Similarly, numbers of adult con-
vergent lady beetles caught in alfalfa in 2008 and 2009
were 716 and 353, respectively (Table 1). In 2008, con-
vergent lady beetle populations showed conspicuous fluc-
tuations in abundance across sampling dates (Fig. 1A).
The highest numbers were encountered in late July and
early September. The lady beetle population increased in
mid-July and declined from late August to early Septem-
ber (Fig. 1A). In 2009, the number of convergent lady
beetles captured in alfalfa was higher in early July;
the numbers then declined and remained relatively low
(<1000/hectare) until mid-August when the convergent
lady beetle numbers sharply increased from late August
to early September (Fig. 1B). For 2009, the number of
convergent lady beetles in cotton increased slightly in late
July and then slowly declined from late August to early
September.

The total abundance of convergent lady beetles was sig-
nificantly higher in alfalfa (P = 0.011, 2008; P = 0.016,
2009) compared to that in cotton (Table 2). In 2008, the
number of total captured convergent lady beetles from
alfalfa remained constant across all cotton phenological
stages (Table 3). In cotton, however, it was significantly
higher during the flowering stage compared to that in
boll development stage. In 2009, the lady beetle abun-
dance in alfalfa was significantly higher during cotton
boll development than squaring and flowering, while in
cotton, it was significantly higher during cotton flowering
than squaring. Interestingly, in 2009, a numerically higher
number of convergent lady beetles was captured in cotton
than alfalfa during cotton flowering. The total captured
lady beetles in alfalfa were significantly higher than cot-
ton (P = 0.005) during squaring stage of cotton in 2009
(Table 3).

The rate of population increase in convergent lady bee-
tles in alfalfa was progressively higher than cotton in 2008
from the beginning of the season. The slope of the pre-
dicted mean density for alfalfa, based on the regression
of days after cotton planting, was significantly greater
than for cotton in 2008 (P < 0.0001; Table 4; Fig. 2A).
In 2009, the rate of increase in number of lady beetles
in alfalfa and cotton remained similar until mid-August
and increased sharply thereafter in alfalfa compared to
that in cotton. The slope of the predicted mean density of
lady beetles from alfalfa was similar to that from cotton
in 2009 (Table 4; Fig. 2A).
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Table 1 Variously marked and categorized convergent lady beetles captured in adjacent alfalfa and cotton fields expressed as number
per hectare and percentage, Lubbock, Texas, USA.

Alfalfa Cotton

Actual count Count/ha % Actual count Count/ha %

2008
Resident (a) 214 69 079 30 45 7 263 24
Double-marked immigrant (b) 330 106 524 46 84 13 558 46
Single-marked immigrant (c) 36 11 621 5 18 2 905 10
Total immigrant (b + c) 366 118 145 51 102 16 463 56
Total marked (a + b + c) 580 187 224 81 147 23 726 80
Unmarked (d) 136 43 901 19 37 5 972 20
Total captured (a + b + c + d) 716 231 125 184 29 698 24
2009
Resident (a) 48 15 494 14 30 4 842 19
Double-marked immigrant (b) 252 81 346 71 90 14 526 56
Single-marked immigrant (c) 22 7 102 6 23 3 712 14
Total immigrant (b + c) 283 91 352 77 113 18 238 70
Total marked (a + b + c) 322 103 942 91 143 23 080 89
Unmarked (d) 31 10 007 9 18 2 905 11
Total captured (a + b + c + d) 353 113 948 161 25 985

N = 27 (9 weeks and 3 plots) in 2008 and N = 21 (7 weeks and 3 plots) in 2009. Samples from alfalfa and cotton had hectare conversion
factors of 322.80 and 161.40, respectively.

Table 2 Comparison of hosts for total captured and variously marked and categorized convergent lady beetles (number per hectare)
averaged over sampling dates found in 2 adjacent fields (alfalfa and cotton), Lubbock, Texas, USA.

Variables Alfalfa (mean ± SE) Cotton (mean ± SE) df t P

2008
Total captured 2140 ± 343 550 ± 80 4 4.53 <0.0106
Double-marked immigrant 987 ± 227 252 ± 55 4 3.16 <0.0343
Single-marked immigrant 108 ± 40 54 ± 14 4 1.30 <0.2640
Total immigrant 1267 ± 1763 304 ± 58 4 5.19 <0.0066
Resident 640 ± 48 135 ± 34 4 8.61 <0.0016
Unmarked 407 ± 67 111 ± 45 4 3.98 <0.0165
2009
Total captured 1809 ± 292 619 ± 50 4 4.02 <0.0158
Double-marked immigrant 1292 ± 162 346 ± 14 3 5.82 <0.0043
Single-marked immigrant 113 ± 41 89 ± 37 4 0.44 <0.6816
Total immigrant 1386 ± 182 418 ± 29 4 5.24 <0.0063
Resident 246 ± 68 115 ± 35 4 1.91 <0.1284
Unmarked 159 ± 51 70 ± 14 4 1.72 <0.1609

Means and SE are from Proc TTEST (SAS Institute, 2008). Reduced degrees of freedom are the consequence of Satterthwaite test
which results from the unequal variance test.

Field marking efficiency

The cotton and alfalfa fields were marked with 10%
NFDM and 10% EW protein markers. The sampling

for adult convergent lady beetles was carried out 24-h
postapplication. The result showed that the majority of
the lady beetles from the sprayed fields could be success-
fully marked with this technique; cotton (80% in 2008
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Fig. 1 Seasonal abundance of convergent lady beetles in adjacent alfalfa and cotton fields, Lubbock, Texas, USA.

and 89% in 2009) and alfalfa (81% in 2008 and 91% in
2009, Table 1).

A high percentage of the captured convergent lady bee-
tles in adjacent cotton and alfalfa were marked with both
protein markers sprayed in the crops. For 2008 and 2009,
the percentages of double-marked convergent lady beetles
were 46% and 56% in cotton and 46% and 71% in alfalfa,
respectively (Table 1).

Convergent lady beetle movement between cotton and
alfalfa

The field marking technique clearly indicated 2 move-
ment patterns shown by convergent lady beetles: bidirec-
tional and unidirectional. Some of the lady beetles also
showed no movement from their respective host where
they were already present. The season long bidirectional
movement as shown by double-marked immigrants was
significantly higher in alfalfa (P = 0.03, 2008; P = 0.004,
2009) compared to that in cotton (Table 2). However, the
unidirectional movement as shown by single-marked im-
migrant lady beetles did not vary between treatment crops
in both years. The total influx of convergent lady beetles
(bidirectional and unidirectional combined) was signifi-
cantly higher in alfalfa (P = 0.0066, 2008; P = 0.0063,
2009). Resident convergent lady beetles (those beetles

that stayed in the source host and did not show move-
ment) were significantly higher in alfalfa (P = 0.0016)
compared to that in cotton in 2008 (Table 2).

The rate of increase in double-marked immigrant lady
beetles was higher in alfalfa as compared to cotton in
2008. The slope of the predicted mean densities for al-
falfa was significantly higher than for cotton (P < 0.0001,
Table 4, Fig. 2B). In 2009, the rate of increase in double-
marked immigrant lady beetles was rapid in alfalfa com-
pared to that in cotton toward the end of the season.
However, the slopes of the predicted mean densities for al-
falfa and cotton were not significantly different (Fig. 2B).

In 2008, the rate of increase of resident lady beetles in
alfalfa was higher than cotton. The slope of the predicted
mean based on the regression for alfalfa was significantly
higher than cotton (P < 0.0001, Fig. 2C). In 2009, the rate
of increase in resident convergent lady beetles in alfalfa
and cotton was similar as indicated by the similar slope
of the predicted mean for alfalfa and cotton (Fig. 2C).

The rate of increase in single-marked immigrant lady
beetles in alfalfa was much more rapid compared to that in
cotton in 2008 and the slope of the predicted mean based
on regression of DAP for alfalfa was significantly higher
(P < 0.0001, Table 4, Fig. 2D) than for cotton. In 2009,
the rate of increase in immigrant convergent lady beetles
was similar in alfalfa and cotton (Fig. 2D).
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Table 3 Cotton phenological stage-specific comparison of hosts for total captured and variously marked convergent lady beetles
(number per hectare) averaged over sampling dates found in adjacent alfalfa and cotton fields, Lubbock, Texas, USA.

T test
Variable Year Phenology Alfalfa (mean ± SE) Cotton (mean ± SE)

df t P value

Total captured 2008 Squaring 1596 ± 511 a 421 ± 114 ab 4 2.48 0.068
Flowering 2565 ± 748 a 924 ± 219 a 4 2.27 0.085
Boll growth 2260 ± 763 a 305 ± 86 b 3 2.74 0.110

2009 Squaring 1243 ± 277 b 197 ± 61 b 4 10.50 0.005
Flowering 825 ± 175 b 1157 ± 220 a 4 −0.94 0.398
Boll growth 3641 ± 927 a 713 ± 101 ab 3 4.13 0.052

Double-marked immigrant 2008 Squaring 72 ± 32 b 63 ± 33 b 4 0.24 0.820
Flowering 1426 ± 412 a 502 ± 176 a 4 2.30 0.082
Boll growth 1462 ± 593 a 188 ± 53 ab 3 3.75 0.063

Single-marked immigrant 2009 Squaring 813 ± 192 b 108 ± 31 c 4 12.97 0.002
Flowering 574 ± 127 b 632 ± 181 a 4 −0.31 0.770
Boll growth 2726 ± 875 a 417 ± 77 b 4 5.50 0.005

2008 Squaring 45 ± 28 a 99 ± 49 a 4 −1.61 0.183
Flowering 206 ± 96 a 45 ± 36 a 4 1.55 0.195
Boll growth 72 ± 40 a 18 ± 18 a 4 1.06 0.348

2009 Squaring 96 ± 49 a 27 ± 14 a 4 1.50 0.207
Flowering 36 ± 23 a 148 ± 64 a 4 −1.53 0.201
Boll growth 215 ± 108 a 121 ± 78 a 4 0.74 0.502

Total immigrant 2008 Squaring 162 ± 82 b 162 ± 55a 4 0.00 0.999
Flowering 2386 ± 172 a 547 ± 197a 4 7.05 0.002
Boll growth 1256 ± 517 b 207 ± 24a 3 2.03 0.179

2009 Squaring 909 ± 94 b 135 ± 27 a 4 7.97 0.001
Flowering 609 ± 187 b 780 ± 140 a 4 −0.73 0.507
Boll growth 2941 ± 496 a 538 ± 13 a 2 4.85 0.039

2008 Flowering 673 ± 180 a 224 ± 80 a 4 2.29 0.084
Boll growth 530 ± 226 a 81 ± 27 a 3 1.98 0.183

2009 Squaring 251 ± 95 a 54 ± 27 a 4 2.27 0.085
Flowering 128 ± 67 a 162 ± 121a 4 −0.24 0.822
Boll growth 359 ± 100 a 162 ± 84 a 4 1.51 0.205

Proc TTEST (SAS Institute, 2008). P values indicate if differences between hosts are significant at different phenological stages of
cotton. Means with different letters at different phenological stages of cotton within each host are significantly different at P = 0.05.

Effect of cotton phenology on convergent lady beetle
movement

In 2008, the number of double-marked immigrant lady
beetles captured in alfalfa was significantly higher during
the cotton flowering and boll growth stages than during
squaring, whereas in cotton it was significantly higher
during flowering than the squaring (Table 3). In 2009,
the number of double-marked immigrant lady beetles
captured in alfalfa was significantly higher during cot-
ton boll development stage than squaring and flowering.
In cotton, it was significantly higher during flowering,
followed by boll development and squaring. The num-

ber of double-marked immigrant lady beetles captured
in 2009 was significantly higher in alfalfa than cotton at
squaring (P = 0.002) and boll development (P = 0.005)
stages.

In both years, densities of single-marked immigrant
lady beetles within and between the 2 crops did not sig-
nificantly vary in all 3 cotton phenological stages. On the
other hand, the total lady beetle immigration in alfalfa
was significantly higher during cotton flowering stage
compared to cotton squaring and boll growth stages in
2008, whereas it was significantly higher in boll growth
stage than during squaring and flowering stages in 2009.
There was no significant difference in total influx of
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Table 4 Regression coefficients for the fitted lines in Figures 2A–D.

