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Part 3 – Final Report Guide (due 31 October 2008) 

 

Background 

This project was the sixth in a series of projects (CSP1C, CSP21C, CSP46C, CSP74C, 

CSP103C). These projects have been successful in developing industry management 

guidelines and thresholds for pests such as mites and thrips. The series has pioneered research 

into understanding the ecology of secondary pests, identifying the role of beneficials in 

regard to pest management, especially for spider mites, evaluating the IPM fit of new and 

existing chemistry and providing well accepted information on the early compensatory 

capacity of cotton. This information has been incorporated into the current Integrated Pest 

Management Guidelines for cotton. However, there are continuing and new challenges to our 

IPM systems that we need to address. This project consists of four separate but related 

components, each building on the outcomes of earlier projects.  

Effects of aphids on cotton development and yield 

Cotton aphid emerged recently as a major pest due to changes in pest management systems 

including reduced early season spraying (particularly with endosulfan), use of Ingard
®

 cotton, 

the advent of Cotton Bunchy Top and recently detected resistance to organophosphates and 

carbamates in cotton aphid. The latter two issues were causing considerable nervousness in 

the cotton industry, which undermined both resistance management and development of IPM. 

As new selective aphicides and more CBT resistant cotton varieties become available, 

emphasis will return to the use of economic thresholds to decide when to control aphids. This 

will require a thorough understanding of the effects of aphids on growth and yield of cotton 

at different stages through the season. Project CSP103C made good progress in this area, 

particularly in evaluating the effects on yield of aphid populations initiated at different times 

through the season and in the development of reliable aphid mass rearing, artificial 

infestation and management techniques. However further research was required to understand 

a wider range of infestation timing and intensities, the timing of control and possible 

differences between varieties in response to aphid feeding. This will allow the potential yield 

effects of given aphid populations to be predicted and allow development of new thresholds 

and decision support tools. 

 

Mechanisms of recovery of cotton after early damage 

The recovery of cotton following early season pest damage received considerable attention in 

earlier projects (CSP74C and CSP103C). This included studies of the direct effects of pests, 

such as thrips and green mirids, as well as a wide range of experiments using simulated pest 

damage. The latter have included different types, timings and intensities of damage and also 

begun to investigate interactions with other stresses such as water stress.  

 

Outcomes of this research were widely publicised through the industry via extensive 

collaboration with CRC Industry Development Officers who also conducted damage 

experiments in all cotton regions. This research was critical in the development of effective 

IPM systems for cotton by providing growers and consultants with the confidence to tolerate 

some damage, thereby reducing insecticide use. We propose to continue to work with the 

CRC IDO’s to extend research to other regions, with a particular emphasis on high retention 



 

 
 

 

 

Bollgard II® crops and on ultra narrow row (UNR) cotton. In addition we will use more 

detailed experiments to monitor changes in plant growth, plant architecture, leaf structure and 

photosynthetic efficiency in response to pest damage. Outcomes will be improved 

understanding of cotton compensation in the new Bollgard II
®

 crops, understanding of issues 

for UNR cotton and data to improve compensation routines in the OZCOT model. 

 

Non-target effects of insecticides 

Integrated pest management relies heavily on conservation of beneficial insects, which will 

help manage pests. Understanding of both the efficacy and the non-target effects of 

insecticides is critical for their effective use in IPM. Over the last ten years a series of 

projects (CSP1C, CSP21C, `CSP46C, CSP74C and CSP103C) has evaluated the non-target 

effects of most existing and new chemistry. This research been used to provide growers and 

consultants with independent information on the non-target effects of insecticides and was 

used to develop IPM Supporting Document 1 ‘Impact of insecticides and miticides on 

predators in cotton’ which forms part of the Integrated Pest Management Guidelines for 

Australian Cotton. This research needs to be continued as new insecticides become available 

and will be even more valuable in the two-Bt-gene era as there will be increasing emphasis 

on selective control of all pests. This project will focus on providing basic information on the 

non-target effects of new chemistry. A companion project by Dallas Gibb and Viliami 

Heimoana (NSW Agriculture) will focus on the efficacy of new chemistry and mixtures 

against target pests, with emphasis on Helicoverpa and aphids. 

 

Emerging minor pests 

As the use of insecticides declines on farms, due to the use of Ingard
®

 and Bollgard II
®

 cotton 

and due to increasing adoption of IPM strategies, there are more frequent reports from 

growers and consultants of unusual minor pest problems. For instance, in fields with little 

broad-spectrum insecticide use, jassids often build to quite high numbers, causing significant 

damage to older and sometimes younger leaves. The effect of such populations on yield is 

probably small but remains unknown and needs to be clarified. Such situations are likely to 

be more common as we move to Bollgard II
® 

cotton. This project will also include a ‘flexible 

focus’ to opportunistically collect information on the economic significance of jassids and 

other minor pests. This would include preliminary yield loss data and assessment of pest 

numbers and plant growth. 

 

Objectives 

i. To develop detailed quantitative data relating aphid effects to cotton growth and yield 

and link that with Cotton LOGIC and OZCOT  

 

Experiments have been conducted to establish the relationship between aphids and yield loss. 

Relationships to predict yield loss from aphids have been developed. Linkages with OZCOT 

and CottonLOGIC have yet to be established. The PhD research of the project Senior 

Technical Officer (STO), Ms Simone Heimoana, is well underway. She has taken regular 

field measurements of the effect of aphids on photosynthesis of cotton and conducted field 

and glasshouse experiments to investigate the relationship between aphid density, honeydew 

and declines in photosynthesis. 

ii. To quantify the effects of insecticides on pests, predators and parasitoids. 

Large replicated experiments were done in each year of the project. IPM Guidelines 



 

 
 

 

 

Document 1 ‘Impact of insecticides and miticides on predators in cotton’ was updated twice 

for the cotton industry. 

iii. To understand the mechanism by which cotton recovers from early damage and use to 

improve existing simulation models. 

Experiments investigating recovery from thrips damage were completed and the results 
have been written up and published in Annals of Botany. Data will be used to improve the 

OZCOT model in future. We also investigated if Bollgard II
®

 compensated for early pest 

damage as well as a conventional variety and if this was influenced by sowing date. This has 

been completed and analysed.  

iv. To extend research on early pest damage into a range of cotton regions through 

collaboration with the CRC Cotton Extension Team  

A range of activities were co-ordinated with the Cotton Extension Team, including 

a. Bollgard II
® 

experiments with IDO’s   

Experiments were conducted with IDO’s in four regions to test if yield of 

Bollgard II
®

 cotton would be limited by high retention causing premature 

cutout. These have been completed, analysed and reported to industry via 

CottonTales in each region 

b. Ultra narrow row (UNR) and compensation.  

 We investigated if UNR cotton could compensate for early damage as well as 

conventional cotton could, in collaboration with Evan Brown (NSW DPI) and 

Scott Hardwick (CSIRO Entomology). Two experiments were completed and 

have been written up for the Southern New South Wales Cotton Trial Book. 

c. Effect of tip damage on cotton yield and maturity at Hillston.  

We investigated if cotton grown at Hillston could compensate for early 

damage.  This research was completed and written up for the Southern New 

South Wales Cotton Trial Book. 

d. Can early plant architecture of boll set be manipulated to increase yield. 

We investigated if yield could be increased in Bollgard II
®

 by inflicting 

damage on young plants by cutting off the terminal and upper leaves with a 

whipper snipper, or causing square shedding using low rates of Prep. A first 

experiment was competed and analysed. 

v. Opportunistically investigate the economic significance of minor pests 

This has been achieved through the initiatives below.  

e. Late damage experiment  

We investigated whether late season damage to upper leaves could affect 

yield. This was completed and analysed, and further experiments planned. 

f. Do jassids affect yield?  

We assessed if jassid damage could affect photosynthesis and investigated the effect of 

jassids on yield in the field. This work was completed, analysed and reported to industry at a 

range of venues (CCA AGM, CSD Research Update). Experiments were also completed to 

define if jassids can reduce cotton yields. These have been completed and analysed, but 

further information with a wider range of jassids damage levels is required before results 

could be extended to industry.  

 



 

 
 

 

 

Methodology 

a) To develop detailed quantitative data relating aphid effects to cotton growth and yield 

and link that with Cotton LOGIC and OZCOT  

 

Effect of aphids on yield.  

Current thresholds for aphids are based on a best guess and have no scientific basis. This has 

not been a problem in the past because aphids were only a problem late in the season, when 

the risk of yield loss was low and the main threat was due to honeydew contamination of lint. 

As aphids have been found earlier in the season in some years there is now a need to have 

accurate thresholds so that growers can avoid unnecessary insecticides applications and yield 

loss. We initiated a series of field experiments to investigate the effects of aphids on the 

development and yield of cotton. As an additional component of these experiments the 

projects STO also made regular assessments of the relationship between aphid density and 

photosynthesis. The series of four experiments reported here began in 2000-01 and ran until 

2003-04.  

 

 

The experiments involved artificially infesting cotton with aphids at different times through 

the season. We have developed techniques that allowed us to generate large populations of 

aphids. This was done by rearing aphids in a glasshouse initially then transferring these to 

large field cages to further increase numbers. When required the aphids were harvested from 

the cages, by cutting the plants into small stem sections and placing them into paper bags. 

The stem sections were then distributed throughout the plots to be infested. In each 

experiment we aimed to generate aphid outbreaks beginning in Dec, January and February. 

However, due to the difficulty in producing large numbers of aphids at a given time the actual 

timing of infestation of plots varied between years  The experiments therefore all had 

uninfested plots and plots infested in December, January or February. Two varieties were 

used in most experiments – NuOpal and Sicot289i. Experiments also included ‘control’ 

treatments where the aphid populations were allowed to build for a period before being 

controlled using aphicides to prevent further damage.  

 

The aphid populations in the infested plots were monitored using a range of techniques with 

the aim of developing one that would be practical for growers and consultants to use. In the 

field, by scoring the number of aphids present on a 0 to 5 scale (0, 1 = 1-10, 2 = 11-20, 3 = 

21-50, 4 = 51-100, 5 = >100), the degree of damage 0 = no damage, 1 = slight crinkle of 

young leaves, 2 = < 1/2 of young leaf crinkled, 3 = almost total curl of young leaves) and the 

amount of coverage of the crop with honeydew (0 = none, 1 = trace of honeydew on top 

canopy, 2 = bottom ½ of crop sticky, 3 = total plant sticky). We also collected leaf samples 

from each plot and washed them in the laboratory to obtain an accurate absolute count. Other 

pests were managed selectively using insecticides. The development of the cotton was 

monitored by taking fortnightly 0.5 metre harvests, which were partitioned into different 

structures and dry weight and leaf area recorded. In-field assessments of light interception 

were also made using a ceptometer. Yield of each plot was determined by machine harvesting 

the central two rows.   

 

Photosynthesis measurements were made using a LICOR 6400 photosynthesis system. 

Measurements were taken at regular intervals from node 3-4 below the terminal. Aphids were 

washed off the leaf to be measured using a thin stream of water. This prevented them from 

becoming lodged in the LICOR machine. Control leaves were also washed. Measurements of 



 

 
 

 

 

the effect of increasing densities of aphids were made by taking measurements in plots at 

intervals over the season, as the aphid populations built up.  

 

Results 
This is a summary of key findings rather than a complete reporting of all results as there is a 

vast amount of data collected. We were able to generate plots with a wide range of aphid 

population densities. Due to seasonal differences in weather and predator abundance the 

actual build up of aphids varied widely between seasons. Fig. 1 shows the aphid populations 

generated in the 2002-03 season as an example. The variability between years is well 

illustrated by the differences in timing and rate of build up of the December infestations over 

the course of the series of experiments (Fig. 2).  
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Figure 1. Mean number of aphids on leaf 3 or 4 below the terminal for the 2002-03 field 

experiment, ACRI.  
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Figure 2. Differences in aphid population build-up for December artificial infestations in 

four different experiments  

 

 



 

 
 

 

 

A key aim of this work was to develop thresholds for control of aphids. A first simple 

approach taken was to explore the possibility that yield loss could be predicted from the 

number of cumulative aphid days that the crop experienced, (where one aphid day is the 

feeding of one aphid for one day). Initially this approach was tried with the more accurate 

laboratory counts. Cumulative aphid days were calculated from the time of infestation until 

sampling ceased at about 20% of bolls open. The data show that for each experiment there is 

a good relationship between cumulative aphid days (CAD) and relative yield (Fig. 3) but that 

this varies between years. Relative yield was used to allow for differences in absolute yield 

level between experiments). The variation between years in the relationship between CAD 

and relative yield highlights a problem with using aphid days, which is that one aphid day in 

December is not the same, in terms of potential yield loss, as one aphid day in February. To 

make the relationship robust we would need to include a time component. A further 

disadvantage of this approach is that it is difficult to forecast ahead the potential yield loss of 

a given aphid population as you don’t have a final estimate of cumulative aphid days.   
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Figure 3. Relative yield of cotton against cumulative aphid days for experiments across four 

seasons at ACRI.  

 

 

 

One way to overcome this problem is to use information estimating when aphids began to 

increase and how quickly they increased. This approach has been used previously with spider 

mites and proven useful. So, to investigate the concept we regressed cumulative aphid days, 

for successive weekly counts, against time. The slope of this relationship is the rate of 

increase and the x intercept is the start of increase. We did this for each individual treatment 

across the 4 years of experiments. The relationships were generally linear over most of their 

range, and late data points where the rates had declined due to poor food quality were 

omitted. The r
2
 for relationship varied between 0.85 and 0.99 which indicate a very good fit 

(eg Fig. 4).  
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Figure 4. An example of the relationship between cumulative aphids days and time. Also 

shown is the rate of increase (R) which is the slope of the relationship, the start of infestation 

increase (i), the maturity date (m) when 60% of bolls opened and the time remaining from 

infestation increase to crop maturity (T).  

 

 

We used a non-linear curve to describe the relationship between the rate of increase, the time 

remaining and relative yield. The relationship is a form of logistic growth curve which allows 

for some initial tolerance to aphids then a decline. The equation (equation 1) provides a good 

fit to the data (Figure 5).  

 

Relative yield = -18.3 + 123/(1 + exp(0.014((R+1)
0.3

*T)-305))…. (r
2
 = 0.91)…equation 1 
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Figure 5. Observed versus predicted yield using equation 1 for the laboratory counts of 

aphids numbers in Experiments 1 - 4. 

 

The equation was used to generate some curves of the expected yield loss from aphids for 

populations with a range of starting dates and rates of increase and showed a strong non-

linear curve. Initially there is some tolerance of aphids with little effect on crop yield, but at 

high,  prolonged infestation levels yield loss can be quite dramatic (Fig. 6). 
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Figure 6. Predicted yield reductions using equation 1 for the laboratory counts of aphids 

numbers in Experiments 1 – 4 for a range of rates of increase from 10 to 400 CAD per day. 

 

Although the relationship between aphids and relative yield was very good for the laboratory 

counts of aphid numbers it is important to recognise that growers and consultants will not 

have access to lab counts – they need something that can be counted in the field. With spider 

mites rate of increase was calculated as change in the % of leaves infested per day. However, 

earlier research in CSP145C showed that the relationship between % of leaves infested and 

mean number of aphids per leaf was strongly non-linear and aphid populations were highly 

clumped to the extent that 100% of plants was infested at a low aphid density (< 20 aphids 

per leaf). Observation of the yield loss data indicated that crops would reach 100% of plants 

infested before any yield loss was likely and hence this approach was not likely to be useful. 

 

For the field estimation of aphid population growth we used the 1- 5 field score data of aphid 

numbers. From this we calculated cumulative aphid days (CADF) for each treatment in each 

experiment and also calculated the rate of increase in CADF , intercept and time remaining is 

the same manner as the lab counts. For the ‘controlled’ treatments we calculated the duration 

and time over which damage occurred. 

 

Regression analysis showed a reasonable relationship between the rate of increase in C CADF 

and reductions in yield. An extra term was added to the equation to allow for the effect of 

controlling aphids at different times. 

 

%Yield loss = R2*T*D*0.001557 ………….(r
2
 = 0.70)…….……………….equation 2 
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Figure 7. Observed versus predicted yield using equation 1 for the field scores of aphid 

abundance in Experiments 2 - 4. 

 

 

Predictions from this relationship show an initial tolerance of cotton to aphids, similar to that 

shown with the laboratory counts (Fig. 8). Similarly, if the impact of control is included, for 

instance with a population that begins to increase when there are 80 days remaining in the 

season, there is an initial tolerance but this is less pronounced as duration and rate increase 

(Fig. 9). This could form the basis for a simple set of look up tables or an addition to 

CottonLOGIC to take into account the potential effect of aphids on cotton yield, in the 

absence of cotton bunchy top disease (Table 1). 
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Figure 8. Predicted yield reductions using equation 2 for the field scores of aphid abundance 

in Experiments 2 – 4 for a range of infestation initiation times, expressed as time remaining 

in the season. 
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Figure 9. Predicted yield reductions using equation 2 for the field scores of aphid abundance 

in Experiments 2 – 4 for an infestation initiation time of 80 days before 60% open and a 

range of control times, expressed as duration in days that aphids were allowed to develop. 

 

 

ii) Effect of aphids on photosynthesis.  