Year Host Variable N Intercept Linear Quadratic Cubic P > F

2008 Alfalfa Total 27 9941 244 na na 0.0001
DMI 27 3357 122 na na 0.001
Residents 27 3796 73.57 −0.6278 na 0.0093
SMI 27 475 15.01 na na 0.001

2009 Alfalfa Total 21 4653 66.56 1.3463 0.0748 0.0783
DMI 21 2087 29.27 1.009 0.0714 0.0092
Residents 21 958 18.62 na na 0.001
SMI 21 420 9.25 na na 0.001

2008 Cotton Total 27 3270 77.13 −0.6544 na 0.0935
DMI 27 1202 39.33 na na 0.001
Residents 27 717 18.64 na na 0.001
SMI 27 374 4.52 na na 0.001

2009 Cotton Total 21 1937 72.06 na na 0.001
DMI 21 1080 39.24 na na 0.001
Residents 21 350 12.65 na na 0.001
SMI 21 269 11.02 na na 0.001

DMI, double-marked immigrants; SMI, single-marked immigrants. Regression coefficients are from Proc MIXED (SAS Institute, 2008)
determined from each set of data. N = 27 (3 plots × 9 weeks) in 2008 and N = 21 (3 plots × 7 weeks) in 2009.

lady beetles from alfalfa into cotton during any of the 3
cotton phenological stages in both years. However, the
total lady beetle influx from cotton to alfalfa varied with
cotton phenological stages. The number of total immi-
grant convergent lady beetles in alfalfa from cotton was
significantly higher during cotton flowering (P = 0.002)
in 2008. However in 2009, the number of total immigrant
convergent lady beetles in alfalfa from cotton was sig-
nificantly higher during squaring (P = 0.001) and boll
development (P = 0.039) stages (Table 3). In both years,
the number of resident convergent lady beetles captured
within either of the 2 crops did not vary across cotton phe-
nological stages. Also, there was no difference in resident
beetle densities between crops in all 3 phenological stages
for both years (Table 3).

Seasonal dynamics of intercrop movement and net
movement

The data illustrated in Figure 3 show the lady beetle in-
flux into cotton from alfalfa and vice versa on all sampling
dates. The total convergent lady beetle influx into alfalfa
from cotton was significantly higher in late July (2008)
and early September (2008 and 2009) (Figs. 3A and B).
Net lady beetle intercrop movement between cotton and
alfalfa was calculated by subtracting total immigrant lady
beetles in cotton from total immigrant lady beetles in al-
falfa. Positive net movement values indicated a net lady
beetle gain in alfalfa. Likewise, negative net movement

values indicated a net lady beetle gain in cotton. The net
movement of convergent lady beetles was generally to-
ward alfalfa on most of the sampling dates for both years;
nevertheless, it was toward cotton on July 5 and 20 in
2008 and on July 26 and August 12 in 2009 (Figs. 3A
and B). The net movement was consistently and greatly
toward alfalfa in the later part of the growing season in
both years.

Discussion

Data yielded from this 2-year study showed that the total
convergent lady beetle captured during the entire sampling
period was significantly higher in alfalfa than cotton. This
corroborates with previous reports from this region (Para-
julee et al., 2007). In 2008, the fluctuation in convergent
lady beetle numbers on alternate sampling dates during
most of the season have been due to the high mobility of
lady beetles among alfalfa and other surrounding habi-
tats affected by habitat quality and availability of prey.
In both years, lady beetles were more abundant in alfalfa
during the late cotton season when cotton was near senes-
cence, which might have left only alfalfa in the landscape
as a preferable crop to colonize by lady beetles. How-
ever, the total captures were not significantly different
between the 2 crops across cotton phenological stages,
except for cotton squaring period of 2009, which could be
attributed to the differences in the crop quality at that time.
Within the treatment crop, alfalfa had uniform lady beetle
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Fig. 2 Comparison of alfalfa and cotton on cumulative total captured, double-marked immigrant, resident, and single-marked immigrant
convergent lady beetles with predicted lines (see Table 4 for parameter values).

abundance across cotton phenological stages except for
the boll development stage in 2009. This observed differ-
ence in 2009 might be due to the maturity of surrounding
crops including cotton whereas alfalfa was blooming at
the same time. In cotton, total lady beetles captured was
significantly higher in flowering stage compared to that
in boll development (2008) and squaring (2009) stages,
clearly suggesting that the abundance of lady beetles in
cotton is affected by its phenological stages, coupled with
crop quality. The cotton flowering stage was more attrac-
tive to retain these beetles as flowering cotton provides

better food resources in the form of nectar, pollen, and
presumably higher prey activity.

The slope of the cumulative abundance curve of the total
lady beetles was significantly greater in alfalfa compared
to that in cotton throughout the growing season in 2008,
but the difference was significant only toward the end of
the season in 2009. This disparity between years might
be attributed to the planting of a small cowpea field near
the alfalfa in 2009, unrelated to this study, which could
have drawn these beetles away during the growing season,
and the numbers sharply increased in alfalfa compared
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Fig. 3 Average weekly profiles of convergent lady beetle movement and net intercrop movement between cotton and alfalfa in 2008 (A)
and 2009 (B).The left y-axis represents the number of insects moving from one treatment crop to other and the right y-axis represents the
net movement between the treatment crops. Different lowercase letters within sampling date indicate significant difference in movement
between the crops (P = 0.05).

to that in cotton when cowpeas senesced (Fig. 3B). These
data suggest that alfalfa serves as a sink for lady beetles
when it is adjacent to cotton, but other flowering crops
(and associated lady beetle prey) in the vicinity such as
cowpeas may be more attractive to lady beetles than al-
falfa. Although not recorded, we noticed good cowpea
aphid populations in cowpeas which must have attracted
the lady beetles that were dispersing from cotton.

Protein-marking data revealed that a major proportion
of convergent lady beetles retrieved from both cotton and
alfalfa were double-marked immigrants, indicating that
they were moving between alfalfa and cotton. In other
words, the movement behavior of convergent lady bee-
tles was bidirectional in this cotton–alfalfa agroecosys-
tem. Prasifka et al. (1999) also showed that movement of

convergent lady beetle is bidirectional between sorghum
and cotton. In 2009, the double-marked immigrants in al-
falfa from cotton was significantly higher in squaring and
boll development stages of cotton and no difference was
observed in the flowering stage with numerically more
double-marked immigrants recorded from cotton. These
data suggest that although lady beetles moved between
alfalfa and cotton, alfalfa was a more preferred habitat for
convergent lady beetles to colonize during cotton squaring
and boll growth stages due to a higher concentration of
prey in alfalfa, none or reduced level of flowering in cot-
ton, more lush and flower-rich alfalfa, or a combination
of all these factors.

Tracking similar to the total lady beetle abundance
curve, the slope of the cumulative abundance curve of the
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double-marked convergent lady beetles was significantly
greater in alfalfa compared to that in cotton in 2008, but
the difference was significant only toward the end of the
season in 2009. This difference between the years might
be due to the fewer number of ladybeetles recovered in
alfalfa in 2009. It is likely that the movement is affected
by the densities of the lady beetle.

The total immigrant or total influx of convergent lady
beetles for the entire season was toward alfalfa from cot-
ton. This observation supports the notion that alfalfa is
a more preferred host over cotton for lady beetle colo-
nization. In cotton, higher lady beetle influx was recorded
in late July and August in both years, and in 2009, nu-
merically higher total influx was towards cotton rather
than alfalfa during the period when cotton was flower-
ing. This suggests that the total influx can be affected by
the quality of crops and flowering cotton appears to be
more attractive to lady beetles than an alfalfa crop of the
same period, which might be due to the availability of
more food resources.

The data on net movement or net balance of inflow
and outflow of convergent lady beetles also favored al-
falfa over cotton on most of the seasonal sampling dates.
There was no particular pattern observed based on the
phenology for the two study years. It is highly likely that
net movement from alfalfa to cotton or vice versa is also
affected by crop quality and availability of prey during
the sampling periods. Prasifka et al. (1999) reported that
predators may move in response to increasing temperature
and decreasing food availability. It is possible that alfalfa,
in our study, provided a cooler and dense environment,
possibly leading to more food resources for lady beetles.

This study showed that convergent lady beetles moved
between adjacent cotton and alfalfa, but the lady bee-
tles would be more attracted to alfalfa when cotton is
not flowering and/or when alfalfa offers more opportuni-
ties for prey. This study offers much needed information
on intercrop movement behavior of the convergent lady
beetle, a dominant arthropod predator in cotton–alfalfa
agroecosystems, and facilitates integrated pest manage-
ment decisions in cotton utilizing conservation biological
control. Future research studies to investigate the possi-
ble biological, physical, or ecological factors that are re-
sponsible for specific movement behavior of lady beetles
between alfalfa and cotton are recommended.
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Abstract Effect of elevated CO2 on feeding behavior of the cotton aphid, Aphis gossypii (Glover) (Hemiptera:

Aphididae), was investigated using electrical penetration graphs (EPG) on cotton, Gossypium hirsu-

tum L. (Malvaceae). Leaf microstructures and foliar soluble constituents were also measured simulta-

neously to quantify the impact of foliar changes on leaf nutritional quantity and quality, owing to

elevated CO2, on stylet penetration and food-quality plasticity of A. gossypii. Significant increases in

fresh body weight, fecundity, and population abundances of A. gossypii were found in elevated CO2

in contrast to ambient CO2. Elevated CO2 influenced the feeding behavior, as evidenced by altered

EPG recordings, including the increased non-penetration period (walking and finding the feeding

site), E2<8 min (probes with sustained ingestion of <8 min), and first E2>8 min (first occurrence of

probes with sustained ingestion of >8 min), and decreased E2>8 min recordings. Moreover, leaf

microstructures were significantly affected by CO2 levels, with thinner upside epidermis (UPE) and

thicker underside epidermis (UDE), sponge tissues (ST), and fence tissues under elevated CO2 com-

pared to that in ambient CO2. Therefore, it is expected that A. gossypii spend more time penetrating

the thicker leaf UDE and ST when the host plant is exposed to elevated CO2. Furthermore, elevated

CO2 significantly enhanced foliar soluble matter, including soluble sugars (SS), free amino acids and

fatty acids (FFA), and total soluble matter (TSM), which was congruent with significant increase or

decrease in leaf turgor or osmotic potential. Increased leaf turgor and leaf soluble constituents

favored ingestion inA. gossypii, resulting in increases in fresh body weight, fecundity, and population

abundances under elevated CO2. These feeding behaviors and resulting population growth parame-

ters are consistent with the significant positive correlations between aphid fresh body weight and

foliar FFA/TSM, betweenA. gossypii fecundity and foliar SS of cotton plants, and between the time of

E2<8 min recordings and leaf turgor.

Introduction

Global climate change, especially the rising of atmospheric

CO2 levels, has been an item of great concern for the scien-

tific community for about half a century. The rising

atmospheric CO2 concentration may have a variety of

direct and indirect effects on the trophic relationships

among plants, their herbivores, and the herbivores’ natural

enemies (Stiling et al., 2002; Chen et al., 2005a, 2007a;

Sudderth & Sudderth, 2014). The direct physiological

effects of enriched CO2 on individual plant species are well

documented. In general, increased atmospheric CO2 con-

centrations can increase photosynthesis, growth, yield, and

C:N ratios of most plant species, particularly C3 plants

(e.g., Pritchard et al., 1999; Ge & Chen, 2006). However,
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the responses of herbivorous insects to elevated CO2-

grown foliage are frequently idiosyncratic (e.g., Bezemer &

Jones, 1998; Newman et al., 2003), thereby warranting

species-specific studies of their behavior.

Phloem-feeding insects, such as the cotton aphid, Aphis

gossypii (Glover) (Hemiptera: Aphididae), have shown a

consistently more positive response in population growth

to rising atmospheric CO2 concentrations (Sun et al.,

2015), than leaf-chewers and leaf-miners (Bezemer &

Jones, 1998). Most leaf-chewing insects, e.g., grasshoppers

(Thunberg) (Johnson & Lincoln, 1991), Orgyia leu-

costigma (Smith) (Lindroth et al., 2002), Chilo suppressalis

(Walker) (Chen et al., 2011), Spodoptera exigua (H€ubner)

(Coviella et al., 2002), and cotton bollworm, Helicoverpa

armigera (H€ubner) (Chen et al., 2005b,c, 2007b, 2011;Wu

et al., 2007a; Coll & Hughes, 2008), exhibit compensatory

increases in food consumption and/or reduced growth,

survival rates, and reduction in density, presumably

because of the negative effects of elevated CO2 on plant

nutritional quality. However, most phloem-feeders – e.g.,

peach potato aphid, Myzus persicae (Sulzer) (Hughes &

Bazzaz, 2001; Stacey & Fellowers, 2002), wheat aphids

Rhopalosiphum padi (L.) (Zhang et al., 2003) and Sitobion

avenae (Fabricius) (Chen et al., 2004a), cotton aphid,

A. gossypii (Chen et al., 2004b, 2005a,d), sweet potato

whitefly, Bemisia tabaci (Gennadius) (Li et al., 2011), and

brown planthopper, Nilaparvata lugens (St�al) (Chang

et al., 2011) – became much more serious threats under

elevated CO2, due to shorter life span, higher body weight

and fecundity, and increased population abundances in

these species. Here, the question is what mechanisms elicit

the positive responses of phloem-feeders to elevated CO2.

Aphids are sap-feeding pest insects that derive nutri-

tional matter from their host plants through passive suck-

ing of phloem content (Xue et al., 2008). A well-

established experimental method to quantify sap-feeding

behavior of aphids is electrical penetration graphing

(EPG), which monitors the stylet penetration behavior via

variation in electrical recording signals (McLean & Kinsey,

1964; Tjallingii, 1988, 1990; Jiang et al., 2015). The EPG

technique has been successfully employed to compare

aphids’ feeding behavior on host and non-host plants

(McLean & Kinsey, 1968) and to investigate the acceptance

process of host plants by aphids (Tjallingii & Mayoral,

1992). EPG research has also been used to study feeding

behavioral responses of aphids to elevated CO2-grown host

plants (Zhang et al., 2009; Liu et al., 2013). Previous

research also noted that the elevated CO2 significantly

affected leaf morphology and microstructure of plants

(Yang et al., 1997), with significant increases in leaf thick-

ness of C3 plants (Thomas & Harvey, 1983), owing to

marked increases in foliage cell division under elevated

CO2 (Masle, 2000). Nevertheless, plant species might vary

in their response to elevated CO2, e.g., soybean and loblolly

pine exhibited significant increases in palisade thickness

from two cell layers to three (Thomas & Harvey, 1983),

whereas the common bean, Phaseolus vulgaris L., showed

significant increases in spongy thickness owing to elevated

CO2 (Radoglou & Jarvis, 1992). It is presumed that the

variation in general patterns of leaf structure under ele-

vated CO2 levels might affect the stylet probing and inges-

tion by aphids on host plants. Moreover, leaf stomatal

resistance increased about 33–55% and leaf stomatal con-

ductance decreased about 20–40%when plants were grown

under increased atmospheric CO2 concentrations (Cure &

Acock, 1986; Xie et al., 2006). Elevated CO2 has also been

shown to stimulate plant growth with higher total non-

structural carbohydrates, soluble sugars, proteins, free

amino acids, and fatty acids for cotton and wheat plants

(Chen et al., 2004a, 2005b,c; Wu et al., 2007b,c), most

likely resulting in increased mesophyll osmotic pressure

and turgor (Masle, 2000). Increased turgor would be more

favorable for the ingestion of plant sap by phloem-feeders.

In this study, an EPG experiment was carried out with

Gossypium hirsutum L. (Malvaceae) cv. Deltapine 5415

and its sap-feeding pest, A. gossypii, to examine the effects

of elevated CO2 on stylet ingestion by phloem-feeding

insects on host plants. Utilizing assays for foliage

microstructures and leaf nutritional parameters, the speci-

fic objectives were to elucidate the mechanisms of feeding

behavioral response of phloem-feeders to the rising atmo-

spheric CO2 concentrations.

Materials and methods

Closed-dynamic CO2 chamber (CDCC)

This study was conducted in six identical growth chambers

that were retrofitted to provide a known volume of CO2 in

a closed system (RXZ-380; Jiangnan Life Apparatus,

Ningbo, China). A periodic regime was maintained in

these chambers: 28 °C and 60% r.h. during the day, 24 °C
and 70% r.h. at night, and L14:D10 photoperiod, with

light at 9 000 lux, supplied by 12 60-W fluorescent lamps.

Two levels of constant atmospheric CO2 concentrations

were applied, including ambient level (375 ll l�1) and the

level predicted to occur in about 100 years (750 ll l�1)

(Houghton et al., 2001). Three chambers were used for

each CO2 treatment, but the number of plants across the

three chambers within each CO2 treatment determined

the number of replications for each test. Concentrations in

separate chambers were monitored continuously, and

adjusted with an automatic control system for CO2 levels.

Details of the automatic control system and growth cham-

bers are provided in Chen &Ge (2004c).
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Cotton cultivar and planting setup

Cotton cv. DP 5415 was planted in white plastic pots

(18 cm diameter, 21 cm high) filled with 4:1 loam soil:

cow dung (vol:vol). Upon seedling emergence, cotton

plants were thinned to two plants per pot and exposed to

the CO2 treatments. Pots were watered to saturation with

tap water twice a week; no chemical fertilizers or insecti-

cides were used. Twenty-four pots were randomly placed

in each CDCC and rerandomized once a week tominimize

position effects within the chamber.

Aphis gossypii laboratory culture and inoculation setup

Apterous A. gossypiiwere collected from field-planted cot-

ton as soon as they appeared in the Nanjing Agricultural

University farm (Nanjing, China), and then were reared in

the laboratory for at least 10 generations on 30- to 60-day-

old cotton seedlings (cv. DP 5415) to obtain uniform colo-

nies. On the 30th day after planting (DAP), eight pots were

randomly selected from the 24 pots in each CDCC and

infested with 10 adult aphids per plant randomly selected

from the colony. Population densities (i.e., number of

aphids per plant) of A. gossypii were monitored every

5 days, beginning 45 DAP until 60 DAP. Another five pots

were randomly selected from the remaining 16 pots in

each CDCC on 40 DAP, and then two newborn aphid

nymphs from the above colony were caged singly on the

undersurface of the third leaf above the cotyledon of each

cotton plant (2 aphid nymphs per plant 9 2 plants per

pot 9 5 pots per chamber 9 3 chambers = 60 aphids per

CO2 treatment) following the method of Parajulee (2007).

Individual aphid nymphs (20 individually caged newborn

aphids per chamber, F1 generation) were allowed to

develop into reproductive adults. The first five newly

emerged adults from each chamber were individually mea-

sured for adult fresh body weight using a Cahn 20 auto-

matic electrobalance (Cahn, St. Louis, MO, USA). These

adults were returned to their original individual cages and

monitored for their daily fecundity until each of the adult

aphids had died, to determine the lifetime fecundity. Once

the remaining 15 F1 adults began reproducing, the mother

aphid and all but one newborn aphids were removed from

their cages. As for F1, five of these 15 F2 aphids were

weighed and returned to their cages for lifetime fecundity

assessment. The mother aphid and all but one offspring

were removed from the remaining 10 cages. This process

was repeated for the F3 and F4 generations.

Electrical penetration graphs to monitor aphid feeding

On 60 DAP, five pots were randomly selected from the

remaining 11 pots in each CDCC, and A. gossypii adults

from the laboratory colony were used to study the feeding

activities using a Giga-8 DC-EPG amplifier system with

1 GΩ input impedance, 509 amplification, and <1 pA

input bias current (Wageningen University, Wageningen,

The Netherlands). Test insects were carefully connected to

a gold wire (18.5 mm diameter, 3 cm long) with conduc-

tive silver glue on their dorsum. After 1 h starvation, the

wired aphid adults were placed on the abaxial surface of

the leaf (n = 15 aphids for ‘ambient CO2’ and 17 aphids

for ‘elevated CO2’ grown plants randomly obtained from

the six chambers), and the other side of the gold wire was

connected to the amplifier. The experiment was conducted

in a greenhouse at 26.5 � 1 °C, 70 � 10% r.h., and L14:

D10 photoperiod. Probing behavior was recorded for 6 h

continuously, and 4 h of records from the beginning of

feeding were analyzed using EPG Stylet software (EPG Sys-

tems, Wageningen, The Netherlands). All recorded signals

were analyzed, including non-penetration period (NP

waveform; aphid walking and stylet not probing the host

substrate), pathway phase (C waveform; aphid stylet

probed the host substrate to locate the feeding site),

phloem phase (E waveform, including two events: E1

waveform, salivation into phloem sieve elements; E2 wave-

form, ingestion of the phloem content), and xylem phase

(Gwaveform; ingestion of the xylem sap). In this study, we

only report the recordings of NP, E2>8 min, E2<8 min, first

E2>8 min, and Prest. Waveform parameters E2>8 min and

E2<8 min indicate sustained phloem ingestion for more

and less than 8 min, respectively (Kimmins & Tjallingii,

1985; Tjallingii, 1990; Davis & Radcliffe, 2008), first

E2>8 min indicates the duration of the first occurrence of

E2>8 min, and Prest represents all other waveforms of feed-

ing activities.

Leaf microstructure and turgor

Six remaining plants from each CDCC chamber were used

to measure leaf microstructure and foliar soluble con-

stituents. Third fully expandedmainstemnode leaves from

the plant canopy were selected to measure the leaf

microstructure parameters. Light microscopy was used to

measure the thickness of upside epidermis (UPE), under-

side epidermis (UDE), fence tissues (FT), sponge tissues

(ST), and total thickness of leaf (TTL). Selected leaves were

cut into pieces of about 2 mm squares (n = 100 for each

CO2 treatment combined over three chambers) and fixed

for 24 h in fresh FAA (50 ml 95% ethanol, 5 ml glacial

acetic acid, 10 ml 37% formaldehyde, 35 ml H2O). Then,

all samples were rinsed in water and dehydrated in a

graded ethanol series to 100% ethanol, embedded in paraf-

fin, sectioned and mounted on glass slides, and treated

with a safranin and fast-green stain procedure (Clark,

1981; Wise et al., 2000; Takahashi et al., 2010). Subse-

quently, the transverse sections (8–10 lm thick) were

embedded using an acrylic resin (LR White; London
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Resin, Reading, UK) (Slaton et al., 2001). Leaf turgor (LT)

was calculated based on the difference between leaf water

potential (WP) and osmotic potential (OP):

LT = WP � OP (Chartzoulakis et al., 2002; Navarro

et al., 2007). WP and OP were determined with a portable

PSYPRO Water Potential System (Wescor, Logan, UT,

USA). As the sensor, a C-52 sample chamber (Wescor)

was connected to the PSYPRO. The measurements were

recorded following the procedures of Ebner et al. (2011)

andMiranda et al. (2013).

Foliar soluble components

To assess the biochemical changes of the treated cot-

ton leaves, leaf soluble components, such as soluble

sugars (SS), soluble proteins (SP), free amino acids

(FAA), free fatty acids (FFA), and total soluble matter

(TSM) were quantified. For SS and FAA determina-

tions, 1 g of leaf samples were cut into 5 ml of 80%

ethanol and the mixture was boiled for 10 min and

centrifuged at 376 g for 10 min. The supernatant was

collected and the pellet was re-extracted in 5 ml of

hot 80% ethanol, then the supernatant was collected

again. The supernatants were pooled, and SS were

estimated by an enzymatic analysis using phenol sul-

furic acid (Dubois et al., 1956; Mohotti & Lawlor,

2002); FAA was determined in the remaining super-

natant according to the method of Moore & Stein

(1954) using leucine as standard (Satyanarayana et al.,

2011). SP was determined following the method of

Bradford (1976), in which 5 ml of the protein reagent

was added into 0.1 ml of the extraction and the con-

tents mixed on a vortex mixer. The absorbance was

measured at 595 nm after 1 h. The SP concentration

was calculated from a constructed standard curve for

bovine serum albumin. The estimation of FFA was

carried out following the extraction procedure of Gar-

cia-Lopez et al. (1994), transformed to methyl esters

using the method of Metcalfe et al. (1966), and then

quantified FFA using a gas chromatograph (GC-2014;

Shimadzu, Kyoto, Japan) equipped with a FID detec-

tor (Choudhary & Grover, 2013; Shoghi-Kalkhoran

et al., 2013). TSM was estimated as the sum of SS,

SP, FAA, and FFA.