As a second component of this research, Ms Simone Heimoana, the Senior Technical Officer 

working on this project is studying for a PhD on the effects of aphids on photosynthesis of 

cotton. Her research is progressing well and she has developed a number of innovative 

techniques and experiments. Her initial research has shown clearly that aphids do reduce the 

photosynthetic rate of cotton and there is a negative relationship between aphid density and 

photosynthetic rate which seems fairly predictable (Figure 10). A similar relationship was 

found between aphid density and stomatal conductance (Figure 11). However, plotting the 

effect on photosynthesis against the effect on conductance shows that conductance is affected 

more quickly than photosynthesis (Figure 12).  
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Figure 10. Effect of aphids on photosynthesis on cotton. Measurements taken on mainstem 

node 3 below the terminal through January and February.  
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Figure 11. Effect of aphids on stomatal conductance of cotton. Measurements taken on 

mainstem node 3 below the terminal through January and February.  
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Figure 12. Relationship between reduction in photosynthetic rate and conductance caused by 

cotton aphids.  

 

 

Ms Heimoana intends to examine in more detail the effect of aphids on photosynthesis, 

focussing on the time at which reductions begin to occur. She is also looking at the effects of 

honey dew and dust on photosynthetic rate, using both real and artificial honeydew. She has 

found that 3 coats of artificial honey dew reduced conductance as well as photosynthesis. 

Addition of dust, simulating field conditions results in a further decline in photosynthesis but 

not conductance, indicating that dust is affecting light penetration. She is also looking at the 

possibility that aphid feeding damages the phloem, preventing effective export of sugars, 

causing accumulation and consequent reduction in photosynthesis. Results from this research 

will improve our understanding of the effects of aphid on cotton growth and provide valuable 

training for a potential cotton entomologist.



 

 

 

 

 

 

 

 

Table 1. Potential yield losses from aphids, derived from rate of increase in cumulative aphid days, the current number of cumulative aphid days 

and the timing of control. 
Time remaining 80 Time remaining 60 Time remaining 40

Days till control 0 10 20 40 60 80 0 10 20 40 60 80 0 10 20 40 60 80

Current CAD

20 0.1 0.9 0.9 1.0 1.0 1.1 1.2 0.8 0.9 0.9 1.0 1.1 1.1 0.7 0.8 0.8 0.9 1.0 1.0

0.25 1.2 1.4 1.6 1.9 2.2 2.5 1.1 1.2 1.4 1.6 1.9 2.2 0.9 1.1 1.2 1.4 1.6 1.9

0.5 1.9 2.3 2.8 3.7 4.7 5.6 1.6 1.9 2.3 3.1 3.9 4.7 1.2 1.6 1.9 2.5 3.1 3.7

0.75 2.5 3.4 4.4 6.2 8.1 10.0 2.0 2.8 3.5 5.1 6.6 8.1 1.6 2.1 2.7 3.9 5.1 6.2

1 3.1 4.7 6.2 9.3 12.5 15.6 2.5 3.7 5.0 7.5 10.0 12.5 1.9 2.8 3.7 5.6 7.5 9.3

1.25 3.7 6.1 8.4 13.1 17.7 22.4 3.0 4.8 6.7 10.4 14.1 17.7 2.2 3.5 4.9 7.6 10.4 13.1

1.5 4.4 7.6 10.9 17.4 24.0 30.5 3.4 6.0 8.6 13.7 18.8 24.0 2.5 4.4 6.2 10.0 13.7 17.4

2 5.6 11.2 16.8 28.0 39.2 50.4 4.4 8.7 13.1 21.8 30.5 39.2 3.1 6.2 9.3 15.6 21.8 28.0

3 8.1 20.2 32.4 56.7 81.0 105.3 6.2 15.6 24.9 43.6 62.3 81.0 4.4 10.9 17.4 30.5 43.6 56.7

40 0.1 1.5 1.6 1.6 1.8 1.9 2.1 1.4 1.5 1.6 1.7 1.9 2.0 1.4 1.4 1.5 1.6 1.8 1.9

0.25 1.9 2.1 2.3 2.8 3.3 3.7 1.7 1.9 2.1 2.6 3.0 3.4 1.6 1.8 1.9 2.3 2.7 3.1

0.5 2.5 3.1 3.7 5.0 6.2 7.5 2.2 2.7 3.3 4.4 5.4 6.5 1.9 2.3 2.8 3.7 4.7 5.6

0.75 3.1 4.3 5.4 7.8 10.1 12.5 2.6 3.6 4.6 6.6 8.6 10.6 2.2 3.0 3.8 5.4 7.1 8.7

1 3.7 5.6 7.5 11.2 14.9 18.7 3.1 4.7 6.2 9.3 12.5 15.6 2.5 3.7 5.0 7.5 10.0 12.5

1.25 4.4 7.1 9.8 15.3 20.7 26.2 3.6 5.8 8.1 12.5 17.0 21.5 2.8 4.6 6.3 9.8 13.3 16.8

1.5 5.0 8.7 12.5 19.9 27.4 34.9 4.0 7.1 10.1 16.2 22.3 28.3 3.1 5.4 7.8 12.5 17.1 21.8

2 6.2 12.5 18.7 31.1 43.6 56.1 5.0 10.0 14.9 24.9 34.9 44.8 3.7 7.5 11.2 18.7 26.2 33.6

3 8.7 21.8 34.9 61.0 87.2 113.3 6.9 17.1 27.4 48.0 68.5 89.1 5.0 12.5 19.9 34.9 49.8 64.8

80 0.1 2.7 2.9 3.0 3.3 3.6 3.8 2.7 2.8 2.9 3.2 3.5 3.7 2.6 2.7 2.9 3.1 3.4 3.7

0.25 3.1 3.5 3.9 4.7 5.4 6.2 3.0 3.3 3.7 4.4 5.2 5.9 2.8 3.2 3.5 4.2 4.9 5.6

0.5 3.7 4.7 5.6 7.5 9.3 11.2 3.4 4.3 5.1 6.9 8.6 10.3 3.1 3.9 4.7 6.2 7.8 9.3

0.75 4.4 6.0 7.6 10.9 14.2 17.4 3.9 5.4 6.8 9.7 12.7 15.6 3.4 4.7 6.0 8.6 11.1 13.7

1 5.0 7.5 10.0 14.9 19.9 24.9 4.4 6.5 8.7 13.1 17.4 21.8 3.7 5.6 7.5 11.2 14.9 18.7

1.25 5.6 9.1 12.6 19.6 26.6 33.6 4.8 7.8 10.9 16.9 22.9 29.0 4.0 6.6 9.1 14.2 19.2 24.3

1.5 6.2 10.9 15.6 24.9 34.3 43.6 5.3 9.3 13.2 21.2 29.1 37.1 4.4 7.6 10.9 17.4 24.0 30.5

2 7.5 14.9 22.4 37.4 52.3 67.3 6.2 12.5 18.7 31.1 43.6 56.1 5.0 10.0 14.9 24.9 34.9 44.8

3 10.0 24.9 39.9 69.8 99.6 129.5 8.1 20.2 32.4 56.7 81.0 105.3 6.2 15.6 24.9 43.6 62.3 81.0



 

 
 

 

 

 

b) To quantify the effects of insecticides on pests, predators and parasitoids. 

Large replicated experiments were done in each year of the project. In each experiment seven 

new insecticides or miticides were evaluated for their efficacy, non-target effects and risk of 

causing resurgence of secondary pests (mites or aphids). Over the duration of this project we 

evaluated; clothianidin (neonicotinoid, Sumitomo - 2 rates), NNI0001 (experimental 

compound, Bayer, 2 rates), NNI0001 plus thiacloprid (experimental compound plus 

neonicotinoid, Bayer), etoxazole (miticide, Sumitomo), Endosulfan Ultracaps (new 

endosulfan formulation, Bayer), acetamiprid (neonicotinoid, Dupont), carbosulfan 

(carbamate, CropCare), pyridalil (experimental compound, Sumitomo), semicarbazone 

(experimental compound, BASF), thiamethoxam (neonicotinoid, Syngenta), and novaluron 

(insect growth regulator). These products were all in the final stages of development prior to 

the decision regarding registration.  

 

Where products were registered, such as acetamiprid (Intruder), etoxazole (Paramite) and 

thiamethoxam (Actara), the data, along with that of relevant collaborators, were used to 

update the IPM Guidelines Document 1 ‘Impact of insecticides and miticides on predators in 

cotton’ (Table 2) This ensured that this reference document was up-to-date for the cotton 

industry. As requested from the various agrichemical companies reports were prepared 

detailing the efficacy and non-target effects of specific insecticides. Several of these reports 

were used as a component of registration packages.  

 

The table ‘Impact of insecticides and miticides on predators in cotton’ was widely circulated 

through the industry via publication in the Cotton Pest Management Guide, in the IPM 

Guidelines and on the Cotton CRC website. A significant addition to the table in 2004 was 

the insertion of information on the toxicity of insecticides and miticides to honey bees. This 

came about through CRC / CRDC initiatives to meet with beekeepers to discus and seek 

solutions to problems, especially loss of hives due to insecticide drift.  



 

 

 

 

 

 

 

 

Table 2. Effect of insecticides and miticides on beneficials and pest resurgence in cotton, based on data derived from this project and from collaborators (Robert Mensah - NSW 

DPI, Martin Dillon – formerly CSIRO Entomology, Mark Wade – formerly QDPI and UQld, Brad Scholz – QDPI, Dave Murray – QDPI, Viliami Heimoana – NSW DPI and 

Richard Lloyd – QDPI). This version was published in the Cotton Pest Management Guide 2205/06, on the CRC Website and an earlier version appeared in the IPM Guidelines. 

  Target Pest(s) Beneficials Pest 
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Bt
11

  �     very short very low VL VL VL VL VL VL VL VL VL VL VL VL VL VL VL    VL 

NP Virus   �     very short very low VL VL VL VL VL VL VL VL VL VL VL VL VL VL VL    VL 

Pirimicarb 250    �  short very low VL VL VL VL L L M VL VL VL VL VL M VL L    VL 

PSO (Canopy)
16

 2% �   �  short very low VL L L VL VL VL VL VL VL VL L VL VL H VL    VL 

Methoxyfenozide 400 �     medium-long very low L VL VL  L L L L VL VL VL VL VL VL VL VL    VL 

Etoxazole 38.5  �    short low VL VL - L VL VL VL VL VL VL M L VL VL L    VL 

Dicofol
3
 960  �    long low L - - - L - - - L - L - - - VL    VL 

Amorphous silica
17

 2500 �     short low   L L - M M - VL - L L L L - M VL    - 

Spinosad 96 �     medium low VL M L VL M L H VL L VL VL M H H H +ve   H15 

Diafenthiuron 350  �  �  medium low M H VL M L M VL L H VL L L VL H L   +ve M 

Pymetrozine 150    �  short low M M M M L L L VL H M L L L M VL    VL 

Indoxacarb13 127.5 �  �   medium low  H14 L VH VH L L L L VH L VL L VL VH VL  +ve  H15 

Abamectin 5.4 �
6
 �    medium moderate L M H VL M L M M H VL M M M H M    H 

Emamectin 8.4 �     medium moderate L VL M VL H H H H H L M M M VL M    H 

Endosulfan (low) 367.5 �  � � � medium moderate M VL VH M M M M L H L M VL - VH H    M15 

Propargite 1500  �    medium moderate M H H M M H VL VL L VL M M H H M  +ve +ve L 

Acetamiprid 22.5    �  medium moderate M M VH H M M H M VH L VL L H VH VH    M15 

Amitraz 400 � �
9
    medium moderate H M VH H L - - - H VL M M L H M    L 

Fipronil (low) 12.5   �  � medium moderate L VL H L L H L L VH VL M M M VH VH  +ve +ve VH 

Chlorfenapyr (low) 200 � �    medium moderate M L VH VL M VL H H VH L L M VH H M    H 

Thiamethoxam 100    �  medium moderate H H H H M M M H H M VL M H VH H +ve  +ve H 

Endosulfan (high) 735 �  � � � medium moderate M VL VH M M M M M H L M L VH VH H    M15 

Fipronil (high) 25   �  � medium moderate L VL H L M H H L VH VL M M M VH VH +ve  +ve VH 

Imidacloprid 49   � �  medium moderate H L VH H H M H L VH L L L M H H +ve  +ve M 

Methomyl 169 �     very short high H L VH VH M L VH L VH M M M H H H +ve   H15 

Thiodicarb 750 �     long high VH M VH VH M M L L VH VL M M M M H +ve +ve  M15 

Chlorfenapyr (high) 400 � �    medium high H M VH L H H H H VH L M M VH VH M  +ve  H 

OP’s
5
  � � � � � short-medium high H M H H H M H H VH L M H H VH H +ve   H 

Carbaryl
3
       short high H - - - H - - - - - - - - - H - - - H 

Pyrethroids
4
  � �

7
 �

7
   long very high VH - - - VH - - - VH VH VH VH VH VH VH +ve +ve +ve H 

  



 

 
 

 

 

c) To understand the mechanism by which cotton recovers from early damage and use to 

improve existing simulation models.  

i) Thrips  

These experiments investigated how cotton recovers from early season thrips damage (in 

collaboration with Dr Tom Lei). Leaf area of cotton seedlings can be reduced by as much as 

50% by early season thrips infestations, but it is well documented that plants can regain the 

difference in leaf area once infestation ceases (compensation). The processes involved in the 

recovery have not been identified. Hypotheses include enhancement of the photosynthetic 

rate of the damaged leaves, more efficient leaf construction (i.e. more leaf area per unit of dry 

matter invested in new leaves), and more branching. This 2-yr field study examined these 

hypotheses and found that thrips-affected plants recovered from a 30% reduction in total leaf 

area. During the recovery period, repeated measurements of gas exchange, leaf morphology 

and individual leaf areas at all nodes were made to assess their contribution to the recovery.

  

 

Recovery was not achieved through the previously proposed mechanisms. The pattern of 

nodal development indicated that the duration of leaf expansion of the smaller deformed 

leaves was shorter than that of control leaves possibly because they had fewer cells. The 

production and expansion of healthy upper node leaves in thrips- affected plants could, 

therefore, begin sooner; about 1 to 2.5 nodes in advance of control plants (see Fig. 13). The 

proposed process of recovery was evident but weaker in the second year where thrips 

numbers were higher.  

 

We concluded that thrips affected plants overcame the leaf area disparity through an 

accelerated ontogeny of main stem leaves. By completing the expansion of smaller but 

normally-functioning lower node leaves earlier, resources were made available to the 

unfolding of larger upper node leaves in advance of control plants. The generality of this 

mode of plant resistance in pest damage remains to be determined. We found that recovery 

occurs through accelerated ontogeny, which means that thrips damaged plants stop growing 

damaged leaves earlier, because these leaves are smaller, which allows faster expansion of 

new leaves.   

 

These experiments have been written up and published in Annals of Botany (see Appendix). 

This information was presented by Tom Lei at a range of grower and consultant meetings. 
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Figure 13. Leaf area development at individual main stem nodes (cotyledon = node 0) through the 

thrips infestation and recovery periods for control (solid circles) and thrips-infested (open circles) 

plants in year 1 (2001-02). The number in each panel represents the date of sampling (in days after 

sowing). Values represent mean of four plots at 5 plants per plot; * indicates differences in leaf area 

between control and infested plants that were significant at P<0.05. Arrows indicate the uppermost 

fully expanded leaf in control (solid) and infested (open) plants. The line formed by the grey circles in 

Fig. 4a at 68 DAS shows the correspondence in leaf area between treatment and control when nodal 

leaf area of infested plants was shifted 2.5 nodes to the left.   

 

ii) Bollgard II
®

 and compensation  

We investigated if Bollgard II
®

 compensated for early pest damage as well as a conventional 

variety and if this was affected by sowing date. This was done because some growers and 

consultants had expressed concerns that Bollgard II
®

 would not compensate as effectively as 

conventional varieties. This perception probably arose as a result of high yield obtained with 

some Bollgard II
®

 crops which had with relatively high retention levels, hence the 

expectation that high retention is required to get high yields from Bollgard II
®

.  

 

We did an experiment with two varieties (Sicot 189R and Sicot 289BR) and three sowing 

dates ranging from early October, early November to late November. Damage treatments 

imposed included tipping out all plants at 4 true leaves, removal of all fruit from the first 4 



 

 
 

 

fruiting branches, both tipping out and fruit removal or undamaged (control).  

 

We found that later sowing dates had significantly lower yields (S1= 240, S2 = 206, S3 = 167 

g lint/m
2
) and fewer bolls (S1= 129.2, S2 = 122.7, S3 = 109.7 bolls/m

2
). Crop development 

times were affected variably, with the second sowing data having the longest developmental 

time (S1= 176.7, S2 = 181.2, S3 = 172.8 days) (the lower yields in the later sowings meant 

that maturity time, in days from sowing to 60% open was about the same). Cultivar also had 

a significant effect, with the Bollgard II
®

 variety having significantly higher yield (Conv = 

194.3, Bollgard II
®

 = 215.1 g lint/m
2
) more bolls (Conv = 113.1, Bollgard II

®
 = 127.3 g 

lint/m
2
) and shorter developmental period (Conv = 178.7, Bollgard II

®
 = 175.1 days). 

Damage caused reduced yield and boll number and increased developmental time (Table 3). 

Fruit loss and tipping had small but significant effects on yield while the combination 

reduced yield substantially. Fruit loss delayed maturity by about 9 days, which is similar to 

other research results (Wilson et al, 2004), and the effect of fruit damage and tipping was 

additive, as previously found.  