Data analysis

All data sets were analyzed using IBM-SPSS v.20.0 (IBM,

Armonk, NY, USA). Parameters including EPG recordings

(NP, E2>8 min, E2<8 min, first E2>8 min, and Prest), leaf

microstructures (UPE, UDE, FT, ST, and TTL), osmotic

adjustments (WP, OP, and LT), and foliar soluble compo-

nents (SS, SP, FAA, and FFA) were analyzed separately

using a one-way ANOVA with CO2 treatment (ambient

vs. elevated) as source of variability. Aphid fresh body

weight, lifetime fecundity, and population abundances of

four successive generations were analyzed separately using

a two-way ANOVA with CO2 level (ambient vs. elevated

CO2) and aphid generation (four generations) as sources

of variability. Tukey’s least significant difference (LSD) test

was used to separate the means between treatments

(a = 0.05). In addition, Pearson’s correlation analysis was

conducted to investigate the relationships between the

EPG recordings of aphid ingestion and leaf microstructure

(excluding UPE and FT because aphid feeding takes place

on the abaxial surface of the host leaf), leaf turgor, and

foliar soluble components of cotton plants grown in ambi-

ent vs. elevated CO2. For this analysis, individual plant

data were averaged across chambers within each CO2

level that produced five data points per CO2 treat-

ment (five plants per chamber), but the missing values on

some chambers reduced the data points to four for final

analysis.

Results

Aphid body weight, fecundity, and population dynamics

CO2 level and aphid generation both significantly affected

aphid fresh body weight (CO2: F1,112 = 5.23; generation:

F1,112 = 10.28, both P<0.05), fecundity (CO2: F1,104 =
12.26; generation: F1,104 = 7.04, both P<0.001), and pop-

ulation dynamics (CO2: F1,184 = 26.04; generation:

F1,184 = 68.81, both P<0.0001), with a significant interac-

tion between CO2 level and aphid generation on aphid

fresh body weight (F1,112 = 9.05, P = 0.006). Compared

with ambient CO2, elevated CO2 increased aphid fresh

body weight, number of nymphs laid per aphid, and pop-

ulation abundances, and the values increased with each

successive generation of A. gossypii for all four genera-

tions evaluated in this study (Figures 1 and 2). Elevated

CO2 significantly increased aphid fresh body weight of

the fourth generation (Figure 1A), number of nymphs

laid per aphid of generations 2–4 (Figure 1B), and the

population abundances from 15 to 30 days after inocula-

tion (Figure 2).

EPG waveforms of Aphis gossypii feeding

The EPG technique was used to detect possible differences

in feeding behavior of A. gossypii under elevated vs. ambi-

ent CO2. The EPG recordings including NP, E2<8 min,

E2>8 min, and the first E2>8 min were all significantly

affected by CO2 level (Figure 3, Table 1), with increases in

total duration of the EPG waveforms of NP, E2<8 min, and

the first E2>8 min, and a decrease in total duration of the

E2>8 min recording for elevated CO2 compared with ambi-

ent CO2 (Figure 3).
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Leaf microstructure and turgor

CO2 level significantly altered the foliar microstructure of

cotton plants (Figure 4, Table 1). Increases in the thick-

ness of the UDE, FT, ST, and TTL, and a decrease in the

thickness of UPE were observed when cotton plants were

grown in elevated vs. ambient CO2 (Figure 4). Moreover,

elevated CO2 significantly increased the leaf turgor of cot-

ton plants, due to marginal increase in water potential

(LSD test: P = 0.11) and significant decrease in osmotic

potential for cotton plants grown in elevated compared to

ambient CO2 (Figure 5).

Foliar soluble components

All the measured foliar nutritional components (SS, SP,

FAA, FFA, and TSM) significantly increased for cotton

plants grown in elevated compared to ambient CO2

(Figure 6, Table 1).

EPG waveforms and leaf microstructure parameters

The Pearson’s correlation analysis indicated significantly

positive correlations between the duration of E2<8 min

recording and the thickness of UDE, ST, UDE + ST, and

leaf turgor (Table 2). Also, the time of the first E2>8 min

recording and leaf turgor were positively correlated

(Table 2). The duration of E2>8 min recording showed a

negative (but not significant) correlation with leaf

microstructure parameters.

Relationships among EPG waveforms of aphid feeding, aphid growth
parameters, and foliar soluble components of cotton plants

The duration of E2>8 min recording was negatively corre-

lated with the fecundity of A. gossypii, and it was not sig-

nificantly correlated with the population abundance of

A. gossypii (Table 3). The duration of NP recording was

positively correlated with fresh body weight of A. gossypii.

Fresh body weight of A. gossypii was positively correlated

with all foliar soluble components evaluated (Table 3).

Figure 1 Mean (+ SE) (A) fresh body weight (mg) and (B)

lifetime fecundity of four generations ofAphis gossypii fed on

cotton plants under ambient and elevated CO2. Asterisks indicate

significant differences between ambient and elevated CO2, and

different letters capping the bars indicate significant differences

among aphid generations within CO2 level (LSD tests: P<0.05).

Figure 2 Population density ofAphis gossipii (mean number per

plant � SE) fed on cotton plants grown in ambient and elevated

CO2 at four generation-equivalent durations (adult aphids were

inoculated on treatment plants and population densities

measured every 5-day intervals for 30 days). Asterisks indicate

significant differences between ambient CO2 and elevated CO2

(LSD test: P<0.05).

Figure 3 Mean (+ SE) duration (min) of behavioral parameters

ofAphis gossypii fed on cotton leaves in ambient and elevated

CO2 (NP, non-penetration; C, pathway phase; E2>8 min and

E2<8 min, sustained phloem ingestion for more and less than

8 min, respectively; first E2>8 min, duration of the first E2>8 min

from all E2>8 min occurrences during the 4-h EPG recording;

Prest, all other waveforms of feeding probes). Asterisks indicate

significant differences between ambient CO2 and elevated CO2

(LSD tests: P<0.05).
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Discussion

Phloem-feeders (e.g., aphids) are the insect group shown

to have a positive response to rising atmospheric CO2 con-

centrations, in contrast with leaf-chewers and leaf-miners

(Bezemer & Jones, 1998). This study showed a positive

response of the cotton aphid exposed to the elevated CO2

rearing conditions, with higher fresh body weight, fecun-

dity, and population abundances. The leaf microstructure,

leaf turgor, and foliar soluble components of cotton plants

were also significantly affected by CO2 treatments, with

significant increases in the thickness of UDE, FT, ST, and

TTL, significant decrease in the thickness of UPE, and sig-

nificant increases in leaf turgor, SS, SP, FAA, FFA, and

TSM of cotton plants grown in elevated CO2 in contrast to

Table 1 One-way ANOVA for the effects of CO2 levels on Aphis

gossypii growth, EPG recordings, cotton leaf microstructure,

osmotic adjustment, and foliar soluble components

Parameter d.f. F P

Aphid growth indices

Fresh body weight (mg) 1,112 5.23 0.032

Fecundity (no. offspring/adult) 1,104 12.26 0.0007

Population abundance

(no. aphids/plant)

1,184 26.04 <0.0001

EPG recordings (min)

NP 1,30 5.36 0.028

E2>8 min 1,30 7.29 0.044

E2<8 min 1,30 9.67 0.0039

First E2>8 min 1,30 4.19 0.049

Prest 1,28 1.55 0.22

Leaf microstructure (lm)

Upside epidermis 1,198 40.98 <0.0001
Underside epidermis 1,198 45.34 <0.0001
Fence tissues 1,198 137.70 <0.0001
Sponge tissues 1,198 202.78 <0.0001
Total thickness of leaf 1,198 293.23 <0.0001

Osmotic adjustment (MPa)

Water potential 1,22 2.86 0.11

Osmotic potential 1,22 16.72 0.0005

Leaf turgor 1,22 19.17 0.0002

Foliar soluble matter (mg g�1 fresh weight)

Soluble sugar 1,10 9.80 0.011

Soluble proteins 1,10 8.31 0.016

Free amino acids 1,10 5.71 0.038

Free fatty acids 1,10 6.09 0.033

Total soluble matter 1,10 22 0.0009

NP, non-penetration; E2>8 min and E2<8 min, successful probes of

sustained ingestion for more and less than 8 min, respectively;

first E2>8 min, duration of the first occurrence of E2>8 min from

all E2>8 min occurrences in the 4-h EPG recording; Prest, all other

waveforms of feeding probes.

Figure 4 Mean thickness (+ SE) of leaf microstructure

parameters of cotton grown in ambient and elevated CO2 (UPE,

upside epidermis; UDE, underside epidermis; FT, fence tissues;

ST, sponge tissues; TTL, total thickness of leaf). Asterisks indicate

significant differences between ambient CO2 and elevated CO2

(LSD tests: P<0.05).

Figure 5 Mean (+ SE) water potential (WP), osmotic potential

(OP), and leaf turgor (LT) of cotton plants grown in ambient and

elevated CO2. Asterisks indicate significant differences between

ambient CO2 and elevated CO2 (LSD tests: P<0.05).

Figure 6 Mean (+ SE) foliar soluble contents, including soluble

sugar (SS), soluble proteins (SP), free amino acids (FAA), free

fatty acids (FFA), and total soluble matter (TSM) of cotton plants

grown in ambient and elevated CO2. Asterisks indicate significant

differences between ambient CO2 and elevated CO2 (LSD tests:

P<0.05).
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ambient CO2. Significant change in leaf microstructure

and turgor is expected to alter the feeding behavior of

aphids (Schoonhoven et al., 2005).

The analysis of EPG recordings revealed significant

changes in aphid feeding and growth behavior under

increased CO2 rearing conditions. Significant increases in

total time of NP, E2<8 min, and the first E2>8 min record-

ings, and a significant decrease in total time of the E2>8 min

recording were observed for A. gossypii under elevated

compared with ambient CO2. There were significant posi-

tive correlations between the time of E2<8 min recording

and the thickness of UDE, ST, and UDE + ST, and leaf tur-

gor, and between the time of first E2>8 min recording and

leaf turgor. The changes in the thickness of leaf

microstructure and leaf turgor caused by elevated CO2

could significantly influence the feeding behavior of

A. gossypii. More specifically, A. gossypii would spend

more time on the recordings of NP, E2<8 min, and first

E2>8 min, but less time on the E2>8 min recording (sus-

tained feeding phase), indicating that rising CO2 level

shortens feeding time. Consequently, the probability of

successful probing events and removal of sap content from

the feeding host would be lower (Kimmins & Tjallingii,

1985; Tjallingii, 1990; Davis & Radcliffe, 2008). Moreover,

significant positive correlations between E2<8 min record-

ing and aphid population abundance, and between NP

recording and aphid fresh body weight suggest that the ele-

vated CO2 favors cotton aphid population growth while

shortening the feeding duration compared to that in ambi-

ent CO2. Furthermore, significant negative correlation

between E2>8 min recording and fecundity of A. gossypii

indicated that the successful probes of sustained ingestion

for more than 8 min are unfavorable for its reproductive

efficiency.

In general, elevated CO2 stimulates photosynthesis,

plant growth, and yield, particularly in C3 plants (Cure &

Acock, 1986; Vara Prasad et al., 2005). An increased rate

of net photosynthesis was conducive to the accumulation

of biomass when grown under elevated CO2 (Thomas &

Strain, 1991; Zhao et al., 2004; Ainsworth & Long, 2005;

Baig et al., 2012), which would likely result in the increase

of leaf thickness. Radoglou & Jarvis (1992) had shown that

the leaf thickness of P. vulgaris responded positively to

elevated CO2, particularly, the mesophyll area via cell

enlargement. As a typical C3 plant, cotton leaf microstruc-

tures significantly responded to elevated CO2, with

increased thickness of UDE, ST, and whole leaf, and thin-

ner UPE. Thus, we hypothesize that elevated CO2 can

stimulate higher photosynthesis level due to thinner leaf

UPE and easier absorption of solar light and atmospheric

CO2. The thinner leaf UPE and higher leaf turgor are

more favorable for the ingestion of sap content by the

phloem-feeders as they consume more sap while spending

less time probing the host surface (i.e., E2>8 min vs.