  

Table 3. Effect of damage on yield, boll number and cotton developmental period. 

Damage Yield (g lint/m2) Bolls 

(number/m2) 

Developmental 

time 

(days) 

Control 217.2 125.8 169.9 

Fruit 210.6 119.7 179.3 

Tipping 208.8 125.6 173.5 

F + T 182.2 109.7 184.9 

LSD 6.8 10.5 2.5 

 

There were also significant interactions between sowing date and cultivar for yield and boll 

number, whereby the reduction in yield and boll number with later sowings was less with 

Bollgard II
®

 (Table 4).  

 

Table 4. Interaction between variety and sowing date for yield and boll number, ACRI, 2003-

04. 

 Yield (g lint/m
2
)  Bolls (number/m

2
) 

  Sowing    Sowing  

Variety 1 2 3  1 2 3 

Conv. 237.9 197.8 147.2  127.2 118.2 93.9 

BGII 242.9 214.5 187.8  131.3 127.1 123.5 

LSD  21.2    10.64  

  

 



 

 
 

 

There was also a significant interaction between damage and sowing date for yield and crop 

development (Table 5). Yields were generally more strongly reduced by damage in the latest 

sowing date, while for crop development sowing 2 took longer to develop but was less 

affected by fruit or tip damage than on the other sowing dates. 

Table 5. Interaction between damage and sowing date for yield and maturity (developmental 

period), ACRI, 2003-04. 

 Yield (g lint/m
2
)  Development period (days) 

 Sowing  Sowing 

Damage 1 2 3  1 2 3 

Control 244.6 210.1 196.8  169.8 173.0 166.8 

Fruit 242.7 213.8 175.3  181.2 185.2 171.5 

Tipping 243.5 207.8 175.1  172.5 175.5 172.7 

F + T 230.7 193.0 122.9  183.4 191.0 180.3 

LSD  23.6    5.0  

 

Critically however, there was no interaction between damage and variety for yield, boll 

number or development period. This indicates that the conventional and Bollgard II
®

 

varieties responded similarly to damage across sowing dates, and confirms that the 

compensatory capacity of Bollgard II
®

 is probably at least as good as that of conventional 

cotton. 

d) To extend research on early pest damage into a range of cotton regions through 

collaboration with the CRC Cotton Extension Team  

i) Bollgard II
®

 experiments with IDO’s   

Early experience with BGII crops by researchers and consultants showed that in some cases 

early season fruit retention could be very high. There were concerns that yield of Bollgard II
®

 

cotton could be limited by high early retention causing premature cutout. If so there was the 

opportunity to evaluate if this could be prevented by delaying initial fruit set until plants had 

a larger canopy. Meetings with-in CSIRO identified this as a research question and we 

initiated experiments in collaboration with the National Cotton Extension Team to evaluate 

this risk.   

  

Experiments were conducted with IDO’s in 8 regions (Hillston, Gwydir, McIntyre, Upper 

Namoi, Dalby, Lower Namoi and St George) to test if high retention of BGII crops limited 

yield. These experiments had two designs – influenced by the availability of the IDO’s time. 

The first design, ‘Tip and Fruit’ (Hillston, Gwydir, MacIntyre and upper Namoi) tested the 

effect of high retention by comparing with crops where we artificially manipulated plants by 

removing the terminals (tipping) to delay fruiting and change plant structure, by removing the 

first four fruiting branches to delay fruiting and increase early vegetative growth and the 

combination of these two types of damage. The second design, ‘fruit only’ (Dalby, Lower 

Namoi and St George) tested the effects of early fruit loss, either removing all friout from the 

first 4 or first 6 fruiting branches.  

  

 



 

 
 

 

ii) At the Tip and Fruit sites the control treatments has fruit retention of between 81.8 

and 85.3% just before removal of fruit. Across the four sites we found a strong site effect on 

yield, and maturity date, as expected (Table 6a). We found no treatment effect on yield, but a 

significant delay in maturity (Table 6b). With all damage treatments delaying yield by 1 to 8 

days. There was no interaction between site and treatment. 

 

Table 6a. Effect of damage treatment on yield. 

 Yield (g lint/m
2
)   

Damage treatment MacIntyre Gwydir Upper 

Namoi 

Hillston  Treatment 

means 

Control (undamaged) 220.0 251.5 247.1 162.0  220.2 

Tipped 196.9 302.8 218.4 163.7  220.5 

Fruit removal from 1
st
 

4 fruiting branches 

209.8 281.3 222.8 174.1  222.0 

Tipped and fruit 

removal 

205.6 271.3 225.2 182.4  221.1 

LSD (treatment)   37.2(ns) 

Site means 208.1 276.7 228.4 170.6   

LSD (site) 16.5   

LSD (site x treatment) 35.2 (ns)   

 

Table 6b. Effect of damage treatment on maturity 

 Days later maturing (60% bolls open) than 

control 

  

Damage treatment MacIntyre Gwydir Upper 

Namoi 

Hillston  Treatment 

means 

Control (undamaged) 0 0 0 0  0 

Tipped 3.3 7.8 0.9 3.4  4.3 

Fruit removal from 1
st
 

4 fruiting branches 

7.6 7.0 7.6 1.7  3.8 

Tipped and fruit 

removal 

4.3 6.1 5.0 1.9  6.0 

LSD (treatment)   1.2 

Site means 3.8 5.2 3.4 1.8   

LSD (site) 2.3   

LSD (site x treatment) 4.1 (ns)   



 

 
 

 

 

 

At the Fruit Only sites there were significant differences between sites in yield. There was no 

effect of treatment on yield but a significant effect on crop maturity and an interaction with 

site (Table 7). Damage caused a delay in maturity compared with the undamaged control. 

The interaction is due to a low effect of fruit damage at 4 fruiting branches at one site (Upper 

Namoi, Table 7).  

 

Table 7a. Effect of damage treatment on yield. 

 Yield (g lint/m
2
)   

Damage treatment Dalby Lower 

Namoi 

St George  Treatment 

means 

Control (undamaged) 186.2 176.0 243.8  202.0 

Fruit removal from 1
st
 

4 fruiting branches  

215.8 178.2 224.4  206.2 

Fruit removal from 1
st
 

6 fruiting branches 

197.2 178.3 194.2  189.9 

LSD (treatment)   25.0 (ns) 

Site means 199.7 177.5 220.8   

LSD (site) 24.3   

LSD (site x treatment) 39.79(ns)   

 

Table 7b. Effect of damage treatment on maturity. 

 Days later maturing (60% bolls 

open) than control 

  

Damage treatment Dalby Lower 

Namoi 

St George  Treatment 

means 

Control (undamaged) 0 0 0  0 

Fruit removal from 1
st
 

4 fruiting branches  

6.4 2.6 4.5  4.5 

Fruit removal from 1
st
 

6 fruiting branches 

7.5 8.6 8.0  8.0 

LSD (treatment)   2.8 

Site means 4.6 3.7 4.2   

LSD (site) 1.2 (ns)   

LSD (site x treatment) 3.0   

 

 



 

 
 

 

We found no evidence of premature cut-out in these experiments, although retention levels 

were not particularly high and all crops had good growing conditions which would not be 

likely to generate the high retention and slow growth scenario that might lead to premature 

cut-out. Nevertheless, it is clear from our results that Bollgard II
®

 crops can compensate well 

from damage, though with a delay of similar levels to a conventional crop, based on past 

experiments. These experiments have served to provide IDO’s, growers and consultants with 

experience with the response of crops to damage and also first hand experience with Bollgard 

II
®

 crops (this work was done before BGII was widely available). 

iii) Ultra narrow row (UNR) and compensation.  

In the more central cotton regions cotton planted on conventional 1m row spacing have been 

shown to compensate strongly for early damage – often with no loss of yield or delay in 

maturity. This allows growers to tolerate some early damage, rather than prevent it using 

insecticides, and hence reduces costs and helps conserve beneficials that will help control 

pests. In cooler regions such as the Macquarie Valley, compensation is often not as strong as 

in warmer regions, and though plants do compensate there is a higher risk of some delay in 

maturity (≈3-4 days) , which can in some years also lead to a reduction in yield (≈ 0 – 5%). 

Growers in the Hillston region face a short, hot season. One strategy to maximize the use of 

the solar radiation available has been to use UNR cotton, in an attempt to grow a high yield 

with shortened crop duration. There has been concern that early damage to UNR cotton will 

cause delayed maturity, thereby undermining the benefits. In these experiments we compare 

the response of both UNR and conventional row spacing (1m) cotton to early tip damage and 

fruit loss.  

 

The trial was carried out at Merrowie in 2002-03 and again in 2003-04. A replicated design 

was used with planting configuration (UNR or conventional 1m beds) in a split-plot design 

with the damage treatments arranged randomly within each split-plot. Cotton was planted on 

the 5th October 2002 (Sicala V3rri) and on the 6th October 2004 (Bollgard 12B). Damage 

treatments were: Fruit removal (FR), Tip damage at node 2  (Tip2), Tip damage at node 6 

(Tip6), Tip damage at node 8 (Tip 8) and Untreated control (Control). The tip out treatment 

was applied to all three crop rows in each plot when plants had reached the designated true 

leaf stage. Tip out involved the removal of the terminal using a pair of curved forceps. Fruit 

damage was inflicted to by removing all fruit from the first four fruiting branches. Weekly 

maturity picks from 1 m in the centre row were conducted from first boll opening. These 

recorded the number of bolls picked and the total boll weight. Samples were sent for ginning 

to ACRI in Narrabri.  

 

The results for the two experiments had some similarities and some differences. In 2002-03 

the conventional cotton and the UNR cotton had similar yields, while in 2003-04 the the 

UNR out-yielded the conventional 1m beds (See Figures 14 and 15). Comparing the effect of 

damage on yields of UNR and conventional showed no difference in 2002-03 – though there 

is a trend for yield to be maintained after damage in the conventional, and to decline with 

damage in the UNR (Figure 14). A similar pattern is evident in 2003-04 where there was no 

effect of damage on yield for the conventional, but in the UNR two damage treatments (Fruit 

removal and tipping at node 8) yielded significantly less than the undamaged control (Figure 

15). 
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Figure 14. Damage did not cause a significant yield reduction in either UNR or conventional 

cotton in 2002-03. 
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Figure 15. Damage did not cause a significant yield reduction in conventional cotton in 

2003-04 but did significantly reduce yield in UNR (indicated by asterisks – these treatments 

are significantly different to the control UNR).  

 

In a combined analysis across both years there is a strong trend (P = 0.07) for damage to have 

no effect on yield in conventional but to consistently cause a reduction in yield in UNR (Fig 

16). An exception to this is the tipping at node 2 which had no effect on yield in either 

conventional or UNR configurations. 
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Figure 16. Across both years there was a trend for damage to have no effect on yield in 

conventional but to reduce yield in UNR.  

 

Row configuration had no significant effect on crop maturity data. In other words the UNR 

matured at the same time as the conventional 1m beds (look at the control treatments in Figs 

17 and 18). 



 

 
 

 

 

In 2002-03 the fruit removal and tipping at node 6 or 8 caused similar significant delays in 

maturity in both UNR and conventional 1m beds (Figure 17). However, tipping at node 2 led 

to earlier maturity in both planting configurations. 

 

In 2003-04 the fruit damage and tipping at node 8 (and node 6 in conventional) caused delays 

in maturity in both UNR and conventional of about 8 to 10 days. Tipping at node 2 did not 

affect maturity date (Figure 18). 
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Figure 17. Damage to early fruit or tipping at nodes 6 or 8 caused a significant delay in 

maturity  in UNR and conventional (indicated by asterisks or crosses). 
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Figure 18. Damage to early fruit or tipping at nodes 8 (and 6 in conventional)  caused a 

significant delay in maturity  in UNR and conventional (indicated by asterisks or crosses).  

 

Looking across both years combined there was a significant treatment effect of treatment on 

yield but the response was the same for both row configurations. Tipping at node 2 did not 

cause delay, but fruit removal or tipping at node 6 or 8 caused a delay of about 9 days (Fig 

19). 
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Figure 19. Damage to early fruit or tipping at nodes 6 or 8 caused a similar significant delay 

in maturity in both UNR and conventional (indicated by asterisks). 

 

The results show that early damage has little effect on the yield of cotton grown on 

conventional 1m beds, whereas similar damage tend to cause a reduction in yield in UNR 

cotton.  Damage caused similar delays in maturity in both UNR and conventional with the 

early fruit loss and node 6 or node 8 tip damage treatments causing about 9 days delay. In 

terms of IPM this means that tolerating early damage in cotton on a 1m row spacing probably 

won’t affect yield but may cause delay in maturity. This delay may in some years translate 

into a yield reduction as well. In UNR cotton protection from early damage would appear 

more important as both yield and maturity could be affected. 

 

iv) Effect of tip damage on cotton yield and maturity at Hillston.  

 Experiments in warm cotton regions, such as the Namoi and Gwydir Valleys, have 

found that tip damage has little effect on either yield or maturity date of cotton unless the 

damage is very severe. Early fruit loss didn’t affect yield but did cause a delay in 

maturity of 7 days. For cooler regions the situation may be different. Experiments in the 

Macquarie Valley have shown less consistent recovery of plants from early tip damage, 

with both yield and maturity date sometimes negatively affected. The experiments 

reported here were designed to investigate the recovery of cotton in the Hillston Region 

after tip damage and early fruit loss.  In this region the shorter growing period may limit 

the capacity of plants to recover from damage. Any delay in crop development could 

therefore potentially have a greater effect on yield. We also considered the effect of later 

tip damage events and early fruit loss.   

 

Trial sites were selected at the properties ‘Lachlan’ and ‘Gundaline’. The cotton was 

grown on a conventional row spacing and managed according to the growers normal 

practice. Sicala V3rri was sown at Gundaline on the 1st October, 2002 and Bollgard 12B 

was sown on the 25th September at Lachlan Farming. Pests (insects and weeds) were 

controlled as required. The varieties were Ingard
®

 that had been treated with Temik to 

avoid damage by early season sucking insects. There were 5 treatments by 4 reps 

totalling 20 plots, (each plot was 2 x 3 m). The trial design was a Randomised Block 

design. Treatments were: Fruit removal (FR), Tip damage at node 2  (Tip2), Tip damage 

at node 6 (Tip6), Tip damage at node 8 (Tip 8) and Untreated control (Control). 

 

The tip out treatment was applied to all three crop rows in each plot when plants had 

reached the designated true leaf stage. Tip out involved the removal of the terminal using 

a pair of curved forceps. Fruit damage was inflicted to by removing all fruit from the first 

three fruiting branches. Weekly maturity picks from 1 m in the centre row were 



 

 
 

 

conducted from first boll opening. These recorded the number of bolls picked and the 

total boll weight. Samples were sent for ginning to ACRI in Narrabri. A final plant map 

was recorded after the last maturity pick to consider the effect of damage treatments on 

plant growth and structure.  

 

Damage did not affect yield at Gundaline or Lachlan Farming (Figs 20 and 21). Neither 

fruit removal nor tip damage had any effect on the number of bolls per metre or crop 

yield. Crop maturity was affected with tip damage at node 6 or 8 causing a significant 

delay in maturity of 3 to 4 days at Gundaline (Fig 22) and tip damage at node 8 causing 

almost 7 days delay at Lachlan Farming (Fig 23).   
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Figure 20. Damage treatments did not affect yield at Gundaline.   

 

                                

Lachlan Farming - Yield

Contro
l

Remove Fruit
Tip 2

Tip 6
Tip 8

Y
ie

ld
 (

b
/h

a
)

0

2

4

6

8

10

 
Figure 21. Damage treatments did not affect yield at Lachlan Farming.  
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Figure 22. Tip damage at nodes 6 or node 8 caused a significant delay in maturity of 

about 3 to 4 days at Gundaline.   
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Figure 23. Tip damage at node 8 caused a significant delay in maturity of about 6 days 

at Lachlan Farming.  

 

The results suggest that cotton sown on conventional 1m beds has quite strong capacity 

to recover from early tip damage in the Hillston region. However, later tip damage, at 

nodes 6 or 8, carries a higher risk of delayed maturity. Although it was not the case in 

this season, such a delay in some seasons could result in boll maturation under cooler 

conditions and therefore carry a risk of yield loss, and possibly reduced fibre quality as 

well. Further simple experiments over successive years could help confirm this result. 

v) Can early plant architecture or boll set be manipulated to increase yield. 

We investigated if yield could be increase in Bollgard II
®

 by inflicting damage on young 

plants by cutting off the terminal and upper leaves with a whipper snipper, and also 

explored the practicality of causing some square shedding using low rates of Prep. Our 

hypothesis was that inflicting tip damage or causing square shedding would allow plants 

to develop a bigger structure and carry more fruit. None of the treatments improved yield 

nor did they cause delayed maturity (Table 8). The higher Prep rates did cause some fruit 

shed.  

 

Table 8. Effect of damage treatment on yield and maturity. 

  Prep treatments Tip treatments 

 Control Prep 1 

(0.28 g 

ai/ha) 

Prep 2 

(0.14 g 

ai/ha) 

Prep 3 

(0.07 g 

ai/ha) 

Tipped at 

6 nodes 

Tipped at 

12 nodes 

P 

Yield 

(machine 

harvested, 

b/ha) 

12.1 10.9 10.7 11.2 10.6 11.0 0.27 

Maturity 

(days 

after 

sowing) 

171.5 172.5 170.9 171.7 171.6 173.4 0.65 

 



 

 
 

 

 

e) Opportunistically investigate the economic significance of minor pests  

i) Late damage experiment  

There is growing concern amongst grower and consultants about late season damage 

from pests such as thrips, that cause leaf distortion, and jassids, that cause whitening up 

the upper leaf surface. These pests are normally not a problem late season in 

conventional crops as they are controlled by insecticides applied against other pests. 

However in low spray conventional crops and especially in Bollgard II
®

 crops number 

can build up to the point that crops receive considerable damage, for instance up to 80% 

of the leaf area severely damaged by jassids. A further factor is the recording of western 

flower thrips in cotton regions. This species causes damage similar to other thrips but is 

also resistant to some insecticides, which may make it harder to manage and may 

necessitate a resistance management strategy if it becomes a frequent problem. Growers 

need information on the response of crops to such late season damage. The challenge for 

crop mangemange is to balance the beneficial value of thrips in controlling spider mites, 

the value of the damage these pests cause, the costs of their control, including non-target 

effects that may necessitate later control of secondary pests.  

 

We investigated whether late season damage to upper leaves could affect yield by cutting 

off the top 25 cm of growth from plots or removing the top six mainstem node leaves or 

leaving plants undamaged) control) of cotton that was at cut-out. This simulates a worst 

case scenario of complete loss of the upper part of the canopy. A randomised block 

design was used with 5 replicates. Maturity picks were done to estimate yield and 

maturity effects. We found that although differences were not significant they indicated 

potential yield loss and this issue should be investigated further (Table 9). For 2005-06 

we have developed a physiological framework to explore how manipulation of the size 

and photosynthetic rate of later leaves, which are the youngest and most 

photosynthetically active on the plant, can be manipulated to increase yield (with Steve 

Yeates and Greg Constable) and also to understand effects of damage on potential yield.

  

 

Table 9. Effect of late season damage treatment on yield and crop maturity. 

 Treatment  

 Control Top 25 cm 

removed 

Top 6 mainstem 

nodes removed 

P 

Maturity (days 

after sowing  

reached 60% 

bolls open) 

187.2 185.6 186.9 0.40 

Yield (g lint/ha) 254.0 209.1 196.1 0.09 

 

Do jassids affect yield?  

Jassids have emerged as a more frequent, though intermittent, problem in the late season in 

crops with low or very selective spray regimes, especially Bollgard II
®

. Earlier studies 

showed that severe jassid damage (about 80% of the upper surface of the upper leaves 

damaged) could reduce the photosynthetic rate of cotton leaves by about 20%. We have been 



 

 
 

 

trying to follow this through by investigating if jassids can cause reductions in yield.  We set 

up experiments in each year of this project but jassid numbers were very low in the first two 

years. In 1004-05 jassid numbers in a field at ACRI were higher so we took the opportunity 

to set up a simple field experiment to see if they affected yield.  

 

We used a simple replicated design, with treatments being: 

Untreated = Jassids 

Control  1 = no Jassids from now  (control with Pegasus) 

Control 2  = no jassids from  3 weeks from now 

Control 3  = no jassids from 5 weeks from now.  

 

We used plots large enough that we could machine pick to obtain the most realistic yield 

results. Jassid numbers were scored using a sweep net sample from each plot as they are too 

flighty to count in situ (20 sweeps per 18 m plot). We score damage symptoms on leaves 3, 6 

and 10 on 10 plants per plot both upper and lower surface. The damage score was based on % 

of leaf surface estimated to be damaged; 1 = 0 – 10 %, 2 = 11 – 20, 3 = 21 – 40, 4 = 41 – 60, 

5 = 61 – 80, 6 = 81- 100).   

 

We were successful in generating highly significant differences between treatments in 

damage (e.g. Fig 24 for average upper leaf surface damage), though the damage scores never 

rose about a score of 2 (10-20% leaf area damaged). Similarly we were successful in 

generating differences in jassid numbers between treatments (Fig 25 for average jassid score 

per plot). Our results showed no significant effects of jassids on yield (Control 1 = 8.6 b/ha, 

Control 2 = 7.9 b/ha, Control 3 = 7.5 b/ha and untreated = 7.7 b/ha) ), though there was a 

trend toward those plots with the highest number if jassids having lower yields. Plotting 

jassid numbers or damage against yield suggests that there is a relationship between jassids 

and yield loss (Fig 26). We will continue this research in 2005-06 to try to refine thresholds. 
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Figure 24. Average leaf damage score for different jassid control treatments, averaged across 

nodes 3, 6 and 10 for each date.  
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Figure 25. Average jassid numbers per sweep net sample per plot for different jassid control 

treatments for each date.  
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Figure 26. Regression of yield against average jassid numbers per sweep net sample per plot  

showing statistically significant trendline (r
2
 =  0.8).  

 
Conclusion 

 
 a) Aphids can reduce the photosynthetic rate of cotton, reducing yield and development. A 

statistical relationship predicting yield loss from aphid densities has been developed and used 

to produce look-up charts to estimate potential yield losses from this pest.  

 

b) A table summarising the effects of all currently available insecticides and miticides on 

beneficial predators and parasites was developed and has been updated regularly with data 

from this project, as well as that from collaborators. This table (IPM Supporting Document 1 

‘Impact of insecticides and miticides on predators in cotton’) has been widely distributed and 

used throughout the industry and served as a template for other crops.  

 

c) Cotton can recover from damage by thrips through a process known as ‘accelerated 

ontogeny’. This information can be used to update thrips compensation routines under 

development in the OZCOT cotton simulation model.  

 

d) Bollgard II
®

cotton varieties can compensate as well as or better than conventional 

varieties.  

 



 

 
 

 

e) A range of activities were co-ordinated with the Cotton Extension Team which helped 

increase their knowledge of cotton compensation, provided first hand experience with 

Bollgard II
®

 and provided valuable additional research data. Outcomes from experiments 

were (i) cotton with early retention levels of 80-85% showed no indication of premature cut-

out and treatments to manipulate plant growth to avoid this problem did not  increase yield 

but did cause delay ii) UNR cotton is less able to compensate for early damage than cotton on 

conventional 1 m beds. 3) In conventional cotton in a cool region (Hillston) later tip damage, 

at nodes 6 or 8, carries a higher risk of delayed maturity. 

 

f) Cotton growth can be manipulated using mechanical or chemical damage (Prep) but these 

did not increase yield.  

 

g) Late season damage to younger leaves may have a greater effect on yield than expected 

and should be investigated further.  

 

h) Jassid damage may affect the yield of cotton. An initial experiment showed a negative 

linear relationship between jassid density and yield. This should be investigated further. 

 

Outputs 

This project has provided the cotton industry with information to better manage aphids, to 

select insecticides to more closely match the pest situation and to conserve beneficials, and to 

better manage compensation in Bollgard II
®

 and to better manage late season pest damage. 

All of these advances help growers and consultants to manage pest in cotton with greater 

knowledge and confidence that will allow better decisions. This help address the CRDC three 

outputs via, better yields (profitability) through improved pest management decisions, by 

selection of more selective insecticides and by better understanding of pest thresholds and the 

role of beneficials to reduce insecticide use (and this has been well documented elsewhere), 

and thereby also help to contribute to a more sustainable cotton industry essential to the well 

being of small rural communities.  

 

Summary 

a) technical advances achieved (eg commercially significant developments, patents 

applied for or granted licenses, etc.)  

 

Development of look-up table for establishing if aphids will affect yield loss. 

Development of look up charts to understand effects of insecticides on beneficials. 

Development of on-line version of the Cotton Pest and Beneficial Guide. 

b) other information developed from research (eg discoveries in methodology, 

equipment design, etc.)  

Development of methods for mass rearing aphids and manipulation of populations for yield 

loss experiments  

Development of techniques to evaluate the effects of late season damage on aphids 

Development of techniques to investigate the effects of aphids on photosynthesis in cotton

  

 

 



 

 
 

 

Further Activities 

(a) to further develop or to exploit the project technology.  

Most of the findings from this research have been disseminated to industry already via 

industry conferences, field days, the Cotton Pest Management Guide and Cotton CRC 

Research Reviews. 

(b) for the future presentation and dissemination of the project outcomes.  

The key opportunity for this project is to finalise, and develop an extension plan for 

the aphid / yield loss outcomes. This could be via the Australian Cottongrower, 

Cotton LOGIC, Cotton Tales and interactions with the National Cotton Extension 

Team. There is also a great opportunity to involve IDO’s and interested consultants in 

growers in experiments to help understand the effects of late season damage on yield. 

Simple protocols could be developed, similar to the approach taken previously with 

early damage. 

(c) for future research.  

This has already been addressed in the development of e new project ‘Supporting IPM 

for Future Cotton Systems’. This project has the specific aims to;   

i) Define the economic significance of emerging pests such as jassids and late season 

thrips.  

ii) Determine the non-target effects of new insecticides and new low beneficial impact 

options and the risk for resurgence of secondary pests   

iii) Understand the effect of variety, crop agronomy and predation on development of 

aphid populations. 
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Cotton pest management guide (http://www.agric.nsw.gov.au/reader/cotton-pest-management) 

Mirid ecology in Australian cotton (http://www.cotton.crc.org.au/Assets/PDFFiles/miridec.pdf) 

Mirid management in Australian cotton (http://www.cotton.crc.org.au/Assets/PDFFiles/miridmgt.pdf) 

Integrated pest management guidelines for cotton production systems in Australia 

(http://www.cotton.crc.org.au/Assets/PDFFiles/IPMGL05/IPMGLFor.pdf) 

Insecticide resistance; where are we now? 

(http://www.cotton.crc.org.au/Assets/PDFFiles/resist03.pdf) 

Impact of insecticides and miticides on predators in cotton. October 2005 update 

(http://www.cotton.crc.org.au/Assets/PDFFiles/IPMGL99/IPMSD01.pdf) 

 

Impact on the cotton industry.   

The results and conclusions from this project will contribute substantially to improving our 

understanding of the effects of pests and their damage on cotton yield and maturity, and will 

improve the use and selection of insecticides. Importantly this project has evolved from 

earlier projects to address emerging issues, such as aphids and late season damage from 

jassids and thrips and compensation and effects of high retention in Bollgard II
®

 crops. 



 

 
 

 

Executive Summary  

 

Over the past 10 years the rapid uptake of IPM and transgenic cotton has allowed a dramatic 

reduction in the use of insecticides in cotton. However, new technologies bring new 

challenges, and amongst these for Bollgard II
®

 cotton and IPM systems is the emergence of 

pests that were previously controlled by insecticides applied against other pests. A further 

challenge is the potential for high retention in Bollgard II
®

 crops which may affect 

compensatory capacity and potentially limit yield through premature cut-out. This project has 

addressed four broad areas of relevance in the Bollgard II
®

 era. 

 

1) The effect of aphids on cotton photosynthesis and yield.  

Our research has shown clearly that aphids can reduce the photosynthetic rate of cotton, 

resulting in reduced yield and development. A statistical relationship predicting yield loss 

from aphid densities has been developed and used to produce look-up charts to estimate 

potential yield losses from this pest. This relationship will be used to enhance the 

CottonLOGIC decision support tool.  
 

2) Effect of insecticides and miticides on predators and parasites. 

A table summarising the effects of all currently available insecticides and miticides on 

beneficial predators and parasites was developed and updated regularly with data from this 

project, as well as that from collaborators. This table (IPM Supporting Document 1 ‘Impact 

of insecticides and miticides on predators in cotton’) has been widely distributed and used 

throughout the industry and served as a template for other crops.  

 

3) Effect of early damage on Bollgard II
®

 and UNR cotton.  

We found that cotton can recover from damage by thrips through a process known as 

‘accelerated ontogeny’. This is when the plant ceased development of damage leaves early in 

order to speed up the development of new, undamaged leaves to recover leaf area. This 

information will be used to update thrips compensation routines under development in the 

OZCOT cotton simulation model. A range of experiments were co-ordinated with the Cotton 

Extension Team. Outcomes from experiments were (i) Bollgard II
®

 cotton varieties can 

compensate as well as or better than conventional varieties (ii) cotton with early retention 

levels of 80-85% showed no indication of premature cut-out and treatments to manipulate 

plant growth to avoid this problem did not  increase yield but did cause delay iii) UNR cotton 

is less able to compensate for early damage than cotton on conventional 1 m beds (iv) in 

conventional cotton in a cool region (Hillston) later tip damage, at nodes 6 or 8, carries a 

higher risk of delayed maturity. Outcomes of this research have been extended to industry 

and have also increased IDO and crop manageger’s knowledge of cotton compensation and 

provided valuable additional research data 

 

4) Emerging pests and late season damage.  

We found that late season damage to younger leaves (i.e. removal of the top 25 cm or top 6 

main stem leaves) may have a greater effect on yield than expected. This raises questions 

about late season thresholds for leaf damaging as opposed to fruit damaging pests and should 

be investigated further. We also investigated the effect of jassids on cotton yield and found a 

initial experiment showed a negative linear relationship between jassid density and yield. 

This should be investigated further. 
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Executive Summurv 

Incorporating aphids, insecticides and early season plant compensation in IPM 

Over the past 10 years the rapid uptake o f  IPM and transgenic cotton has allowed a dramatic 
reduction in the use o f  insecticides in cotton. However, new technologies bring new 
challenges, and amongst these for Bollgard IS@ cotton and IPM systems is the emergence o f  
pests that were previously controlled by insecticides applied against other pests. A further 
challenge is the potential for high retention in Bollgard I S @  crops which may affect 
compensatoly capacity and potentially limit yield through premature cut-out. This project has 
addressed four broad areas o f  relevance in the Bollgard 11' era. 

1 )  The effect o f  aphids on cotton photosynthesis and yield. 
Our research has shown clearly that aphids can reduce the photosynthetic rate of  cotton, 
resulting in reduced yield and developn~ent. A statistical relationship prcdicting yield loss 
from aphid densities has been developed and used to produce look-up charts to estimate 
potential yield losses from this pest. This relationship will be used to cnhance the 
CottonLOGIC decision support tool. 

2) Effect o f  insecticides and niiticides on predators and parasites. 
A table summarising the effects o f  all currently available insecticides and miticides on 
beneficial predators and parasites was developed and updated regularly with data from this 
project, as well as that from collaborators. This table ( IPM Supporting Document 1 'Impact 
o f  insecticides and miticides on predators in cotton') has been widely distributed and used 
throughout the industry and served as a template for other crops. 

3 )  Effect o f  early damage on Bollgard 11:' and UNR cotton. 
W e  found that cotton can recover from damage by thrips through a process known as 
'accelerated ontogeny'. This is when the plant ceased development o f  damage leaves early in 
order to speed up the development o f  new, undamaged leaves to recover leaf area. This 
information will be used to update thrips compensation routines under development in the 
OZCOT cotton simulation model. A range o f  experiments were co-ordinated with the Cotton 
Extension Team. Outcomes from experiments were ( i )  Bollgard I I @  cotton varieties can 
compensate as well as or better than conventional varieties (ii) cotton with early retention 
levels o f  80-85% showed no indication o f  premature cut-out and treatments to manipulate 
plant growth to avoid this problem d i d  not increase yield but did cause delay iii) UNR cotton 
is less able to compensate for early damage than cotton on conventional 1 m beds (iv) in 
conventional cotton in a cool region (Hillston) later tip damage, at nodes 6 or 8 ,  carries a 
higher risk o f  delayed maturity. Outcomes o f  this research have been extended to industry 
and have also increased I D 0  and crop manageger's knowledge o f  cotton compensation and 
provided valuable additional research data 

4 )  Emerging pests and late season damage. 
We found that late season damage to younger leaves (i.e. removal o f  the top 25 cm or top 6 
main stem leaves) may have a greater effect on yield than expected. This raises questions 
about late season thresholds for leaf damaging as  opposed to fruit damaging pests and should 
be investigated further. W e  also investigated the effect of  jassids on cotton yield and found a 
initial experiment showed a negative linear relationship between jassid density and yield. 
This should be investigated further. 



1. Outline the background to the project. 

This project was the sixth in a series of projects (CSPIC, CSP21C, CSP46C, CSP74C, 
CSP103C). These projects have been snccessfi~l in developing industry management 
gnidelines and thresholds for pests such as mites and thrips. The series has pioneered 
research into nnderstnnding the ecology of secondary pests, identifying the role of 
beneficials in regard to pest management, especially for spider mites, evaluating the IPM 
fit of new and existing chemistly and providing well accepted information on the early 
compensatory capacity of cotton. This information has been incorporated into the current 
Integrated Pest Management Guidelines for cotton. However, there are continuing and 
new challenges to our IPM systems that we need to address. This project consists of four 
separate but related components, each building on the outcomes of earlier projects. 