E2<8 min).

Table 2 Coefficients of Pearson’s correlation between EPG-wave-

form recordings of Aphis gossypii and leaf microstructure and

turgor of cotton plants grown in ambient and elevated CO2

(n = 8 data points)

EPG waveforms

(min)

Leaf microstructure (lm) Leaf

turgor

(MPa)UDE ST UDE + ST

E2>8 min �0.539 �0.640 �0.628 �0.781*

E2<8 min 0.916** 0.936** 0.935** 0.941**

First E2>8 min 0.579 0.656 0.648 0.850**

Prest 0.237 0.248 0.247 0.072

UDE, underside epidermis; ST, spongy tissues; NP, non-penetra-

tion; E2>8 min and E2<8 min, successful probes of sustained inges-

tion for more and less than 8 min, respectively; first E2>8 min,

duration of the first occurrence of E2>8 min from all E2>8 min

occurrences in the 4-h EPG recording; Prest, all other waveforms

of feeding probes.

Asterisks indicate level of significance: *0.01<P<0.05, **P<0.01.

Table 3 Coefficients of Pearson’s correlation between Aphis gos-

sypii growth and reproduction indices and EPG waveforms and

foliar soluble components of cotton plants grown in ambient and

elevated CO2 (n = 8 data points)

Fresh

body

weight

(mg)

Fecundity

(no. offspring/

aphid)

Population

abundance

(no. aphids/

plant)

EPGwaveforms (min)

NP 0.865** 0.343 0.145

E2>8 min �0.636 �0.294 0.081

E2<8 min 0.939** 0.536 0.273

First E2>8 min 0.617 0.405 0.085

Prest 0.432 �0.332 �0.471

Foliar soluble components (mg g�1 fresh weight)

Soluble sugar 0.772* 0.439 0.196

Soluble proteins 0.824* 0.309 0.117

Free amino acids 0.839** 0.460 0.340

Free fatty acids 0.888** 0.473 0.116

Total soluble matter 0.893** 0.436 0.640

UDE, underside epidermis; ST, spongy tissues; NP, non-penetra-

tion; E2>8 min and E2<8 min, successful probes of sustained inges-

tion for more and less than 8 min, respectively; first E2>8 min,

duration of the first occurrence of E2>8 min from all E2>8 min

occurrences in the 4-h EPG recording; Prest, all other waveforms

of feeding probes.

Asterisks indicate level of significance: *0.01<P<0.05, **P<0.01.
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Previous studies suggested that the photosynthetic car-

bon uptake of C3 plants was enhanced by elevated CO2

despite acclimation of photosynthetic capacity (Leakey

et al., 2009). It was also found that elevated CO2 concen-

tration had a positive effect on carbohydrate accumula-

tion, namely an increase in sucrose, glucose, and starch

content of spruce needles (Urban & Marek, 2000;

Cab�alkov�a et al., 2007; Teslova et al., 2010). These phe-

nomena are likely caused by higher assimilatory function

because of the increasing photosynthetic efficiency under

elevated compared to ambient CO2 (Baig et al., 2012).

Moreover, significant positive correlations between

A. gossypii fresh body weight and foliar FFA/TSM, and

between A. gossypii fecundity and foliar SS suggest that the

changes in phloem sap composition of cotton plants due

to elevated CO2 presumably have direct effects on the feed-

ing behavior ofA. gossypii. Furthermore, leaf turgor can be

enhanced by reduced osmotic potential when water poten-

tial is increased (Chartzoulakis et al., 2002; Navarro et al.,

2007). In this study, leaf soluble components including SS,

SP, FAA, FFA, and TSM were all significantly enhanced by

elevated CO2 in contrast to ambient CO2, which signifi-

cantly reduced OP as WP increased, causing higher leaf

turgor in elevated relative to ambient CO2. It is expected

that the increased leaf turgor in elevated CO2 enables

aphids to ingest the same amount of phloem content while

spending significantly less time probing the host substrate.

Acknowledgements

This research was supported by the National Basic

Research Program of China ‘973’ (2010CB126200), the

National Nature Science Foundations of China (31272051,

31470454, 31101491, and 31160363), and the Qing Lan

Project of Jiangsu Province of China.

References

Ainsworth EA & Long SP (2005) What have we learned from

15 years of free-air CO2 enrichment (FACE)? A meta-analytic

review of the responses of photosynthesis, canopy properties

and plant production to rising CO2. New Phytologist 165:

351–372.
Baig MJ, Bhatt RK, Tiwari HS & Swami P (2012) Assimilatory

function and biochemical changes in Stylosanthes hamata

grown under elevated CO. Plant, Soil and Environment 58:

224–229.
Bezemer TM & Jones TH (1998) Plant-insect herbivore interac-

tions in elevated atmospheric CO2: quantitative analysis and

guild effects. Oikos 82: 212–222.
BradfordMM (1976) A rapid and sensitive method for the quan-

titation of microgram quantities of protein utilizing the

principle of protein-dye binding. Analytical Biochemistry 72:

248–254.
Cab�alkov�a J, Wahlund KG & Chmel�ık J (2007) Complex analyti-

cal approach to characterization of the influence of carbon

dioxide concentration on carbohydrate composition in Nor-

way spruce needles. Journal of Chromatography A 1148: 189–
199.

Chang XN, Wei H, Xiao NW, Li JS, Han LZ & Chen FJ (2011)

Effects of elevated CO2 and transgenic Bt rice on yeast-like

endosymbiote and its host brown planthopper. Journal of

Applied Entomology 135: 333–342.
Chartzoulakis K, Patakas A, Kofidis G, Bosabalidis A & Nastou A

(2002) Water stress affects leaf anatomy, gas exchange, water

relations and growth of two avocado cultivars. Scientia Horti-

culturae 95: 39–50.
Chen FJ & Ge F (2004c) A climatic chamber for controlling CO2

concentration-CDCC-1 chamber. Entomological Knowledge

41: 279–281.
Chen FJ, Wu G & Ge F (2004a) Impacts of elevated CO2 on the

population abundance and reproductive activity of aphid Sito-

bion avenae Fabricius feeding on spring wheat. Journal of

Applied Entomology 128: 723–730.
Chen FJ, Ge F & Liu XH (2004b) Responses of cotton to elevated

CO2 and the effects on cotton aphid occurrences. Acta Ecolog-

ica Sinica 24: 991–996.
Chen FJ, Ge F & Parajulee MN (2005a) Impact of elevated CO2

on tri-trophic interaction of Gossypium hirsutum, Aphis gossy-

pii, and Leis axyridis. Environmental Entomology 34: 37–46.
Chen FJ, Wu G, Ge F, Parajulee MN & Shrestha RB (2005b)

Effects of elevated CO2 and transgenic Bt cotton on plant

chemistry, performance, and feeding of an insect herbivore,

the cotton bollworm. Entomologia Experimentalis et Applicata

115: 341–350.
Chen FJ, Wu G, L€u J & Ge F (2005c) Effects of elevated CO2 on

the foraging behavior of cotton bollworm, Helicoverpa armi-

geraH€ubner. Insect Science 12: 359–365.
Chen FJ, Wu G & Ge F (2005d) Impacts of elevated CO2 on the

growth, development and reproduction of cotton aphid Aphis

gossypii (Glover). Acta Ecologica Sinica 25: 2601–2607.
Chen FJ, Wu G, Parajulee MN&Ge F (2007a) Impact of elevated

CO2 on the third trophic level: a predator Harmonia axyridis

(Pallas) and a parasitoid Aphidius picipes (Nees). Biocontrol

Science and Technology 17: 313–324.
Chen FJ,WuG, ParajuleeMN&Ge F (2007b) Impacts of elevated

CO2 and transgenic Bt cotton on performance and feeding of

three generations of cotton bollworm in a long-term experi-

ment. Entomologia Experimentalis et Applicata 124: 27–35.
Chen FJ, Wu G, Ge F & Parajulee MN (2011) Relationships

between exogenous-toxin quantity and increased biomass of

transgenic Bt crops under elevated carbon dioxide. Ecotoxico-

logy and Environmental Safety 74: 1074–1080.
Choudhary M & Grover K (2013) Evaluation of fatty acid com-

position and oxidative stability of blended rice bran and olive

oil. Asian Journal of Dairy and Foods Research 33: 290–297.
Clark G (1981) Staining Procedures, 4th edn.Williams andWilk-

ins, Baltimore,MD, USA.

226 Jiang et al.

104



Coll M & Hughes L (2008) Effects of elevated CO2 on an insect

omnivore: a test for nutritional effects mediated by host plants

and prey. Agriculture, Ecosystems and Environment 123:

271–279.
Coviella CE, Stipanovie RD& Trumble JT (2002) Plant allocation

to defensive compounds: interactions between elevated CO2

and nitrogen in transgenic cotton plants. Journal of Experi-

mental Botany 53: 323–331.
Cure JD & Acock B (1986) Crop responses to carbon dioxide

doubling: a literature survey. Agricultural and Forest Meteoro-

logy 38: 127–145.
Davis JA & Radcliffe EB (2008) Reproduction and feeding behav-

ior of Myzus persicae on four cereals. Journal of Economic

Entomology 101: 9–16.
Dubois M, Gilles KA, Hamilton JK, Rebers P & Smith F (1956)

Colorimetric method for determination of sugars and related

substances. Analytical Chemistry 28: 350–356.
Ebner M, Miranda T & Roth-Nebelsick A (2011) Efficient fog

harvesting by Stipagrostis sabulicola (Namib dune bushman

grass). Journal of Arid Environments 75: 524–531.
Garcia-Lopez S, Echeverria E, Tsui I & Balch B (1994) Changes in

the content of conjugated linoleic acid (CLA) in processed

cheese during processing. Food Research International 27:

61–64.
Ge F & Chen FJ (2006) Impacts of elevated CO2 on insects. Acta

Ecologica Sinica 26: 935–944.
Houghton JT, Ding Y, Griggs DJ, NoquerM, van der Linden PJ &

Xiaosu D (2001) Climate Change 2001: The Scientific Basis.

Cambridge University Press, Cambridge, UK.

Hughes L & Bazzaz FA (2001) Effects of elevated CO2 on five

plant-aphid interactions. Entomologia Experimentalis et

Applicata 99: 87–96.
Jiang SL, He H, Qu Y & Chen FJ (2015) A comparative study of

three methods using to fix insects for electrical penetration

graph experiments. Chinese Journal of Applied Entomology

52: 1049–1057.
Johnson RH & Lincoln DE (1991) Sagebrush carbon allocation

patterns and grasshopper nutrition: the influence of CO2

enrichment and soil mineral limitation. Oecologia 87: 127–134.
Kimmins FM & Tjallingii WF (1985) Ultrastructure of sieve ele-

ment penetration by aphid stylets during electrical recording.

Entomologia Experimentalis et Applicata 39: 135–141.
Leakey AD, Ainsworth EA, Bernacchi CJ, Rogers A, Long SP &

Ort DR (2009) Elevated CO2 effects on plant carbon, nitrogen

& water relations: six important lessons from FACE. Journal of

Experimental Botany 60: 2859–2876.
Li ZY, Liu TJ, XiaoNW, Li JS & Chen FJ (2011) Effects of elevated

CO2 on the interspecific competition between two sympatric

species ofAphis gossypii and Bemisia tabaci fed on transgenic Bt

cotton. Insect Science 18: 426–434.
Lindroth RL,Wood SA & Kopper BJ (2002) Response of quaking

aspen genotypes to enriched CO2: foliar chemistry and tussock

moth performance. Agricultural and Forest Entomology 4:

315–323.
Liu J, Wu SS, Meng L & Li BP (2013) Effects of CO2 concentra-

tion and pesticide resistance on penetration behaviors in

Nilaparvata lugens (Homoptera: Delphacidae). Scientia Agri-

cultura Sinica 46: 4471–4477.
Masle J (2000) The effects of elevated CO2 concentrations on cell

division rates, growth patterns, and blade anatomy in young

wheat plants are modulated by factors related to leaf posi-

tion, vernalization, and genotype. Plant Physiology 122:

1399–1415.
McLean DL & Kinsey MG (1964) A technique for electronically

recording aphid feeding and salivation. Nature 202: 1358–
1359.