Eflects of aphids oil cottorr rlevelopment crtrdyielcl 

Cotton aphid emerged recently as a major pest due to changes in pest management 
systems including reduced early season spraying (particularly with endosnlfan), use of 
lngardm cotton, the advent of Cotton Bunchy Top and recently detected resistance to 
organophosphates and carbaniates in cotton aphid. The latter two issues were causing 
considerable nervousness in the cotton industry, which undermined both resistance 
management and development of IPM. As new selective aphicides and more CBT 
resistant cotton varieties become available, emphasis will return to the use of econonlic 
thresholds to decide when to control aphids. This will require a thorough understanding 
of the effects of aphids on growth and yield of cotton at different stages through the 
season. Project CSP103C made good progress in this area, particularly in evaluating the 
effects on yield of aphid populations initiated at different times through the season and in 
the development of reliablc aphid mass rearing, artificial infestation and management 
techniques. However further research was required to understand a wider range of 
infestation timing and intensities, the timing of control and possible differences between 
varieties in response to aphid feeding. This will allow the potential yield effects of given 
aphid populations to be predicted and allow development of new thresholds and decision 
support tools. 

Meclrntrisms of recovery of cottorr ($er early cktnrage 
Thc recovery of cotton following early season pest damage received considerable 
attention in earlier projects (CSP74C and CSI'103C). This included studies of the direct 
effects of pests, such as thrips and green niirids, as well as a wide range of experiments 
using simulated pest damage. The latter have included different types, timings and 
intensities of damage and also begun to investigate interactions with other stresses such as 
water stress. 

Outconles of this research were widely publicised through the indust~y via extensive 
collaboration with CRC Industry Development Officers who also conducted damage 
experiments in all cotton regions. This research was critical in the development of 
effective IPM systems for cotton by providing growers and consultants with the 
confidence to tolerate some damage, thereby reducing insecticide use. We propose to 
continue to work with the CRC IDO's to extend research to other regions, with a 
particular emphasis on high retention Bollgard IIO crops and on ultra narrow row (UNR) 
cotton. In addition we will use more detailed experinlents to monitor changes in plant 
growth, plant architecture, leaf structure and photosynthetic efficiency in response to pest 
damage. Outcomes will be improved understanding of cotton compensation in the new 



Bollgard II@ crops, understanding of issues for UNR cotton and data to improve 
compensation routines in the OZCOT model. 

Noir-target efects of iirsecticicles 
Integrated pest management relies heavily on conservation of beneficial insects, which 
will help manage pests. IJndcrstanding of both the efficacy and the non-target effects of 
insecticides is critical for their effective use in IPM. Over the last ten years a series of 
projects (CSPlC, CSP21C, 'CSP46C, CSP74C and CSP103C) has evaluated the non- 
target effects of most existing and new chemistry This research beer1 used to provide 
growers and consultants with independent information on the non-target effects of 
insecticides and was used to develop IPM Supporting Document 1 'Inipact of insecticides 
and niiticides on predators in cotton' which forms part of the Integrated Pest Management 
Guidelines for Australian Cotton. This research needs to be continued as new insecticides 
become available and will be even more valuable in the two-Bt-gene em as there will be 
increasing emphasis on selective control of all pests. This project will focus on providing 
basic information on the non-target effects of new chemistry. A companion project by 
Dallas Gibh and Viliami Heimoana (NSW Agriculture) will focus on the efficacy of new 
chemist~y and mixtures against target pests, with emphasis on Helicoverpa and aphids. 

Eiwrgiirg iizinorpests 
As the use of insecticides declines on farms, due to the use of lngardm and Bollgard 11" 
cotton and due to increasing adoption of IPM strategies, there are more frequent reports 
from growers and consultants of unusual minor pest problems. For instance, in fields with 
little broad-spectrum insecticide use, jassids often build to quite high numbers, causing 
significant damage to older and sometimes younger leaves. The effect of such populations 
on yield is probably small but remains unknown and needs to be clarified. Such situations 
are likely to be more common as we move to Bollgard 11" cotton. This project will also 
include a 'flexible focus' to oppoltunistically collect information on the econoniic 
significance of jassids and other minor pests. This would include preliminary yield loss 
data and assessment of pest numbers and plant growth. 

2. List the project objectives and the extent to which these have been achieved. 

i. To clevelop detailed q~calititntive data relating aphid effects to cottoir growth nrrd yield 
a~rd li~ilc that with Cotton LOGIC ancl OZCOT 
Experiments have been conducted to establish the relationship between aphids and 
yield loss. Relationships to predict yield loss from aphids have been developed. 
Linkages with OZCOT and CottonLOGIC have yet to be established. The PhD 
research of the project Senior Technical Officer (STO), MS Simone Heimoana, is well 
undetway. She has taken regular field measurements of the effect of aphids on 
photosynthesis of cotton and conducted field and glasshouse experiments to 
investigate the relationship between aphid density, honeydew and declines in 
photosynthesis. 

i i .  To qttantijj the effects of iiwecticic1e.s or1 pests, prerkrtors irwd pccrclsitoicls. 
Large replicated experiments were done in each year of the project. IPM Guidelines 
Document 1 'Impact of insecticidcs and miticides on predators in cotton' was updated 
twice for the cotton industly. 

iii. To ic~rderstniicl the nreclic~r~isiir by which cottoir recoversfiom ecrrly clcrmage crrrd use to 
improve existiirg simiilatiorr models. 
Experiments investigating recovery from thrips damage were completed and the 
results have been written up and published in Annals of Botany. Data will be used to 



improve the OZCOT model in future. We also investigated if Bollgard 11' 
compensated for early pest damage as well as a conventional variety and if this was 
influenced by sowing date. This has been completed and analysed. 

iv. To exterrd research orr ecrrly pest rkrnzcrge into a rarrge of cottoit r*egiorrs throirglr 
collaborcztioil witli the CRC Coltori Extension Team 
A range of activities were co-ordinated with the Cotton Extension Team, including 

a. Bollgcrrcl ll@ e.xperirne~rts with IDO's 
Experiments were conducted with IDO's in four regions to test if yield of 
Bollgard II@ cotton would be limited by high retention causing premature 
cutout. These have been completed, analysed and reported to indust~y via 
CottonTales in each region 

b. Ultra izarrow row (UNR) aircl compensation. 
We investigated if UNR cotton could compensate for early damage as well as 
conventional cotton could, in collaboration with Evan Brown (NSW DPI) and 
Scott Hardwick (CSIRO Entomology). Two experiments were complcted and 
have been written up for the Southern New South Wales Cotton Trial Book. 

c. l?&! oftip rlarrzage orr cottorr yield arrd rnnt~trity at IIillston. 
We investigated if cotton grown at I-Iillston could compensate for early 
damage. This research was completed and written up for the Southern New 
South Wales Cotton Trial Book. 

d. Can eady plant arclritecfzrre of boll set be nzar~ipzrlcrterl lo iricrease yield. 
We investigated if yield could be increased in Bollgard II@ by inflicting 
damage on young plants by cutting off the terminal and upper lcaves with a 
whipper snipper, or causing square shedding using low rates of Prep. A first 
experiment was competed and analysed. 

v. 0pportuni.stically investigate the ecor~omic significance of minor pests 
This has been achieved through the initiatives below. 

a. Late claruage experiment 
We investigated whether late season damage to upper leaves could affect 
yield. This was completed and analysed, and further experiments planned. 

b. Do jnssirls cflect yield? 
We assessed if jassid damage could affect photosynthesis and investigated the 

effect of jassids on yield in the field. This work was completed, analysed and 
reported to industry at a range of venues (CCA AGM, CSD Research Update). 
Experiments were also completed to define ifjassids can reduce cotton yields. 
These have been completed and analysed, but further inforniation with a wider 
range of jassids damage levels is required before results could be extended to 
industry. 

Background, methodology, results and discussion. 

To clevelop detailed quantitative data relating aphid eiffects to cottorr growth arid yield 
aid  li~rlc that with Cottorr LOGIC crr~cl OZCOT 
i) Effect of aphids on yield. 
Current thresholds for aphids are based on a best guess and have no scientific basis. This 
has not been a problem in the past because aphids were only a problem late in the season, 
when the risk of yield loss was low and the main tllreit was due to honeydew 



contamination of lint. As aphids have been found earlier in the season in some years there 
is now a need to have accurate thresholds so that growers can avoid unnecessaly 
insecticides applications and yield loss. We initiated a series of field experiments to 
investigate the effects of aphids on the development and yield of cotton. As an additional 
component of these experiments the projects STO also made regular assessments of the 
relationship between aphid density and photosynthesis. The series of four experiments 
reported here began in 2000-01 and ran until 2003-04. 

Methodology 
The experiments involved artificially infesting cotton with aphids at different times 
through the season. We have developed techniques that allowed us to generate large 
populations of aphids. This was done by rearing aphids in a glasshouse initially then 
transferring these to large field cages to further increase numbers. When required the 
aphids were harvested from the cages, by cutting the plants into small stem sections and 
placing them into paper bags. The stem sections were then distributed throughout the 
plots to be infested. In each experiment we aimed to generate aphid outbreaks beginning 
in Dec, January and February. However, due to the difficulty in producing large numbers 
of aphids at a given time the actual timing of infestation of plots varied between years 
The experiments therefore all had uninfested plots and plots infested in December, 
January or Februaay. Two varieties were used in most experiments - NuOpal and 
Sicot289i. Experiments also included 'control' treatments where the aphid populations 
were allowed to build for a period before being controlled using aphicides to prevent 
further damage. 

The aphid popolations in the infested plots were monitored using a range of techniques 
with the aim of developing one that would be practical for growers and consultants to use. 
In the field, by scoring the number of aphids present on a 0 to 5 scale (0, 1 = 1-10, 2 = 11- 
20, 3 = 21-50, 4 = 51-100, 5 = >loo), the degree of damage 0 = no damage, 1 = slight 
crinkle of young leaves, 2 = < 112 of young leaf crinkled, 3 = almost total curl of young 
leaves) and the amount of coverage of the crop with honeydew (0 = none, 1 = trace of 
honeydew on top canopy, 2 = bottom !A of crop sticky, 3 = total plant sticky). We also 
collected leaf samples from each plot and washed them in the laboratory to obtain an 
accurate absolute count. Other pests were managed selectively using insecticides. The 
development of the cotton was monitored by taking fortnightly 0.5 metre harvests, which 
were partitioned into different structures and d ~ y  weight and leaf area recorded. In-field 
assessments of light interception were also made using a ceptometer. Yield of each plot 
was determined by machine harvesting the central two rows. 

Photosynthesis measurements were made using a LICOR 6400 photosynthesis system. 
Measurements were taken at regular intervals from node 3-4 below the terminal. Aphids 
were washed off the leaf to be measured using a thin stream of water. This prevented 
them from becoming lodged in the LICOR machine. Control leaves were also washed. 
Measurements of the effect of increasing densities of aphids were made by taking 
measurements in plots at intervals over the season, as the aphid populations built up. 

Results 
This is a summary of key findings rather than a complete reporting of all results as thel-e 
is a vast amount of data collected. We were able to generate plots with a wide range of 
aphid population densities. Due to seasonal differences in weather and predator 
abundance the actual build up of aphids varied widely between seasons. Fig. 1 shows the 
aphid populations generated in the 2002-03 season as an example. The variability 
between years is well illustrated by the differences in timing and rate of build up of the 



December infestations over the course of the series of experiments (Fig. 2). 

Date 

Figure 1. Mean number of aphids on leaf 3 or 4 below the terminal for the 2002-03 field 
experiment, ACRI. 

Aphids by season - December infestatkm 

I 0 40 80 120 160 

Days after sowing 

Figure 2. Differences in aphid population build-up for December artificial infestations in 
four different experiments 

A key aim of this work was to develop thresholds for control of aphids. A first simple 
approach taken was to explore the possibility that yield loss could be predicted from the 
number of cumulative aphid days that the crop experienced, (where one aphid day is the 
feeding of one aphid for one day). Initially this approach was tried with the more accurate 
laboratory counts. Cumulative aphid days were calculated from the time of infestation 
until sampling ceased at about 20% of bolls open. The data show that for each experiment 
there is a good relationship between cumulative aphid days (CAD) and relative yield (Fig. 
3) but that this varies between years. Relative yield was used to allow for differences in 
absolute yield level between experiments). The variation between years in the 
relationship between CAD and relative yield highlights a problem with using aphid days, 
which is that one aphid day in December is not the same, in terms of potential yield loss, 
as one aphid day in February. To make the relationship robust we wodd need to include a 
time component. A further disadvantage of this avvroach is that it is difficult to forecast 
ahead the potential yield loss of a given aphid-population as you don't have a final 
estimate of cumulative aphid days. 



Cumulative aphid days 

Figure 3. Relative yield of cotton against cumulative aphid days for experiments across 
four seasons at ACRI. 

One way to overcome this problem is to use information estimating when aphids began to 
increase and how quickly they increased. This appmaeh has been used previously with 
spider mites and proven useful. So, to investigate the concept we regressed cumulative 
aphid days, for successive weekly counts, against time. The slope of this relationship is 
the rate of increase and the X intercept is the start of increase. We did this for each 
individual treatment across the 4 years of experiments. The relationships were generally 
linear over most of their range, and late data points where the rates had declined due to 
ooor food aualitv were omitted. The r2 for relationshiv varied between 0.85 and 0.99 
which indicate a very good fit (eg Fig. 4). 
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Figure 4. An example of the relationship between cumulative aphids days and time. Also 
shown is the rate of' increase (R) which is the slope of the relationship, the start of 
infestation increase (i), the maturity date (m) when 60% of bolls opened and the time 
remaining from infestation increase to crop maturity (T). 

We used a non-linear curve to describe the relationship between the rate of increase, the 
time remaining and relative yield. The relationship is a form of logistic growth curve 
which allows for some initial tolerance to aphids then a decline. The equation (equation 
I )  provides a good fit to the data (Figure 5). 

Relative yield = -1 8.3 + 123/(1 + e ~ ~ ( 0 . 0 1 4 ( ( ~ + 1 ) ~ ~ ~ * ~ ) - 3 0 5 ) ) .  . .. (r2 = 0.91). ..equation 1 



Figure 5. Observed versus predicted yield using equation 1 for the laboratory counts of 
aphids numbers in Experiments 1 - 4. 

The equation was used to generate some curves of the expected yield loss ffom aphids 
for populations with a range of starting dates and rates of increase and showed a strong 
non-linear curve. Initially there is some tolerance of aphids with little effect on crop 
yield, but at high, prolonged infestation levels yield loss can be quite dramatic (Fig. 6). 
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Figure 6. Predicted yield reductions using equation 1 for the laboratory counts of aphids 
numbers in Experiments 1 - 4 for a range of rates of increase from 10 to 400 CAD per 
day. 

Although the relationship between aphids and relative yield was very good for the 
laboratory counts of aphid numbers it is important to recognise that growers and 
consultants will not have access to lab counts -they need something that can be counted 
in the field. With spider mites rate of increase was calculated as change in the % of 
leaves infested per day. However, earlier research in CSP145C showed that the 
relationship between % of leaves infested and mean number of aphids per leaf was 
strongly non-linear and aphid populations were highly clumped to the extent that 100% 
of plants was infested at a low aphid density (< 20 aphids per leaf). Observation of the 
yield loss data indicated that crops would reach 100% of plants infested before any yield 
loss was likely and hence this approach was not likely to be useful. 

For the field estimation of aphid population growth we used the 1- 5 field score data of 
aphid numbers. From this we calculated cumulative aphid days ( C O )  for each 
treatment in each experiment and also calculated the rate of increase in CADp , intercept 



and time remaining is the same manner as the lab counts. For the 'controlled' treatments 
we calculated the duration and time over which damage occurred. 

Regression analysis showed a reasonable relationship between the rate of increase in C 
CADF and reductions in yield. An extra term was added to the equation to allow for the 
effect of controlling aphids at different times. 

%Yield loss = R2*T*D*0.001557 ... . . . . . . . ...(? = 0.70). .. . . ... . . . . . . . . . . . . . . . . ..equation 2 

Observed 

Figure 7. Observed versus predicted yield using equation 1 for the field scores of aphid 
abundance in Experiments 2 - 4. 

Predictions fiom this relationship show an initial tolerance of cotton to aphids, similar to 
that shown with the laboratory counts (Fig. 8). Similarly, if the impact of control is 
included, for instance with a population that begins to iumwe when there are 80 days 
remaining in the season, there is an initial tolerance but this is less pronounced as 
duration and rate increase (Fig. 9). This could fom the basis for a simple set of look up 
tables or an addition to CottonLOCrIC to take into account the potential effect of aphids 
on cotton yield, in the absence of cotton bunchy top disease (Table 1). 
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Figure 8. Predicted yield reductions using equation 2 for the field scores of aphid 
abundance in Experiments 2 - 4 for a range of infestation initiation times, expressed as 
time remaining in the season. 
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Figure 9. Predicted yield reductions using equation 2 for the field scores of aphid 
abundance in Experiments 2 - 4 for an infestation initiation time of 80 days before 60% 
open and a range of control times, expressed as duration in days that aphids were 
allowed to develop. 

ii) Effect of avhids on vhotos~nthesis. 
As a second component of this research, MS Simone Heimoana, the Senior Technical 
Officer working on this project is studying for a PhD on the effects of aphids on 
photosynthesis of cotton. Her research is progressing well and she has developed a 
number of innovative techniques and experiments. Her initial research has shown clearly 
that aphids do reduce the photosynthetic rate of cotton and there is a negative 
relationship between aphid density and photosynthetic rate which seems fairly 
predictable (Figure 10). A similar relationship was found between aphid density and 
stomata1 conductance (Figure 1 1). However, plotting the effect on photosynthesis against 
the effect on conductance shows that conductance is affected more quickly than 
photosynthesis (Figure 12). 

No. aphidslctd 

Figure 10. Effect of aphids on photosynthesis on cotton. Measurements taken on 
mainstem node 3 below the terminal through January and February. 
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Figure 11. Effect o f  aphids on stomata1 conductance o f  cotton. Measurements taken on 
mainstem node 3 below the terminal through January and Febrtmy. 
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Figure 12. Relationship between reduction in photosynthetic rate and conductance 
caused by cotton aphids. 

MS I-Ieimoana intends to examine in more detail the effect o f  aphids on photosynthesis, 
focussing on the time at which reductions begin to occur. She is also looking at the 
effects o f  honey dew and dust on photosynthetic rate, using both real and artificial 
honeydew. She has found that 3 coats o f  artificial honey dew reduced conductance as 
well as photosynthesis. Addition o f  dust, simulating field conditions results in a further 
decline in photosynthesis but not conductance, indicating that dust is affecting light 
penetration. She is also looking at the possibility that aphid feeding damages the phloem, 
preventing effective export o f  sugars, causing accumulation and consequent reduction in 
photosynthesis. Results from this research will improve our understanding o f  the effects 
o f  aphid on cotton growth and provide valuable training for a potential cotton 
entomologist. 



Table 1. Potential yield losses from aphids, derived from rate of increase in cumulative aphid days, the current number of cumulative aphid days 
~d the tir ~g of control. 

Time remaining 
0 10 

Time remaining 60 Time remaining 40 
60 60 0 10 20 40 60 60 0 10 20 40 60 80 



b) To qunnt f i  the ejfects of irtsecticides on pests, predators nrld parasitoicls. 
Large replicated experiments were done in each year of the project. In each experiment 
seven new insecticides or miticides were evaluated for their efficacy, non-target effects 
and risk of causing resurgence of secondary pests (mites or aphids). Over the duration of 
this project we evaluated; clothianidin (neonicotinoid, Sumitomo - 2 rates), NNI0001 
(experimental compound, Bayer, 2 rates), NNIOOOl plus thiacloprid (experimental 
compound plus neonicotinoid, Bayer), etoxazole (miticide, Sumitomo), Endosulfan 
Ultracaps (new endosulfan formulation, Bayer), acetanliprid (neonicotinoid, Dupont), 
carbosulfan (carbarnate, CropCare), pyridalil (experimental compound, Sumitorno), 
semicarbazone (experimental conlpound, BASF), thiamethoxam (neonicotinoid, 
Syngenta), and novaluron (insect growth regulator). These products were all in the final 
stages of development prior to the decision regarding registration. 

Where products were registered, such as acetamiprid (Intr~~der), etoxazole (Paramite) and 
thiamethoxam (Actara), the data, along with that of relevant collaborators, were used to 
update the IPM Guidelines Document 1 'Impact of insecticides and miticides on 
predators in cotton' (Table 2) This ensi~red that this reference document was up-to-date 
for the cotton indust~y. As requested from the various agrichemical companies reports 
were prepared detailing the efficacy and non-target effects of specific insecticides. 
Several of these reports were used as a component of registration packages. 

The table 'Impact of insecticides and miticides on predators in cotton' was widely 
circulated through the industry via publication in the Cotton Pest Management Guide, in 
the IPM Guidelines and on the Cotton CRC website. A significant addition to the table in 
2004 was the insertion of information on the toxicity of insecticides and miticides to 
honey bees. This came about through CRC 1 CRDC initiatives to meet with beekeepers to 
discns and seek solutions to problems, especially loss of hives due to insecticide drift. 



Table 2. Effect of insecticides and miticides on beneficials and pest resurgence in wtton, based on data derived h m  this project and from 
collaborators (Robert Mensah - NSW DPI, Martin Dillon - formerly CSIRO Entomology, Mark Wade - formerly QDPI and UQld, Brad Scholz - 
QDPI, Dave Murray - QDPI, Viliami Heimoana - NSW DPI and Richard Lloyd - QDPI). This version was published in the Cotton Pest 
Management Guide 2205106, on the CRC Website and an earlier version appeared in the IPM Guidelines. - 
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c) To unclersta~id the r?rechnrtisnz by which cotton recoversjl.om endy clamage critd use to 
improve e,~istirg sinudatiort 171oclel.s. 

i )  Tl~rips 
These experiments investigated how cotton recovers from early season thrips damage 
(in colIaboration with Dr Tom Lei). Leaf area o f  cotton seedlings can be reduced by 
as  much as 50% by early season thrips infestations, but it is well documented that 
plants can regain the difference in leaf area once infestation ceases (compensation). 
The processes involved in the recovery have not been identified. Hypotheses include 
enhancement o f  the photosynthetic rate o f  the damaged leaves, more efficient leaf 
construction (i.e. more leaf area per unit o f  dry matter invested in new leaves), and 
more branching. This 2-yr field study examined these hypotheses and found that 
thrips-affected plants recovered from a 30% reduction in total leaf area. During thc 
recovery period, repeated measurements o f  gas exchange, leaf morphology and 
individual leaf areas at all nodes were made to assess their contr~bution to the 
recovery. 

Recovery was not achieved through the previously proposed mechanisms. The pattern 
o f  nodal development indicated that the duration o f  leaf expansion o f  the smaller 
deformed leaves was shorter than that o f  control leaves possibly because they had 
fewer cells. The production and expansion o f  healthy upper node leaves in thrips- 
affected plants could, therefore, begin sooner; about 1 to 2.5 nodes in advance of  
control plants (see Fig. 13). The proposed process o f  recovery was evident but weaker 
in the second year where thrips numbers were higher. 

W e  concluded that thrips affected plants overcame the leaf area disparity through an 
accelerated ontogeny o f  main stem leaves. By completing the expansion o f  smaller 
but normally-functioning lower node leaves earlier, resources were made available to 
the unfolding o f  larger upper node leaves in advance of  control plants. The generality 
o f  this mode o f  plant resistance in pest damage remains to be determined. W e  found 
that recovely occurs thro~~gh accelerated ontogeny, which means that thrips damaged 
plants stop growing damaged leaves earlier, because these leaves are smaller, which 
allows faster expansion o f  new leaves. 

Thcse experiments have been written up and published in Annals o f  Botany (see 
Appendix). This information was presented by Tom Lei at a range o f  grower and 
consultant meetings. 



Main stem node 

Figure 13. Leaf area development at individual main stem nodes (cotyledon = node 0 )  
through the thrips infestation and recovesy periods for control (solid circles) and thrips- 
infested (open circles) plants in year l (2001-02). The number in each panel represents 
the date o f  sampling (in days after sowing). Values represent mean of  four plots at 5 
plants per plot; * indicates differences in leaf area between control and infested plants 
that were significant at P<0.05. Arrows indicate the uppermost fully expanded leaf in 
control (solid) and infested (open) plants. The line formed by the grey circles in Fig .  4a at 
G8 DAS shows the correspondence in leaf area between treatment and control when nodal 
leaf area o f  infested plants was shifted 2.5 nodes to the left. 

i i )  Bollgarrl IP and compeiisatiori 
W e  investigated i f  Bollgard II@ compensated for early pest damage as well as  a 
conventional variety and i f  this was affected by sowing date. This was done because 
some growers and consultants had expressed concerns that Bollgard lIa would not 
compensate as effectively as conventional varieties. This perception probably arose as 
a result o f  high yield obtained with some Bollgard II@ crops which had with relatively 
high retention levels, hence the expectation that high retention is required to get high 
yields from Bollgard II@. 

W e  did an experiment with two varieties (Sicot 189R and Sicot 289BR) and three 



sowing dates ranging fi-om early October, early November to late November. Damage 
treatments imposed included tipping out all plants at 4 true leaves, removal of all fruit 
from the first 4 fruiting branches, both tipping out and fruit removal or undamaged 
(control). 

We found that later sowing dates had significantly lower yields (S1= 240, S2 = 206, 
S3 = 167 g lint/m2) and fewer bolls (S1= 129.2, S2 = 122.7, S3 = 109.7 bolls/m2). 
Crop development times were affected variably, with the second sowing data having 
the longest developmental time (Sl= 176.7, S2 = 181.2, S3 = 172.8 days) (the lower 
yields in the later sowings meant that maturity time, in days from sowiug to 60% opctl 
was about the same). Cultivar also had a significant effect, with the Bollgard II@ 
variety having significantly higher yield (Conv = 194.3, Bollgard II@ = 215.1 g 
lint/m2) more bolls (Conv = 113.1, Bollgard II@ = 127.3 g lint/rn2) and shorter 
developmental period (Conv = 178.7, Bollgard 11@ = 175.1 days). Damage caused 
reduced yield and boll number and increased developn~ental time (Table 3). Fruit loss 
and tipping had small but significant effects on yield while the combination reduced 
yield substantially. Fruit loss delayed maturity by about 9 days, which is similar to 
other research results (Wilson et al, 2004), and the effect of fruit damage and tipping 
was additive, as previously found. 

Table 3. Effect of damage on yield, boll number and cotton developmental period 

Damage Yield (g lintln12) Bolls Developmental 
(number/m2) time 

(days) 

Control 217.2 125.8 169.9 

Fruit 210.6 119.7 179.3 

Tipping 208.8 125.6 173.5 

F + T  182.2 109.7 184.9 

LSD 6.8 10.5 2.5 

There were also significant interactions between sowing date and cultivar for yield 
and boll number, whereb the reduction in yield and bolt number with later sowings @? was less with Bollgard I1 (Table 4). 

Table 4. Interaction between variety and sowing date for yield and boll number, 
ACRI, 2003-04. 

Yield (g lint/m2) Bolls (number/m2) 
.- 

Sowing Sowing 

Varicty 1 2 3 1 2 3 

Conv. 237.9 197.8 147.2 127.2 118.2 93.9 

BGII 242.9 214.5 187.8 131.3 127.1 123.5 

LSD 21.2 10.64 



There was also a significant interaction between damage and sowing date for yield 
and crop development (Table 5). Yields were generally more strongly reduced by 
damage in the latest sowing date, while for crop development sowing 2 took longer to 
develop but was less affected by fruit or tip damage than on the other sowing dates. 

Table 5. Interaction between damage and sowing date for yield and maturity 
(developmental period), ACRI, 2003-04. 

Yield (g lint/m2) Development period (days) 

Sowing Sowing 

Damage 1 2 3 1 2 3 

Control 244.6 210.1 196.8 169.8 173.0 166.8 

Fruit 242.7 213.8 175.3 181.2 185.2 171.5 

Tipping 243.5 207.8 175.1 172.5 175.5 172.7 

F + T  230.7 193.0 122.9 183.4 191.0 180.3 

LSD 23.6 5.0 

Critically however, there was no interaction between damage and variety for yield, 
boll number or development period. This indicates that the conventional and Bollgard 
II@ varieties responded similarly to damage across sowing dates, and confirms that the 
compensatory capacity of Bollgard 11' is probably at least as good as that of 
conventional cotton. 

cl) 3b exterd research o ~ i  early pest damage into u rarrge of cotto~i regmw thro~cgli 
collaboratron with the CRC Cottori E,xter~sior~ Team 

i) Bollgard 1s' experimeirts wit11 IDO's 
Early experience with BGII crops by researchers and consultants showed that in some 
cases early season fruit retention could be vely high. There were concerns that yield 
of Bollgard 11@ cotton could be limited by high early retention causing premature 
cutout. If so there was the opportunity to evaluate if this could be prevented by 
delaying initial fruit set until plants had a larger canopy. Meetings with-in CSIRO 
identified this as a research question and we initiated experiments in collaboration 
with the National Cotton Extension Team to evaluate this risk. 

Experitnents were conducted with IDO's in 8 regions (Hillston, Gwydir, McIntyre, 
Upper Namoi, Dalby, Lower Namoi and St George) to test if high retention of BGII 
crops limited yield. These experiments had two designs - influenced by the 
availability of the IDO's time. The first design, 'Tip and Fruit' (Hillston, Gwydir, 
MacIntyre and upper Namoi) tested the effect of high retention by comparing with 
crops where we artificially manipulated plants by removing the terminals (tipping) to 
delay fruiting and change plant structure, by removing the first four fruiting branches 
to delay fruiting and increase early vegetative growth and the combination of these 
two types of damage. The second design, 'fruit only' (Dalby, Lower Namoi and St 
George) tested the effects of early fruit loss, either ren~oving all friout from the first 4 
or first G fruiting branches. 

At the Tip and Fruit sites the control treatments has fruit retention of between 81.8 



and 85.3% just before removal of fruit. Across the four sites we found a strong site 
effect on yield, and maturity date, as expected (Table 6a). We found no treatment 
effect on yield, but a significant delay in maturity (Table 6b). With all damage 
treatments delaying yield by 1 to 8 days. There was no interaction between site and 
treatment. 

Table 6a. Effect of damage treatment on yield. 

Yield (g lint/m2) 

Damage treatment MacIntyre Gwydir Upper Hillsto~l Treatment 
means 

Namoi 

Control (undamaged) 220.0 251.5 247.1 162.0 220.2 

Tipped 196.9 302.8 218.4 163.7 220.5 

Fruit removal from 1" 209.8 281.3 222.8 174.1 222.0 
4 fruiting branches 

Tipped and fruit 205.6 271.3 225.2 182.4 221.1 
removal 

LSD (treatment) 37.2(ns) 

Site means 208.1 276.7 228.4 170.6 

LSD (site) 16.5 

LSD (site X treatment) 35.2 (ns) 

Table 6b. Effect of damage treatment on maturity 
.- 

Days later maturing (60% bolls open) than 
control 

Damage treatment Maclntyre Gwydir Upper Hillston Treatment 
means 

Namoi 

Control (undamaged) 0 0 0 0 0 

Tipped 3.3 7.8 0.9 3.4 4.3 

Fruit removal from IS' 7.6 7.0 7.6 1.7 3.8 
4 fruiting branches 

Tipped and fruit 4.3 6.1 5.0 1.9 6.0 
removal 

LSD (treatment) 1.2 
-- W 

Site means 3.8 5.2 3.4 1.8 

LSD (site) 2.3 

LSD (site X treatment) 4.1 (m) 



At the Fruit Only sites there were significant differences between sites in yield. There 
was no effect of treatment on yield but a significant effect on crop maturity and an 
interaction with site (Table 7). Damage caused a delay in mati~rity compared with the 
undamaged control. The interaction is due to a low effect of fsuit damage at 4 fruiting 
branches at one site (Upper Namoi, Table 7). 

Table 7a. Effect of damage treatment on yield. 

Yield (g lint/m2) 

Damage treatment Dalby Lower St George Treatment 
Namoi means 

Control (undamaged) 186.2 176.0 243.8 202.0 

Fruit removal from 1'' 215.8 178.2 224.4 206.2 
4 fruiting branches 

Fruit removal from 1" 197.2 178.3 194.2 189.9 
6 fruiting branches 

LSD (treatment) 25.0 (ns) 

Site means 199.7 177.5 220.8 

LSD (site) 24.3 

LSD (site X treatment) 39.79(ns) 

Table 7b. Effect of damage treatment on maturity. 

Days later maturing (60% bolls 
open) than control 

Damage treatment Dalby Lower St George Treatment 
Namoi means 

Control (undamaged) 0 0 0 0 

Fruit removal from lS1 6.4 2.6 4.5 4.5 
4 fruiting branches 

Fruit removal from IS' 7.5 8.6 8.0 8.0 
6 fruiting branches 

LSD (treatment) 2.8 
-- 

Site means 4.6 3.7 4.2 

LSD (site) 1.2 (ns) 

LSD (site X treatment) 3.0 



We found no evidence of premature cut-out in these experiments, although retention 
levels were not particularly high and all crops had good growing conditions which 
would not be likely to generate the high retention and slow growth scenario that might 
lead to premature cut-out. Nevertheless, it is clear from onr results that Bollgard 11' 
crops can compensate well from damage, though with a delay of similar levels to a 
conventional crop, based on past experiments. These experiments have served to 
provide IDO's, growers and consultants with experience with the response of crops to 
damage and also first hand experience with Bollgard II@ crops (this work was done 
before BGII was widely available). 

ii) Ultra rrarrow row (UNR) nrrd cornpensatiorl. 
In the more central cotton regions cotton planted on conventional l m  row spacing 
have been shown to compensate strongly for early damage - often with no loss of 
yield or delay in maturity. This allows growers to tolerate some early damage, rather 
than prevent it using insecticides, and hence reduces costs and helps conserve 
beneficials that will help control pests. In cooler regions such as the Macquarie 
Valley, compensation is often not as strong as in warmer regions, and though plants 
do compensate there is a higher risk of some delay in maturity (-3-4 days) , which 
can in some years also lead to a reduction in yield (2 0 - 5%). Growers in the Hillston 
region face a short, hot season. One strategy to maximize the use of the solar radiation 
available has been to use UNR cotton, in an attempt to grow a high yield with 
shortened crop duration. There has been concern that early damage to UNR cotton 
will cause delayed maturity, thereby undermining the benefits. In these experiments 
we compare the response of both UNR and conventional row spacing (Im) cotton to 
early tip damage and fruit loss. 