McLean DL & Kinsey MG (1968) Probing behavior of the pea

aphid, Acyrthosiphon pisum. II. Comparison of salivation and

ingestion in host and non-host plant leaves. Annals of the

Entomological Society of America 61: 730–739.
Metcalfe LD, Schmitz AA& Pelka JR (1966) Rapid preparation of

fatty acid esters from lipids for gas chromatographic analysis.

Analytical Chemistry 38: 514–515.
Miranda T, Ebner M, Traiser C & Roth-Nebelsick A (2013) Diur-

nal pattern of stomatal conductance in the large-leaved tem-

perate liana Aristolochia macrophylla depends on spatial

position within the leaf lamina. Annals of Botany 111: 905–
915.

Mohotti AJ & Lawlor DW (2002) Diurnal variation of photosyn-

thesis and photoinhibition in tea: effects of irradiance and

nitrogen supply during growth in the field. Journal of Experi-

mental Botany 53: 313–322.
Moore S & Stein WH (1954) A modified ninhydrin reagent for

the photometric determination of amino acids and related

compounds. Journal of Biological Chemistry 211: 907–913.
Navarro A, Ba~non S, Olmos E & S�anchez-Blanco MDJ (2007)

Effects of sodium chloride on water potential components,

hydraulic conductivity, gas exchange and leaf ultrastructure of

Arbutus unedo plants. Plant Science 172: 473–480.
Newman JA, Gibson DJ, Parsons AJ & Thornley JHM (2003)

How predictable are aphid population responses to elevated

CO2. Journal of Animal Ecology 72: 556–566.
Parajulee MN (2007) Influence of constant temperatures on life

history parameters of the cotton aphid, Aphis gossypii, infesting

cotton. Environmental Entomology 36: 666–672.
Pritchard SG, Rogers HH, Prior SA & Peterson CM (1999) Ele-

vated CO2 and plant structure: a review. Global Change Bio-

logy 5: 807–837.
Radoglou KM & Jarvis PG (1992) The effects of CO2 enrich-

ment and nutrient supply on growth morphology and anat-

omy of Phaseolus vulgaris L. seedlings. Annals of Botany 70:

245–256.
Satyanarayana B, Devi PS & Arundathi A (2011) Biochemical

changes during seed germination of Sterculia urens Roxb.

Notulae Scientia Biologicae 3: 105–108.
Schoonhoven LM, van Loon JJA & Dicke M (2005) Insect-Plant

Biology, 2nd edn. Oxford University Press, Oxford, UK.

Shoghi-Kalkhoran S, Ghalavand A, Modarres-Sanavy SAM,

Mokhtassi-Bidgoli A & Akbari P (2013) Integrated fertilization

systems enhance quality and yield of sunflower (Helianthus

annuus L.). Journal of Agricultural Science and Technology 15:

1343–1352.

Effects of elevated CO2 onAphis gossypii 227

105



Slaton MR, Hunt ER & Smith WK (2001) Estimating near-infra-

red leaf reflectance from leaf structural characteristics. Ameri-

can Journal of Botany 88: 278–284.
Stacey DA& Fellowers MDE (2002) Influence of elevated CO2 on

interspecific interactions at higher trophic levels. Global

Change Biology 8: 668–678.
Stiling P, Cattell M,MoonDC, Rossi A, Hungate BA et al. (2002)

Elevated atmospheric CO2 lowers herbivore abundance, but

increases leaf abscission rates. Global Change Biology 8: 658–
667.

Sudderth EA & Sudderth EB (2014) Quantifying aphid behav-

ioral responses to environmental change. Entomologia Experi-

mentalis et Applicata 150: 7–18.
Sun Y, Guo H, Yuan L, Wei J, Zhang W & Ge F (2015) Plant

stomatal closure improves aphid feeding under elevated CO2.

Global Change Biology 21: 2739–2748.
Takahashi H, Kamakura H, Sato Y, Shiono K, Abiko T et al.

(2010) Amethod for obtaining high quality RNA from paraffin

sections of plant tissues by laser microdissection. Journal of

Plant Research 123: 807–813.
Teslova P, Kalina J & Urban O (2010) Simultaneous determi-

nation of non-structural saccharides and starch in leaves of

higher plants using anthrone reagent. Chemicke Listy 104:

867–870.
Thomas JF & Harvey CN (1983) Leaf anatomy of four species

grown under continuous CO2 enrichment. Botanical Gazette

144: 303–309.
Thomas RB & Strain BR (1991) Root restriction as a factor in

photosynthetic acclimation of cotton seedlings grown in ele-

vated carbon dioxide. Plant Physiology 96: 627–634.
Tjallingii WF (1988) Electrical recording of stylet penetration

activities. Aphids, Their Biology, Natural Enemies and

Control, Vol. 2B (ed. by AKMinks & PHarrewijn), pp. 95–108.
Elsevier, Amsterdam, The Netherlands.

Tjallingii WF (1990) Continuous recording of stylet penetration

activities by aphids. Aphid-Plant Genotype Interaction (ed. by

RK Campbell & RD Eikenbary), pp. 89–99. Elsevier, Amster-

dam, The Netherlands.

Tjallingii WF &Mayoral A (1992) Criteria for host acceptance by

aphids. Proceedings of the 8th International Symposium on

Insect-Plant Relationships (ed. by SBJ Menken, JH Visser & P

Harrewijn), pp. 280–282. Kluwer Academic Publishers, Dor-

drecht, TheNetherlands.

Urban O & Marek MV (2000) Seasonal changes of selected

parameters of CO2 fixation biochemistry of Norway spruce

under the long-term impact of elevated CO2. Photosynthetica

36: 533–545.
Vara Prasad PV, Allen LH Jr & Boote KJ (2005) Crop responses

to elevated carbon dioxide and interaction with temperature:

grain legumes. Journal of Crop Improvement 13: 113–155.
Wise RR, Sassenrath-Cole GF & Percy RG (2000) A comparison

of leaf anatomy in field-grownGossypium hirsutum andG. bar-

badense. Annals of Botany 86: 731–738.
Wu G, Chen FJ & Ge F (2007a) Elevated atmospheric CO2 lower

chewing herbivore damage: evidence form the population con-

sumption of multiple generations of cotton bollworm, Helico-

verpa armigera H€ubner fed on cotton bolls. Journal of

Environmental Science 19: 1318–1325.
Wu G, Chen FJ & Ge F (2007b) Transgenic Bacillus thuringiensis

(Bt) cotton (Gossypium hirsutum) allomone response to cotton

aphid,Aphis gossypii (Glover) in a closed-dynamics CO2 cham-

ber (CDCC). Journal of Plant Research 120: 679–685.
Wu G, Chen FJ, Ge F & Sun YC (2007c) Effects of elevated CO2

on the growth and foliar chemistry of transgenic Bt cotton.

Journal of Integrative Plant Biology 49: 1361–1369.
Xie H, Fan GZ, Jing YH, Dong L & Deng HF (2006) Progress of

research on photosynthetic acclimation of plant to elevated

atmospheric CO2. Review of China Agricultural Science and

Technology 8: 29–34.
Xue K, Deng S,Wang R, Yan F & Xu C (2008) Leaf surface factors

of transgenic Bt cotton associated with the feeding behaviors of

cotton aphids: a case study on non-target effects. Science in

China Series C: Life Sciences 51: 145–156.
Yang ST, Li YF, Hu YX& Lin JX (1997) Effects of CO2 concentra-

tion doubling on the leaf morphology and structure of 10 spe-

cies in Gramineae. Acta Botanica Sinica 39: 859–866.
Zhang J, Xing GM, Liao JX, Hou ZD, Wang GX & Wang YF

(2003) Effects of different atmospheric CO2 concentrations

and soil moistures on the populations of bird cherry-oat aphid

(Rhopalosiphum padi) feeding on spring wheat. European

Journal of Entomology 100: 521–530.
Zhang GZ, Hu CX, Su JW & Ge F (2009) Electrical penetration

graph (EPG) of feeding behavior of Sitobion avenae (Fab.) on

resistant and susceptible wheat plants grown under elevated

CO2 concentration. Acta Ecologica Sinica 29: 4745–4752.
Zhao D, Reddy KR, Kakani VG, Mohammed AR, Read JJ & Gao

W (2004) Leaf and canopy photosynthetic characteristics of

cotton (Gossypium hirsutum) under elevated CO2 concentra-

tion and UV-B radiation. Journal of Plant Physiology 161:

581–590.

228 Jiang et al.

106



lable at ScienceDirect
Contents lists avai
Crop Protection

journal homepage: www.elsevier .com/locate/cropro
Cotton water-deficit stress, age, and cultivars as moderating factors of
cotton fleahopper abundance and yield loss

Michael J. Brewer a, *, Darwin J. Anderson a, Megha N. Parajulee b

a Texas A&M AgriLife Research and Extension Center, 10345 State Hwy 44, Corpus Christi, TX 78406, USA
b Texas A&M AgriLIfe Research and Extension Center, 1102 East FM 1294, Lubbock, TX 79403, USA
a r t i c l e i n f o

Article history:
Received 28 December 2015
Received in revised form
18 April 2016
Accepted 22 April 2016
Available online 29 April 2016

Keywords:
Plant-insect interaction
Cotton insects
Gossypium hirsutum
Plant bugs
Water-deficit stress
* Corresponding author. Texas A&M AgriLife Res
10345 State Hwy 44, Corpus Christi, TX 78406, USA.

E-mail address: mjbrewer@ag.tamu.edu (M.J. Brew

http://dx.doi.org/10.1016/j.cropro.2016.04.017
0261-2194/© 2016 Elsevier Ltd. All rights reserved.
a b s t r a c t

Field experiments were conducted in 2012 and 2013 during drought conditions in South Texas and the
Texas High Plains to test whether cotton water-deficit stress, age, and cultivars are moderating and
interacting factors that affect cotton fleahopper, Pseudatomoscelis seriatus (Reuter) (Hemiptera: Miridae),
abundance and yield loss. Irrigation and sequential plantings of several cultivars were used to simulate a
range of water stress, plant ages, and cultivar variability. Cotton grown under these experimental con-
ditions were exposed to cotton fleahopper using natural and artificial infestation. Cotton cultivars had a
strong influence on cotton fleahopper abundance, with higher densities on Stoneville cultivar 5458 B2RF,
which is relatively pubescent, than on the Phytogen cultivar 367 WRF, which is relatively glabrous, in
South Texas (p < 0.04). But the strong cultivar effects on cotton fleahopper abundance did not correspond
to yield reduction. No water stress effects on cotton fleahopper densities were observed in 2012
(p > 0.05), whereas cotton fleahopper densities increased on older cotton grown under no water stress in
2013 in South Texas (p < 0.05). In contrast, yield response was primarily sensitive to soil moisture
conditions (up to 50% yield reduction when grown in dryland mimic conditions below 75% crop ET
replacement, p < 0.0009). Water and cotton fleahopper stress synergies were detected but variable, with
greatest lint yield loss attributable to cotton fleahopper seen in cotton grown in high water stress
conditions in the High Plains (p < 0.05). Yield trends were consistent across cultivars (no interaction with
cultivar), even though cotton fleahopper populations varied significantly across cultivars and exceeded
regional economic thresholds beginning the second week of squaring (p < 0.05).

© 2016 Elsevier Ltd. All rights reserved.
1. Introduction

Cotton fleahopper, Pseudatomoscelis seriatus (Reuter) (Hemi-
ptera: Miridae), feeding on squares (i.e., pre-floral buds) of cotton,
Gossypium hirsutum L. (Malvaceae), has reduced yield by up to 6%
and also has delayed harvest in the southwest andmid-south (USA)
cotton growing regions (Williams, 2000). But variability in the
relationship of cotton fleahopper-induced square loss to subse-
quent yield loss under similar cotton fleahopper feeding pressure
occurs and presents a challenge to cotton fleahopper management
using traditional sampling and economic threshold methods (Ring
et al., 1993; Brewer et al., 2012). In practice, field history of cotton
fleahopper damage, weather conditions, and IPM practitioner
earch and Extension Center,

er).

10
sensitivity to square loss have been used to adjust decision-making
locally. In South Texas, one to four foliar sprays for cotton flea-
hopper control are common across cotton fields that have appar-
ently similar pest risk based on similar cotton fleahopper density
estimates generated from pest monitoring (Brewer, pers. obs.).

In review of the literature, cotton yield loss variability to cotton
fleahopper feeding has been partly associated with cultivar differ-
ences (Holtzer and Sterling, 1980), including heritable traits
considered for plant resistance (Knutson et al., 2013; McLoud et al.,
2016). Ring et al. (1993) calculated visual-based cotton fleahopper
economic injury levels (EIL) of between 0.015 and 0.45 insects per
plant. The wide range was attributed to cultivar influences, based
on comparison of yielddcotton fleahopper density relationships.
Parajulee et al. (2006) partly attributed severity of cotton square
loss to susceptibility differences across stages of cotton develop-
ment and age of the reproductive tissues when cotton fleahopper
migrated into fields from overwintering sites. Cotton may also
compensate for early square loss (Anon, 2015). Cottonwater deficit-
7
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induced stress (water stress) also has been associated with square
retention rates (Stewart and Sterling, 1989), which may influence
plant sensitivity to cotton fleahopper feeding. These factors may be
the underpinning of why thresholds in outreach materials vary
across cotton growing regions of the southwest (i.e., 0.10 to 0.30
insects per terminal visually inspected during the first three weeks
of squaring) (Anon, 2015), and why this insect is a minor pest in
other locations (Williams, 2000). But if management strategies (i.e.,
planting time and cultivar selection) and weather conditions (i.e.,
poor rainfall in dryland production areas) influence cotton sensi-
tivity to cotton fleahopper feeding, direct density estimation of
cotton fleahopper for decision-making may give false indication of
damage potential and improperly trigger insecticide applications
using economic thresholds based on insect population estimates.

Therefore, square and subsequent yield loss variability has
direct implications to in-season cotton fleahopper management
that would benefit from further study. Here, we hypothesize that
cotton water stress, age, and cultivars affect cotton fleahopper
abundance and yield loss. As noted above, individual effects have
been shown in past studies, but joint assessment of these factors
may shed light on their comparative individual influences and their
potential synergistic effects. The practical goal of understanding
these relationships is to improve our assessment of cotton risk from
cotton fleahopper and begin generation of a data base to make
objective economic threshold adjustments under variable weather
and management practices.

2. Methods

Drought conditions in Texas, 2012 and 2013, provided oppor-
tunity to assess cotton fleahopper activity and cotton response in a
high contrast of water stress conditions manipulated by using
irrigation in a field setting. Cotton fleahopper abundance and cot-
ton response including yield were evaluated in several water re-
gimes in two widely separated cotton growing regions: the coastal
region of South Texas and the Texas High Plains. Standard agro-
nomic practices were used (Morgan, 2015). Insect pest effects were
largely restricted to cotton fleahoppers by using cotton cultivars
with Bt-transgenes to control boll-feeding lepidopterans and by
selecting study sites in areas where boll weevil has been eliminated
and cotton fleahopper is a pest problem (Parajulee et al., 2006;
Brewer et al., 2012; Luttrell et al., 2015). Cultivars, planting dates,
and natural and artificial infestations of cotton fleahopper were
used to optimize contrast in cotton fleahoppper pressure and cot-
ton response. Experimental manipulation varied between South
Texas and the Texas High Plains per opportunities and constraints
outlined below.

2.1. South Texas location

A natural cotton fleahopper population was followed across
time at a Corpus Christi, TX, location. Another plant bug, verde
plant bug, that can affect square retention was detected during the
study, but it never exceeded an economic threshold of 0.22 bugs per
plant through peak bloom (Brewer et al., 2013). A split plot design
was used to expose a natural population of cotton fleahopper to a
soil moisture gradient of three (2012) and two (2013) water re-
gimes (main plot), to two different plant ages by planting twice
(sub-plot), and to two cotton cultivars (sub-sub-plot). An insecti-
cide treatment was added as a final split plot in the design to
directly test for cotton fleahopper-induced yield loss. Water re-
gimes were established by using an above-ground drip irrigation
system. Square injury from cotton fleahopper feeding was also
confirmed by visual observation. The specific plot site was moved
yearly so that the previous year crop was either sorghum or corn.
108
There were five replications, and individual plot size was four
15.24 m rows on 96.5 cm centers.

In 2012, cumulative rainfall from planting to harvest was
15.5 cm for both plantings. The water regimes used were a high
water stress dryland mimic using minimal irrigation (2.9 cm of
irrigation, or 18.4 total water input with rainfall), a moderate water
stress dryland mimic using irrigation targeting 75% crop evapo-
transpiration replacement (crop ET) (6.24 cm of irrigation, or
21.74 cm total water input with rainfall), and a light water stress
mimic using irrigation targeting 90% crop ET (10.85 cm of irrigation,
or 26.35 cm total water input with rainfall). The surface irrigation
drip tubes were 17 mm (dia.) and emitted 3.4 L per h (Netafim,
Fresno, CA). The two planting dates were April 12 and 30. The two
cultivars were the early season maturing Phytogen 367 WRF (Dow
AgroSciences, Indianapolis, IN) and the mid to full season maturing
Stoneville 5458 B2RF (Bayer CropScience, Research Triangle Park,
NC). The Stoneville cultivar was relatively pubescent or hairy to
very hairy, a trait which has been associated with high cotton
fleahopper populations (Knutson et al., 2013; Bourland et al., 2003),
while the Phytogen cultivar was more glabrous or smooth to lightly
hairy (Brewer, pers. obs., Bourland et al., 2003). The last split was a
foliar insecticide treatment: no insecticide and acephate (Amvac
Chemical, Newport Beach, CA) applied two times weekly at a rate of
560.4 g per ha beginning at second week of squaring.

In 2013, cumulative rainfall was 31.0 cm and 27.9 cm for the
earlier and later planting, respectively, measured from planting to
harvest. The two water regimes used were a moderate light water
stress drylandmimic (15.49 cm of irrigation or 46.49 cm total water
input with rainfall for an earlier planting, and 20.07 cm of irrigation
or 47.97 cm total water input with rainfall for a later planting) and
the non-water stress mimic using irrigation targeting 90% crop ET
replacement (26.42 cm of irrigation or 57.42 cm total water input
with rainfall for an earlier planting, and 35.05 cm of irrigation or
62.95 cm total water input with rainfall for a later planting).
Comparing years, total water inputs doubled from the previous year
due to the increased rains, but at planting soil moisture was more
depleted in 2013 than in 2012. The two planting dates in 2013 were
moved later this year (April 22 and May 6) to further encourage
cotton fleahoppermovement into the crop. The same cultivars were
used as in 2012. The insecticide treatment was changed to thia-
methoxam (Centric 40 WG, Syngenta Crop Protection, Greensboro,
NC) applied four times weekly at a rate of 87.6 g per ha weekly
beginning at second week of squaring.

2.2. High plains location

The Lamesa, TX, location experienced barely detectable cotton
fleahopper populations in 2013 likely due to the extended drought;
therefore we focused on boll retention and subsequent yield using
an augmented population of cotton fleahopper. Water stress and
cotton fleahopper pressure were each manipulated at two levels in
a randomized complete block. Only trace amounts of rainfall were
detected. A very high water stress dryland mimic (11.43 cm of
irrigation/total water input) and a moderate water stress dryland
mimic (22.86 cm of irrigation/total water input) were delivered
through a low-energy precision application via center pivot irri-
gation system. For study site comparison, the total water inputs of
the very high water stress herewere nearly 50% lower than those of
the high water stress level in the South Texas location in 2012, and
thewater inputs of themoderatewater stress level herewas similar
to those of the moderate water stress in South Texas in 2012. An
augmentative release of cotton fleahopper was used to directly test
for yield response to cotton fleahopper as compared with a no
infestation control. Square injury from cotton fleahopper feeding
was also confirmed by visual observation. The cultivar planted was
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Phytogen 367 WRF. The treatments were replicated three times,
and plot size was 13.7 m by four rows on 101.6 cm row centers.

Plants were artificially infested during the third week of
squaring (one week prior to beginning of flowering) at a rate of five
cotton fleahopper nymphs per plant across a 3m uniform section of
each plot. Preliminary study and field observations suggested that
the survivorship of field released cotton fleahoppers was about 20%.
Release during the third week of squaring was consistent with field
observations when cotton fleahopper naturally infests cotton in the
High Plains. For study site comparison, this infestation exceeded
the regional economic threshold of 0.30 cotton fleahoppers per
plant in the High Plains during this infestation period, while the
south Texas location natural infestation also exceeded the eco-
nomic threshold of 0.15 cotton fleahopper per plant for infestations
beginning earlier during squaring (Anon, 2015). The source of
nymphs was from the wild host plant woolly croton, Croton cap-
itatus Michx. Woolly croton was collected in the fall near College
Station, TX, and placed in laboratory cold storage (Lubbock, TX)
until fleahoppers were needed the following year following the
protocol of Hakeem and Parajulee (2015). In brief, conditions
conducive to cotton fleahopper emergence were simulated in a
laboratory environment in order to induce hatching of over-
wintered eggs embedded in the woolly croton stems, and emerged
cotton fleahoppers were placed on fresh green beans. At approxi-
mately ten days post-emergence, fleahopper nymphs were pro-
vided fresh cotton squares as a training substrate prior to field
release. Releases were conducted by aspirating third to fourth
instar cotton fleahopper nymphs from the laboratory colony,
transferring them into 1.9 cm by 3.2 cm plastic vials, then depos-
iting them onto the terminals of plants in each treatment plot.

2.3. Measurements and analyses

At the South Texas location, insect counts using a beat bucket
technique (Brewer et al., 2012) were made on a weekly basis after
cotton fleahopper numbers exceeded 0.10 bugs per plant and
continued through the sixth week of squaring. A total of 20 plants
were sampled per plot. Weekly data showing treatment differences
were reported here. Plant data included lint yield and percent boll
retention measured near harvest. Cotton from 45 foot of row from
the interior plot rows was machine picked. Percent boll retention
was estimated from six plants per plot. At the Texas High Plains
location, the data included number of harvestable bolls and lint
yield from 3-m section of the cotton row. Pre-harvest plant map-
ping was conducted by counting number of harvestable bolls per
plant. Cotton was hand-harvested. Cotton was ginned at both lo-
cations using a 10-saw Continental Eagle laboratory gin.

All measurements were analyzed with ANOVA, conforming to
the plot designs for the South Texas and Texas High Plains locations
(Littell et al., 1991). Count datawere transformed by the square root
of the count þ0.5. Percent boll retention data from South Texas
were transformed by the arcsine of the square root of the propor-
tion (Neter et al., 1985). These designs allowed focus on cotton
water stress, age, and cultivars using natural cotton fleahopper
infestations (South Texas) and on water stress using augmented
infestations (Texas High Plains). Based on our hypotheses, we gave
special attention to cotton fleahopper density and yield patterns
discerned from significant interactions between water stress and
plant age, and water stress and cultivar. Cotton fleahopper-
influenced effects were experimentally verified by a significant
insecticide spray (South Texas) or cotton fleahopper augmentation
(Texas High Plains) effect. Differences in means were directed
tested with the ANOVA for the South Texas location. In the Texas
High Plains location, Tukey's Honest Significant Difference test was
used to compare means across four treatments (Littell et al., 1991).
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3. Results and discussion

Generally, cotton fleahopper density and plant response mea-
sures of boll retention and yield were sensitive to changes in cotton
water stress, cotton age, cultivars, and insect stress. Yield decline
was partly attributable to cotton fleahopper activity, and was very
sensitive to water stress. Typical square injury caused by cotton
fleahopper was observed (Anon, 2015). These general results were
consistent at the two locations, but the experimental set up and
environmental conditions at each location provided different op-
portunities to detect and compare individual and combined
experimental effects.

3.1. South Texas location

By the second week of squaring, cotton fleahopper injury was
detected on the cultivars. Cotton fleahopper densities in the early
planting exceeded 0.20 cotton fleahoppers per plant using beat
bucket sampling at this time for at least some treatments both
years. At 50% efficiency of the sampling technique, the cotton
fleahopper activity detected was approaching the designated
threshold of 0.15 cotton fleahopper per terminal for the South Texas
region (Brewer et al., 2012) and persisted through the following
four weeks. This insect activity alongwith use of insecticide-treated
plots allowed for comparison of cotton fleahopper activity across
cultivars and yield across cultivars attributed to cotton fleahopper
activity.