The trial was carried out at Merrowie in 2002-03 and again in 2003-04. A replicated 
design was used with planting configuration (UNR or conventional l m  beds) in a 
split-plot design with the damage treatments arranged randomly within each split- 
plot. Cotton was planted on the 5th October 2002 (Sicala V3rri) and on the 6th 
October 2004 (Bollgard 12B). Damage treatments were: Fruit renloval (FR), Tip 
damage at node 2 (Tip2), Tip damage at node 6 (TipG), Tip damage at node 8 (Tip 8) 
and Untreated control (Control). The tip out treatment was applied to all three crop 
rows in each plot when plants had reached the designated true leaf stage. Tip out 
involved the removal of the terminal using a pair of curved forceps. Fruit damage was 
inflicted to by removing all fi-uit from the first four fruiting branches. Weekly 
maturity picks from 1 n~ in the centre row were conducted from first boll opening. 
These recorded the number of bolls picked and the total boll weight. Samples were 
sent for ginning to ACRI in Narrabri. 

The results for the two experiments had some sin~ilarities and some differences. In 
2002-03 the conventional cotton and the UNR cotton had similar yields, while in 
2003-04 the the UNR out-yielded the conventional l m  beds (See Figures 14 and 15). 
Comparing the effect of damage on yields of UNR and conventional showed no 
difference in 2002-03 - though there is a trend for yield to be maintained after 
damage in the conventional, and to decline with damage in the UNR (Figure 14). A 
similar pattern is evident in 2003-04 where there was no effect of damage on yield for 
the conventional, but in the UNR two damage treatments (Fruit removal and tipping 
at node 8) yielded significantly less than the undamaged control (Figure 15). 
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Figure 14. Damage did not cause a significant yield rednction in either UNR 01 

conventional cotton in 2002-03. 
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Figure 15. Damage did not cause a significant yield reduction in conventional cotton 
in 2003-04 but did significantly reduce yield in UNR (indicated by asterisks - these 
treatments are significantly different to the control UNR). 

In a combined analysis across both years there is a strong trend (P = 0.07) for damage 
to have no effect on yield in conventional but to consistently cause a reduction in 
yield in UNR (Fig 16). An exception to this is the tipping at node 2 which had no 
effect on yield in either conventional or UNR configurations. 
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Figure 16. Across both years there was a trend for damage to have no effect on yield 
in conventional but to reduce yield in UNR. 

Row configuration had no significant effect on crop maturity data. In other words the 
UNR matured at the same time as the conventional lm beds (look at the control 
treatments in Figs 17 and 18). 



In 2002-03 the fruit removal and tipping at node 6 or 8 caused similar significant 
delays in maturity in both UNR and conventional l m  beds (Figure 17). However, 
tipping at node 2 led to earlier maturity in both planting configurations. 

In 2003-04 the fruit damage and tipping at node 8 (and node 6 in conventional) 
caused delays in maturitv in both UNR and conventional o f  about 8 to 10 days. 
Tipping at node 2 did not k e c t  maturity date (Figure 18). 

Treatment 

Figure 17. Damage to early fruit or tipping at nodes 6 or 8 caused a significant delay 
in maturity in UNR and conventional (indicated by asterisks or crosses). 
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Figure 18. Damage to early fruit or tipping at nodes 8 (and 6 in conventional) caused 
a significant delay in maturity in UNR and conventional (indicated by asterisks or 
crosses). 

Looking across both years combined thel-e was a significant treatment effect o f  
treatment on yield but the response was the same for both row configurations. Tipping 
at node 2 did not cause delay, but fruit removal or tipping at node 6 or 8 caused a 
delay o f  about 9 days (Fig 19). 
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Figure 19. Damage to early fluit or tipping at nodes 6 or 8 caused a similar 
significant delay in maturity in both UNR and conventional (indicated by asterisks). 



'The results show that early damage has little effect on the yield of cotton grown on 
conventional l m  beds, whereas similar damage tend to cause a reduction in yield in 
UNR cotton. Damage caused similar delays in maturity in both UNR and 
conventional with the early fruit loss and node 6 or node 8 tip damage treatments 
causing about 9 days delay. In terms of IPM this means that tolerating early damage 
in cotton on a i m  row spacing probably won't affect yield but may cause delay in 
maturity. This delay may in some years translate into a yield reduction as well. In 
UNR cotton protection kom early damage would appear more important as both yield 
and maturity could be affected. 

iii) ESJ'ect of tip clamage or1 cot to^ yield atlclnzaturily at Flillstorz. 
Experiments in warm cotton regions, such as the Namoi and Gwydir Valleys, have 
found that tip danrage has little effect on either yield or maturity date of cotton unless 
the damage is very sevcre. Early fruit loss didn't affect yield but did cause a delay in 
maturity of 7 days. For cooler regions the situation may be different. Experiments in 
the Macquarie Valley have shown less consistent recovery of plants from early tip 
damage, with both yield and maturity date sometimes negatively affected. The 
experiments reported here were designed to investigate the recovely of cotton in the 
Ilillston Region after tip damage and early fruit loss. In this region the shorter 
growing period may limit the capacity of plants to recover from damage. Any delay in 
crop development could therefire potentially have a greater effect on yield. We also 
considered the effect of later tip damage events and early fi-uit loss. 

Trial sites were selected at the properties 'Lachlan' and 'Gundaline'. The cotton was 
grown on a conventional row spacing and managed according to the growers normal 
practice. Sicala V3rri was sown at Gundaline on the 1st October, 2002 and Bollgard 
12B was sown on the 25th September at Lachlan Farming. Pests (insects and weeds) 
were controlled as required. The varieties were 1nyard@ that had been treated with 
Temik to avoid damage by early season sucking insects. There were 5 treatments by 4 
reps totalling 20 plots, (each plot was 2 X 3 m). The trial design was a Randomised 
Block design. Treatments were: Fruit removal (FR), Tip damage at node 2 (Tip2), 
Tip damage at node 6 (Tip6), Tip damage at node 8 (Tip 8) and Untreated control 
(Control). 

The tip out treatment was applied to all three crop rows in each plot when plants had 
reached the designated true leaf stage. Tip out involved the removal of the terminal 
using a pair of curved forceps. Fruit damage was inflicted to by removing all froit 
from the first three fruiting branches. Weekly maturity picks from 1 m in the centre 
row were conducted from first boll opening. These recorded the number of bolls 
picked and the total boll weight. Samples were sent for ginning to ACRI in Narrabri. 
A final plant map was recorded after the last maturity pick to consider the effect of 
damage treatments on plant growth and stmcture. 

Damage did not affect yield at Gundaline or Lachlan Farming (Figs 20 and 21). 
Neither fruit removal nor tip damage had any effect on the number of bolls per metre 
or crop yield. Crop matnrity was affected with tip damage at node 6 or 8 causing a 
significant delay in maturity of 3 to 4 days at Gundaline (Fig 22) and tip damage at 
node 8 causing almost 7 days delay at Lachlan Fa~ming (Fig 23). 



Figure 20. Damage treatments did not affect yield at Gundaline 

Figure 21. Damage treatments did not affect yield at Lachlan Farming. 

Figure 22. Tip damage at nodes 6 or node 8 caused a significant delay in maturity of 
about 3 to 4 days at Gundaline. 

Figure 23. Tip damage at node 8 caused a significant delay in maturity of about G 
days at Lachlan Farming. 



The results suggest that cotton sown on conventional l m  beds has quite strong 
capacity to recover from early tip damage in the Hillston region. However, later tip 
damage, at nodes 6 or 8, carries a higher risk o f  delayed maturity. Although it was not 
the case in this season, such a delay in some seasons could result in boll maturation 
under cooler conditions and therefore carry a risk o f  yield loss, and possibly reduced 
fibre quality as well. Further simple experiments over successive years could help 
confirn~ this result. 

iv)  Cnrz early plunt architecture or boll set be ~~rcrrzipe~lnterl to increase yield 
W e  investigated i f  yield could be increase in Bollgard II@ by inflicting damage on 
young plants by  cutting o f f  the ternmina1 and upper leaves with a whipper snipper, and 
also explored the practicality o f  causing some square shedding using low rates o f  
Prep. Our hypothesis was that inflicting tip damage or causing square shedding would 
allow plants to develop a bigger stmcture and cany more fruit. None o f  the treatments 
improved yield nor did they cause delayed maturity (Table 8). The higher Prep rates 
did cause some fruit shed. 

Table 8. Effect o f  damage treatment on yield and maturity. 

Prep treatments Tip treatments 

Control Prep l Prep 2 Prep 3 Tipped at Tipped at P 
6 nodes 

(0.28 g (0.14 g (0.07 g 
12 nodes 

Yield 12.1 10.9 10.7 11.2 10.6 11.0 0.27 
(machine 
harvested, 
blha) 

Maturity 171.5 172.5 170.9 171.7 171.6 173.4 0.65 
(days 
after 
sowing) 

C) Opporti~~~istic~~lly rnvestignte the eco~torizic sigirificarm of miizorpests 

i )  Late rlantage e,xperitizerit 
There is growing concern amongst grower and consultants about late season damage 
from pests such as thrips, that cause leaf distortion, and jassids, that cause whitening 
up the upper leaf surface. These pests are normally not a problem late season in 
conventional crops as they are controlled by insecticides applied against other pests. 
I-Iowever in low spray conventional crops and especially in Bollgard 11' crops number 
can build up to the point that crops receive considerable damage, for instance up to 
80% o f  the leaf area severely damaged by jassids. A further factor is the recording o f  
western flower thrips in cotton regions. This species causes damage similar to other 
thrips but is also resistant to some insecticides, which may make it harder to manage 
and may necessitate a resistance management strategy i f  it becomes a frequent 
problem. Growers need information on the response o f  crops to such late season 
damage. The challenge for crop mangemange is to balance the beneficial value o f  
thrips in controlling spider mites, the value o f  the damage these pests cause, the costs 
o f  their control, including non-target effects that may necessitate later control o f  



secondary pests. 

We investigated whether late season damage to upper leaves could affect yield by 
cutting off the top 25 cm of growth from plots or removing the top six mainstem node 
leaves or leaving plants undamaged) control) of cotton that was at cut-out. This 
sinlulates a worst case scenario of complete loss of the upper palt of the canopy. A 
randomised block design was used with 5 replicates. Maturity picks were done to 
estimate yield and maturity effects. We found that although differences were not 
significant they indicated potential yield loss and this issue should be investigated 
further (Table 9). For 2005-06 we have developed a physiological framework to 
explore how manipulation of the size and photosynthetic rate of later leaves, which 
are the youngest and most photosynthetically active on the plant, can be manipulated 
to increase yield (with Steve Yeates and Greg Constable) and also to understand 
effects of damage on potential yield. 

Table 9. Effect of late season damage treatment on yield and crop nlaturity. 

Treatment 

Control Top 25 cm Top 6 mainstem P 
removed nodes removed 

Maturity (days 187.2 185.6 186.9 0.40 
after sowing 
reached 60% 
balls open) 

Yield (g lintlha) 254.0 209.1 196.1 0.09 

Do jussids (fleet yield? 
Jassids have emerged as a more frequent, though intermittent, problem in the late season in 
crops with low or vely selective spray regimes, especially Bollgard II@. Earlier studies 
showed that severe jassid damage (about 80% of the upper surface of the upper leaves 
damaged) could reduce the photosynthetic rate of cotton leaves by about 20%. We have been 
trying to follow this through by investigating if jassids can cause reductions in yield. We set 
up experiments in each year of this project but jassid numbers were very low in the first two 
years. In 1004-05 jassid numbers in a field at ACRI were higher so we took the opportunity 
to set up a simple field experiment to see if they affected yield. 

We used a simple replicated design, with treatments being: 
Untreated = Jassids 
Control l = no Jassids from now (control with Pegasus) 
Control 2 =no jassids from 3 weeks from now 
Control 3 = no jassids from 5 weeks from now. 

We used plots large enough that we could machine pick to obtain the most realistic yield 
results. Jassid numbers were scored using a sweep net sample from each plot as they are too 
flighty to count ill situ (20 sweeps per 18 m plot). We score damage symptoms on leaves 3, 6 
and 10 on 10 plants per plot both upper and lower surface. The damage score was based on % 
of leaf surface estimated to be damaged; 1 = 0 - l 0  %, 2 = l1  - 20, 3 = 21 - 40, 4 = 41 - 60, 
5 = 6 1 - 8 0 , 6 = 8 1 - 1 0 0 ) .  



We were successful in generating highly significant differences between treatments in 
damage (e.g. Fig 24 for average upper leaf surface damage), though the damage scores never 
rose about a score of 2 (10-20% leaf area damaeedl Similarlv we were successful in 

W ,  

generating differences in jassid numbers between treatments (Fig 25 for average jassid score 
per plot). Our results showed no significant effects of jassids on yield (Control 1 = 8.6 b h ,  
Control 2 = 7.9 b/ha, Control 3 = 7.5 b/ha and untreated = 7.7 bha) ), though there was a 
trend toward those plots with the highest number if jassids having lower yields. Plotting 
jassid numbers or damage against yield suggests that there is a relationship between jassids 
and yield loss (Fig 26). We will continue this research in 2005-06 to try to refine thresholds. 

Figure 24. Average leaf damage score for different jassid control treatments, averaged across 
nodes 3,6 and 10 for each date. 

Figure 25. Average jassid numbers per sweep net sample per plot for different jassid control 
treatments for each date. 
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Figure 26. Regression of yield against average jassid numbers per sweep net sample per plot 
showing statistically significant trendline (r2 = 0.8). 

Provide a conclusion as to research outcomes compared with objectives. What 
are the "take home messages"? 

a) Aphids can reduce the photosynthetic rate of cotton, reducing yield a n d  
development. A statistical relationship predicting yield loss from aphid densities has 
been developed and used to produce look-up charts to  estimate potential yield 
losses from this pest. 

b) A table summarising the effects of all currently available insecticides and miticides 
on beneficial predators and parasites was developed and has been updated regularly 
with data from this project, as well as that from collaborators. This table (IPM 
Supporting Document 1 'Impact of insecticides and miticides on predators in cotton') 
has been widely distributed and used throughout the industry and served as a template 
for other crops. 

c) Cotton can recover from damage by thrips through a process known as 'accelerated 
ontogeny'. This information can be used to update thrips compensation routines under 
development in the OZCOT cotton simulation model. 

d) Bollgard 11@cotton varieties can compensate as well as or better than conventional 
varieties. 

e) A range of activities were co-ordinated with the Cotton Extension Team which 
helped increase their knowledge of cotton compensation, provided first hand 
experience with Bollgard 11@ and provided valuable additional research data. 
Outcomes from experiments were (i) cotton with early retention levels of 80-85% 
showed no indication of premature cut-out and treatments to manipulate plant growth 
to avoid this problem did not increase yield but did cause delay ii) UNR cotton is less 
able to compensate for early damage than cotton on conventional 1 m beds. 3) In 
conventional cotton in a cool region (Hillston) later tip damage, at nodes 6 or 8, 
carries a higher risk of delayed maturity. 

f) Cotton growth can be manipulated using mechanical or  chemical damage 
(Prep) but  these d id  not increase yield. 



g) Late season damage  to  younger  leaves m a y  have  a greater effect o n  yield 
than expected a n d  should  b e  investigated further. 

h) Jassid damage may affect the yield of cotton. An initial experiment showed a 
negative linear relationship between jassid density and yield. This should be 
investigated further. 

4. Detail how your research has addressed the Corporation's three Outputs - 
Economic, Environmental and Social? 
This project has provided the cotton industty with infotmation to better manage aphids, to 
select insecticides to more closely match the pest situation and to conserve beneticials, 
and to better manage compensation in Bollgard 11' and to better manage late season pest 
damage. All of these advances help growers and consultants to manage pest in cotton 
with greater knowledge and confidence that will allow better decisions. This help address 
the CRDC three outputs via, better yields (profitability) through improved pest 
management decisions, by selection of more selective insecticides and by better 
understanding of pest thresholds and the role of beneficials to reduce insecticide use (and 
this has been well documented elsewhere), and thereby also help to contribute to a more 
sustainable cotton industry essential to the well being of small rural communities. 

5. Provide a summary of the project ensuring the following areas are addressed: 

a) technical advances achieved (eg commercially significant developments, patents 
applied for or granted licenses, etc.) 

Development of look-up table for establishing if aphids will affect yield loss. 
Developnlent of look up charts to understand effects of insecticides on beneficials. 
Development of on-line version of the Cotton Pest and Beneficial Guide. 

b) other information developed from research (eg discoveries in methotlology, 
equipment design, etc.) 
Development of methods for mass rearing aphids and manipulation of populations for 
yield loss experiments 
Developnlent of techniques to evaluate the effects of late season damage on aphids 
Developnlent of techniques to investigate the effects of aphids on photosynthesis in 
cotton 

c) are chauges to the Intellectual Property register required? 
No. 

6 .  Detail a plan for the activities or other steps that may be taken: 

(a) to further develop or to exploit the project technology. 
Most of the findings from this research have been disseminated to indust~y already via 
industly conferences, field days, the Cotton Pest Management Guide and Cotton CRC 
Research Reviews. 

(b) for the future presentation and disseminatio~i of the project outcomes. 
The key opporttmity for this project is to finalise, and develop an extension plan for 
the aphid 1 yield loss outcomes. This codd be via the Awtralian Cottongrower, 
Cotton LOGIC, Cotton Tales and interactions with the National Cotton Extension 



Team. There is also a great opportunity to involve IDO's and interested consultants in 
growers in experiments to help understand the effects o f  late season damage on yield. 
Simple protocols could be developed, similar to the approach taken previously with 
early damage. 