Cotton fleahopper was most abundant during the fourth
through sixth week of squaring (the early planting) in 2012
(planting date effect on June 1 and June 14: f > 13.5, d.f. ¼ 1, 48;
p < 0.0006) (Fig. 1), with more cotton fleahoppers occurring in the
unsprayed plots (spray effect: f > 19.0, d.f. ¼ 1, 48; p < 0.0001).
Cotton fleahopper densities were higher in the Stoneville cultivar
(f > 4.9, d.f. ¼ 1, 24; p < 0.04). They were also higher in the earlier
planted cotton when grown in poorer soil moisture conditions
during the fourth week of squaring (June 1 water regime by
planting date interaction: f � 5.47, d.f. ¼ 2, 24; p < 0.011) (Fig. 1).

For earlier planted cotton, cotton fleahopper densities were
highest under irrigation targeting 90% crop ET replacement in 2013
(July 3 and July 11water regime by planting date interaction: f> 4.8,
d.f. ¼ 1, 8; p < 0.05) (Fig. 2). Insecticide treatment significantly
reduced the populations where they were found in high density
under good soil moisture, on the Stoneville cultivar, and on early
planted cotton (various interactions with the spray treatment were
significant, p < 0.05) (Fig. 2).

Cotton cultivars had a strong influence on cotton fleahopper
abundance. In 2012, higher densities were found on Stoneville 5458
B2RF than on Phytogen 367 WRF on June 14 (f ¼ 4.91, d.f. ¼ 1,24;
p ¼ 0.036) (Fig. 1). In 2013, the Stoneville cultivar planted early
tended to build the highest cotton fleahopper populations (July 3
planting date by cultivar interaction: f¼ 6.09, d.f.¼1, 16; p¼ 0.025)
(Fig. 2). Water stress had no to modest effects on cotton fleahopper
densities. Nowater stress effects on cotton fleahopper densities nor
two-way water regime interactions with other factors were
observed in 2012 (p > 0.05). In 2013, cotton fleahopper densities
continued to build on older cotton (the early planted cotton) grown
under no water stress (July 3 and July 11 planting date by water
regime interaction: f > 4.8, d.f. ¼ 1, 8; p ¼ 0.05) (Fig. 2).

In contrast, water stress had considerable influence on plant
response, while cultivar influences on plant response were much
reduced compared to its influence on cotton fleahopper density.
Boll retention tended to be marginally higher in the early planted
cotton growing under no water stress for both cultivars in 2012
(planting date by water regime interaction: f ¼ 3.41, d.f. ¼ 2, 12;
p ¼ 0.06) (Fig. 3). In 2013, boll retention was greater in non-water
9



Fig. 1. Cotton fleahoppers (adults & nymphs) per plant from a field experiment with
manipulation (five replications) of water regimes, planting dates, cultivars, and
insecticide protection in 2012, Corpus Christi, TX. Insect data shown for two sampling
dates (June 1 which is fourth and second week of squaring for the early and late
planting, respectively; and two weeks later on June 14). Water regimes were a dryland
mimic (dryland), 75% crop ET target (in 2012 only, irrigation 75%), and 90% crop ET
target [irrigation 100%]. Planting dates were April 12 (early) and April 30 (late). Cul-
tivars were Phytogen 367 WRF and Stoneville 5458 B2RF. Insecticide protection was
sprayed for two weeks beginning at second week of squaring and not sprayed.

Fig. 2. Cotton fleahoppers (adults & nymphs) per plant from a field experiment with
manipulation (five replications) of water regimes, planting dates, cultivars, and
insecticide protection in 2013, Corpus Christi, TX. Insect data shown for three sampling
dates (June 27 which is the fifth and third week of squaring for the early and late
planting, respectively; and one [July 3] and two [July 11] weeks later). Water regimes
were a dryland mimic (dryland) and 90% crop ET target [irrigation 100%]. Planting
dates were April 22 (early) and May 6 (late). Cultivars were Phytogen 367 WRF and
Stoneville 5458 B2RF. Insecticide protection was sprayed for five weeks beginning
second week of squaring and not sprayed.
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stress conditions (water regime effect: f ¼ 11.8, d.f. ¼ 1, 15;
p¼ 0.0037). Boll retention did not significantly vary across cultivars
(p > 0.05) (Fig. 3). We note that boll retention data were not taken
in sprayed plots; therefore yield data was used to directly test for
cotton fleahopper-induced plant response.

Yield reduction caused by cotton fleahopper injury was exper-
imentally verified in 2012 (spray effect: f ¼ 8.49, d.f. ¼ 1, 46;
p ¼ 0.005) and to a more limited extent in 2013 especially for
Phytogen 367 WRF (cultivar by spray interaction: f ¼ 5.37, d.f. ¼ 1,
29; p ¼ 0.028) (Fig. 4). Synergies in water stress and cotton flea-
hopper stress on cotton yield were not detected (no water stress by
spray interaction, p > 0.10). Yield reduction was less severe in
cotton grown under improved soil moisture (where boll retention
was also higher), and there was comparably modest yield loss
attributable to cotton fleahopper activity. The highest yields were
in plots with improved soil moisture (2012 water regime effect:
f ¼ 97.3, d.f. ¼ 2, 8; p < 0.0001, and 2013 water regime effect,
f¼ 84.5, d.f. ¼1, 4; p ¼ 0.0008) (Fig. 4). In 2012, the maximumyield
occurred in early planted cotton grown under no water stress
(water regime by planting date interaction: f ¼ 26.5, d.f. ¼ 2, 12;
p < 0.0001) (Fig. 4), even though cotton fleahoppers were more
abundant on the early planted cotton (Fig. 1). The strong influence
of soil moisture on yield was consistent across cultivars (no inter-
action with cultivar) (Fig. 4), even though cotton fleahopper
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populations varied significantly across cultivars (Figs. 1 and 2).
Controlling fleahoppers modestly benefitted yield in 2012 as indi-
cated by the significant spray factor noted above (p ¼ 0.005), and
modest yield benefits from controlling cotton fleahopper was also
seen in 2013 for the Phytogen cultivar as noted above (p ¼ 0.028).
Although yield loss attributed to cotton fleahopper was greater on
the Phytogen cultivar than on the Stoneville cultivar (Fig. 4), it
commonly had fewer cotton fleahoppers (Fig. 2). As noted by
Knutson et al. (2013), resistance to cotton fleahopper includes
tolerance in which cotton fleahopper does not induce yield loss.

3.2. High plains location

Synergies were detected in water and cotton fleahopper stress
in the High Plains location. The difference in total number of
harvestable bolls attributable to the cotton fleahopper augmenta-
tion under very high water stress (1.4 bolls per plant) was greater



Fig. 3. Average percent boll retention from a field experiment with manipulation (five
replications) of water regimes, planting dates, cultivars, and insecticide protection in
2012 (A), and 2013 (B), Corpus Christi, TX. Water regimes were a dryland mimic
(dryland), 75% crop ET target (in 2012 only, irrigation 75%), and 90% crop ET target
[irrigation 100%]. Planting dates were early and late (see Figs. 1 and 2 for dates).
Cultivars were Phytogen 367 WRF and Stoneville 5458 B2RF.

Fig. 4. Lint yield (kg/ha) from a field experiment with manipulation (five replications)
of water regimes, planting dates, cultivars, and insecticide protection in 2012 (A), and
2013 (B), Corpus Christi, TX. Water regimes were a dryland mimic (dryland), 75% crop
ET target (in 2012 only, irrigation75%), and 90% crop ET target [irrigation 100%].
Planting dates were early and late (see Figs. 1 and 2 for dates). Cultivars were Phytogen
367 WRF and Stoneville 5458 B2RF. Insecticide protection was sprayed for five (A) and
two (B) consecutive weeks beginning at first squaring and not sprayed.
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than that for moderate high water stress (0.4 bolls per plant)
(p < 0.05, Fig. 5). Yield loss attributable to cotton fleahopper stress
was observed in cotton grown in the very high water stress con-
dition when artificially infested with cotton fleahoppers (p < 0.05)
at a rate of five nymphs per plant (which at 20% estimated survival
exceeded the High Plains threshold of 0.30 cotton fleahoppers per
plants [Anon, 2015]). In contrast, yield loss was not seen in cotton
grown in a more moderate water-deficit regime, even when
infested with cotton fleahopper (Fig. 6).
Fig. 5. Number of open bolls per plot from a field experiment with manipulation (four
replications) of water stress and insect stress in 2013 (Lamesa, TX). Water regimes
were very high water stress and moderate water stress exposed to augmented pop-
ulations of cotton fleahopper (fleahopper augmentation and control). Different letters
above bars indicated signficant differences based on Tukey's Honest Significant Dif-
ference test (p ¼ 0.05).
4. Conclusion

Crop plants under water stress have been observed to incur
more insect injury which can adversely affect yield (Haile, 2000),
although mechanistic explanations including relationships to in-
sect population dynamics are more limited (Huberty and Denno,
2004). In our study, plant age and cultivar selection were main
moderators of cotton fleahopper populations (Figs. 1 and 2),
although strong cultivar influences on cotton fleahopper dynamics
did not correspond to yield reduction (Fig. 4). We saw few planting
date by cultivar interactions, suggesting the influence of these
strategies on cotton fleahopper pest management can be consid-
ered independently. Water stress had muchmoremodest influence
on cotton fleahopper abundance (Figs. 1 and 2).

In regard to plant response, cotton fleahopper-associated yield
loss was lower than water stress-associated yield loss, and the
combined effects of water and cotton fleahopper stress on yield
were variable. In South Texas, water stress directly affected yield
with modest influence from cotton fleahopper (Figs. 1, 2 and 4). In
the Texas High Plains, very high water stress resulted in reduced
yield and reduced boll loads, and the effect was enhanced when
cotton fleahopper was present (Figs. 5 and 6). Water stress was
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more severe at this site, and the major pulse of artificial cotton
fleahopper infestation may have contributed to resolution of this
water and insect stress interaction. More broadly, these results
likely reflect the field variability seen in plant response to cotton
fleahopper feeding, and the paradox of observations of different
1



Fig. 6. Lint yield (kg/ha) from a field experiment with manipulation (four replications)
of water stress and insect stress in 2013 (Lamesa, TX). Water regimes were very high
water stress and moderate water stress exposed to augmented populations of cotton
fleahopper (fleahopper augmentation and control). Different letters above bars indi-
cated signficant differences based on Tukey's Honest Significant Difference test
(p ¼ 0.05).
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frequencies of insecticide sprays used to control cotton fleahoppers
under apparently equal cotton fleahopper pressure.

We live in a climate that produces highly variable weather, as
seen in drought conditions in Texas from 2011 to 2013. Drought has
been implicated in changes in pest population dynamics and plant
sensitivity to insect feeding (Haile, 2000). For the case of cotton
fleahopper feeding on cotton, water stress affects yield substan-
tially and directly. The South Texas data supported a more modest
water stress influence on cotton fleahopper dynamics, where cot-
ton fleahopper-associated yield loss was lower than water stress-
associated yield loss. Elevated yield loss attributable to synergistic
effects of cotton fleahopper and water-deficit stress was more
variable. Synergistic effects were best seen under manipulated
(artificial infestations) cotton fleahopper densities in very high
water stress conditions at the High Plains location. But a reduction
of naturally occurring cotton fleahoppers was also seen at this
location which had been experiencing extreme drought. In more
moderate drought conditions at the South Texas location where
cotton fleahopper persisted and naturally infested the experiment,
synergies in insect and water stress were not detected.

Cotton fleahopper decision-making may be more cultivar spe-
cific than as implied when reviewing regionally-based thresholds
(Anon, 2015). Cultivar sensitivity to cotton fleahopper injury lead-
ing to yield differences has been previously demonstrated for past
cotton cultivars (Ring et al., 1993). For future work, use of more
agriculturally representative cultivars should be emphasized,
grown under a number of cotton fleahopper exposure scenarios.
Including water regime scenarios remains relevant, but synergistic
effects of water stress and cotton fleahopper stress appear to be less
common than originally hypothesized.
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