(c)  for future research. 
This has already been addressed in the development o f  e new project 'Supporting IPM 
for Future Cotton Systems'. This project has the specific aims to; 
i )  Define the economic significance o f  emerging pests such as jassids and late season 
thrips. 
ii) Determine the non-target effects o f  new insecticides and new low beneficial impact 
options and the risk for resurgence o f  seconda~y pests 
iii) Understand the effect o f  variety, crop agronomy and predation on development o f  
aphid populations. 

7 .  List thc publications arising from the rescarch projcct andlor a publication plan. 
(NB: Where possible, please provide a copy of any publicationis) 

Selected publications are included in this report. 

Refereed papers and conference papers 

Wilson, L.J., Sadras, V .O. ,  Keimoana, S.C. and Gibb, D. (2003) How to succeed by doing 
nothing: Cotton compensation after simulated early pest damage. Crop Science 43, 2125- 
2134 

Wilson, L.J., Mensah, R.K. and Fitt, G.P. (2004) IPM in Australian cotton. In: Proceedings o f  
the World Cotton Research Conference 111, Cape Town, South Africa, March 2003. 

Lei, T.T. and Wilson, L.J. (2004) Recovety o f  leaf area through accelerated shoot allometty 
in thrips damaged cotton seedlings. Annals o f  Botany 94, 179-186. 

Reddall, A.A., Sadras, V .O. ,  Wilson, L.J. and Gregg, P.C. (2004) Physiological responses o f  
cotton (Gossypi~lr~r hirsutelrn L.) to two-spotted mite (Tetrai~ychzw zrrticcre Koch) damage. 
Crop Science 44, 835-846 

Wilson, L.J., Mensah, R.K. and Fitt, G.P. (2004) Implementing IPM in Australian cotton. 111: 

Novel Approaches to Insect Pest Management in Field and Protected Crops, A. Rami 
Horowitz and I .  Ishaaya (eds), Springer-Verlag, Berlin, p p  97-1 18. 

G.A. Herron, J. Rophail and L. J. Wilson (2004) Chlorfenapyr resistance in two-spotted 
spider mite (Acari: Tetranychidae) from Australian cotton. Experimental and Applied 
Acarology. 34:3 15-321 

Fitt, G. P ,  Wilson, L. J. and Daly, J. (2004) Advances with Integrated Pest Management as a 
component o f  sustainable agriculture. Proceeding o f  the 4th International Crop Science 
Congress, Brisbane, September 2004 

Whitehouse, M.E.A., Wilson, L.J. and Fitt, G.P. (2005) A con~parison o f  arthropod 
communities in transgenic Bt and conventional cotton in Australia. Environmental 
Entomology 35:  1224-1241. 

Conferences 



Lei, T.T., Khan, M. and Wilson, L.J. (2003) Ball damage by sucking pests: tackling an 
emerging threat. Oral presentation for the World Cotton Research Conference 111, Cape 
Town, South Africa. 

G.A. Herron and L.J. Wilson (2004) The management of cotton aphid (Aphis gossypii 
Glover) in Australian cotton. International Congress of Entomology, Brisbane, August 2004. 

TT Lei, B Duggan, M Khan & LJ Wilson (2004) Responses of cotton to actual and simulated 
green mirid boll damage. International Congress of Entomology, Brisbane, August 2004. 

Wilson, L.J., Fitt, G.P. and Pyke, B A .  (2004) Integration of transgenic cotton with IPM - 
opportunities and challenges. International Congress of Entomology, Brisbane, August 2004. 

Wilsot~, L.J., Lei, T.T. and Takenaka. A. (2004) Compensation for pest damage: Linking pest 
and damage based thresholds. International Congress of Entomology, Brisbane, August 2004. 

Extension materials 

Gunning, R., Larsen, D., Pyke, B., Tucker, G. and Wilson, L. (2003) Insecticide resistance 
management strategy for conventional cotton 2003-04. Cotton Pest Management Guide 2002- 
2003 Agdex 1511680 

Deutscher and Wilson (2003) Pest and Beneficial Guide. WWW tool 
(http://www.cotton.pi.csiro.auiinsects.h) 

Lei , T., Baguley, K., Cameron, D. and Wilson, L. (2003) Can high yield potential crops 
recover from pest damage. Aost. Cottongrower 24(7) 50-51 

Franzmann, B., Smith, L., Trackson, K. and Wilson L. (2004) The silverfly: A predator of 
cotton aphid. Aust. Cottongrower 25(1): 24-26. 

Rossiter, L., Wilson, L., Larsen, D., Pyke, B., Gunning, R., Herron, G., and Kelly, D. (2003) 
Insecticde resistance. Where are we now'? Australian Cotton CRC Information Sheet. 

Wilson, Lei and I-Ieimoana (2003) How much tip damage can you stand? CSD Trial results 
booklet pp 94-96.Farrel1, T., Wilson, L., Mensah, R. and Dillon, M. (2004) Key insect and 
mite pests of Australian cotton. Cotton Pest Management Guide 2004-2005, pp 1 - 9. CRC 
and NSW DPI Publication. 

Wilson, L., Mensah, R., Johnson, A. and Deutscher, S. (2004) Integrated Pest Management 
(IPM) guidelines for Australian cotton. Cotton Pest Management Guide 2004-2005, pp 16 - 
29. CRC and NSW DPI Publication. 

Rossiter, L., Gunning, R., Herron, G., Larsen, D., Pyke, B., and Wilson, L. (2004) Insecticide 
resistance management strategy for conventional cotton 2004-05. Cotton Pest Management 
Guide 2004-2005, pp 1 - 9. CRC and NSW DPI Publication. 

Deutscher, S., Wilson, L. and Mensah, R. Integrated pest management guidelines for cotton 
production systems in Australia. CRC Publication. pp 78, ISBN: 1 921025 01 8. 

Wilson, Lei and Meimoana (2004) Aphid and mites in the Bollgard IIO era. CSD Trial results 
booklet pp 81-83. 

Khan, M,, Kelly, D., Hickman, M,, Mensah, R., Brier, N. and Wilson, L. (2004) Mirid 
ecology in Australia cotton (Australian Cotton CRC Research Review. No. 14. 



Khan, M,, Kelly, D., Hicknlan, M,, Mensah, R., Brier, H. and Wilson, L. (2004) Mirid 
management in Australia cotton (Australian Cotton CRC Research Review. No. 15. 

Wilson, L.J., Deutscher, S .  and Pyke, B. Cotton Pests. (2005) In, Insects (and allied forms) o f  
Austr.alian field crops and pastores: Cotton. CSIRO Publishing, in press 

Farell, T . ,  Mensah, R., Wilson, L., and Dillon, M. (2005) Key insect and mite pests o f  
Australian cotton. Cotton Pest management Guide 2005106. NSW DPI Publication. P p  1-17 

Wilson, L., Deuscher, S . ,  Mensah, R., and Johnson, A. (2005) Integrated pest management 
(IPM) guidelines for Australian cotton 11. Cotton Pest management Guide 2005106. NSW 
DPI Publication. P p  18-3 1 

Rossiter, L.., Farrell, T., Larsen, D., Kauter, G. ,  Downes, S. and Wilson, L. (2005) Insecticide 
resistance management strategy for 2005-06. Cotton Pest management Guide 2005106, NSW 
DPI Publication. P p  32-36 

Downes, S., Wilson, L., Kauter, G.  and Farrell, T .  (2005) Preamble to the resistance 
management plan for Bollgard IIO 2005-06. Cotton Pest management Guide 2005106. NSW 
DPI Publication. P p  37-46. 

8. Have you tievelopcd any online resources and what is the websitc address? 

The project principal researcher was a significant contributor to each o f  the following on-line 
resources. 

Cotton pest and beneficial guide (http:llwww.cotton.~r~~~r~!~a~~linsects.httn) 

Cotton pest management guide (htt~:l/www.acric.~~sw.eov.a~~lreaderlcotton-~est- 
management) 

Mirid ecology in Australian cotton 
(http:l/www.cotton.cr~~~so~a~~lAssetslPDFFileslmiridec.pd~ 

Mirid management in Australian cotton 
( h t t p : / l w w w . c o U o n . c r c . ~ r g ~ a ~ ~ l A s s e t s ~  

Integrated pest management guidelines for cotton production systems in Australia 
(h~tp:Nwww.cotton.cr~~org.a~1lAssetsll'DFFilesl1PMGLO5lIPMGLFor.pdQ 

Insecticide resistance; where are we now? 
(http:llwww.cotton.crc.0rg.i1~1lAssets/PDFFileslresistO3.pdQ 

Impact o f  insecticides and miticides on predators in cotton. October 2005 update 
(l1up:llwww.cotton.crc.org.aulAssetslPDFFileslIPMGI~99/IPMSDO 1 . p d  t) 

Provide an assessment of the likely impact of thc results and conclusions of the research 
project for the cotton industry. Where possible include a statement of the costs ant1 
potential benefits to the Australian cotton industry or the Australian community. 

The results and conclusions from this project will contribute substantially to improving our 
understanding o f  the effects o f  pests and their damage on cotton yield and maturity, and will 
improve the use and selection o f  insecticides. Importantly this project has evolved from 
earlier projects to address emerging issues, such as aphids and late season damage from 
jassids and thrips and compensation and effects o f  high retention in Bollgard I I @  crops. 



Physiological Responses of Cotton to 

A, licddall, V. 0. Sadras, 1.. J 

T ~it:~rwo-st~o.i~rtit~ sl~lol:n ~ r r l i  is iltl ilnportil~lt hcrbiv- 
orous pest worldwide and the most important of 

the mite pests of cotton ii i  Australia, affecting many 
aspects of cottoih growth (1~:orrcstcr aod Wilsoii. 1988; 
Wilson, l'J93: Ilcrron et al., 1998). firrnri~~c11ir.s irrricae 
fccds on the utidersidcs of lcavcs. which arc the major 
sites ofpho~osynthcsi (7hlnczyk and Kropczynska, 1985: 
Wcltcr, 1989). At the crop lcvcl, earlier stitdics havc 
shown that 7'. urricne infestations can havc dramatic 
cffccts on plant growth, significantly rcduciiig radiation 
use cfficicncy (RUE) ;tiid resulting in rcduccd crop 
yicld, fibcr quality. germination succcss. anti oil coirtciit 
of sccds (Wilson et al., 199'1; Wilsoti, 1993: Sadras and 
Wilson, 1996; Sadras aiid Wilson, 1997~1, 1997h). Grcat- 
est cffccls on dcvclopnicnt and yield wcrc ciruscd by 
rapidly incrcasitig mitc infestations early in the grow- 
ing period. 

At the leaf level, the cffccls of mites on photosynlhc- 
sis lhavc bccn studicd in a ranw of crops, includinc 
cotton. Brito et al. (1986) rcport&l that tniic infcstatioi 
increased leaf rcsistat~cc to CO, itoi;ikc and dccrcascd - .  
pliotosynthctic rate in glasslioi~sc-growl1 cotton plants 

Two-Spotted Spider Mite Darnage 

Wilson,, and L'. C. Grcgg 

Bonclada et al. (1995) stitdicd 7: iirricne damage to cot- 
ton grown in the fielcl and found altcratioos to the sto- 
111atai appal-atus and iotciiial damagc to the ~llcsophyll 
cells, which rcsulted in declining pliotosynthcsis in pars- 
lcl with dccliiiing stomata1 conditctancc and transpira- 
tion. IIowcvcr, studies of  the relationship bctwccn the 
dcnsity of mitcs on lcavcs and cffccts on the photosyn- 
thetic ratc of cotton leavcs in the field arc limitcd. Many 
othcrstiidics on tlic impact of spider mitcs oil host plants 
such as pcacb [Primus prsicae (L.) Ratsch], allnond 
(Priiriirs dirici,~ Mill.), apple (Mi~iiis domevric Borkh). 
toiriiito (L.ycoperricon escrrie~rl~urr Mill.), strawbcrry (h- 
guria NIILII~(IS.SII Ducli.), and pcppcrrnint (Me17rhnpiperii~1 
I..) lhavc rccorclcci both reduced leaf photosynthcsis and 
triinspiration rates (Ilall and Fcrrcc, 1975; l'oskuta et 
al.. 1975; 1)cAngclis et al., 198.3; Youngman et al., 1986; 
Youngman and Barncs, 1986; IIarc and Youngmao, 
1987; Royalty and Pcrring. 1989: Moblcy and Maritii, 
1990: Nihoul et al., 1992). Iicditctions in photosynthesis 
liavc bccn sliown to result from dca-cased stomata1 open- 
ing and incrcasctl mcsophyll resistancc (Wcltcr, 1989). 
Howcvcr, the order in which thcsc changes occur ancl 
how this varies with different niitc clcnsitics and intcn- 
sity of riarnagc has not been clarified previously. 

A furtlicr litnilation of the above studics was that 
none considcrcd tlic possibility of compensation for rc- 
cliictions in leaf photosyntlicsis because of mitc feeding 
d;tm;tgc. For instance. it is possible that the photosyn- 
thetic ratc of an undamaged portioo of a mitc-damaged 
icafcould iiicrcasc relative to a leaf i n  the same position 
ii i  an unitifcstcd plant. thcrcby maintaining the total 
icvcl of photosyihthatc proclucccl per leaf (Nowak and 
C;ildwcll. 1984; Wcitcr, 1989). In cotton, the possibility 
of colnpcnsation in response to mite damage was raised 
in crop lcvcl, rather than leaf icvel, studics by Skdras 
and Wilsoti ( l  9973). Tlicsc authors dcrivctl cstirniitcs of 
crol~ RUE fron mcasurcs of dry matter accunittlation 
and licht iiltcrccption. They found that until mitc i~ooo- 

lar lcvcls to tliosc occurring in uninfcstcd cotton. This 
implied that the pliotosynthetic ratc of leavcs infested 
at this mitc density w;is also being maintained, though 
iportions of leaves were quite hewily damaged. Hence, 
the possibility of within-leaf compcnsalion was invoked 
but was not tested bccaiise the pliotosynthctic rate of 
da~nagcd and i~ndamagcd potions of lcavcs was not 
~~~cas i t r ed .  

h1,breviatious: afol,  adoit fwislc imitcs (?iwmyriiirr ,iiiicnc Koch); 
zai ,  x t i v c  ihgrcciicnl: E l ,  i k i i i u s  iiwri~#gicmi.t; C, i n l c r c c i l ~ ~ l ~ ~ r  CO2 
coi>cclill.iiiioii: Cry iAc, cryslai piolcili i Ac: !>/\S, days iaflcr sowiog: 
gs. s too~ i~ ia l  coodiictaocc to witer vitpol: I.Pll. i d  pcnetri~tion icsis- 
tnilcc: l + M ,  miic lrcalincnt (plants sitificially i~lfcslcd with  mitcs); 
-M conlmi treiil~ncnt (no initer); PAR,  pl~olosyoil~ctici~ily ;iclivc 
iiidiitiion; PII. lnel phoiosyoiiwis: RUE, riidiaiioo usc efficiency: Si ,  
Scaani l ;  S2. Se;isou 2: T, Iriiospiriiliml. 



Tliis study had two aims. T h c  first aim was to  invcsti- 
liatc the rclationshiu bctwccn t h c  iotcnsity of 7'. irrriciie 

, . . . 
iolo&al rcspo'iiscs. including photosynthesis, transpira- 
tion, stornatal opening and conductaticc,  transpiration 
cflicicncy, i i~ tc i cc l l i~ la r  CO: conccntra t ion,  and lcaf 
chiorophyll contcnt. l'hc second aim was to  cvaiuate thc  
possibility of within-leaf compensat ion for mite damagc  
by assessing photosynthcsis o n  c l an~agcd  mid utidarn- 
aged portions of lcavcs. 

MATERIALS AND METHODS 
'I'lie cficct ol mite d m a g c  oil leaf photosynthctic ralc (h), 

s1omz~t;ii conductance (gs), transpiration (I'), intcrcclli~iar CO: 
conccniralion (C,), and tlaiispiration cilicicncy (I'E also 
known as p11ysiologic;il water use efficiency) wcrc investigated 
in colton crops over two scnsons (Scason l ,  1096-1097: Scason 
2, 1997-1998) at the Aoslralian Cotion licscarch Inslilute 
(Nal-iabl-i, 3O"S. 1SO"I:). 

Crop  iM;tnagetnettt 

'l'hc cotton crops WE sow11 into ci-acking gmy clay soil 
(Vcrtiso1,'I'ypic I'cllusrcl-l: 1Jg5.25) (Northcolc, 1079; Consla- 
hlc et al., 1992). in rows l OI apart. on 9 Oct. I996 in Season l 
and on 16 Oct. 1997 in Scmon 2. 'fhc 1)Isnt density was l3 

I l ~ , , ~ . ,  .. .: . I l , .  . 1 .  , ~ I . I ' . l " . c l . '  " h .  L".: 

b. . . .  .It;.,:,:. : l,, ",:.l>. >l, , . , . , , .  l>~ 'n: . l i  L.. ~ l ' .  
, I , ,  I ) .  I t I .1 .  I . ~  ' I  . .. .... . , < l  l.. ~ . . \ . : l > . : .  

~vodoccs Hoci1lri.s ritii,-hgii!,i,si,~ subsp. Irii~siirki insecticidal 
proleins (Cry IAc) that provide colitrol of IIcl icovcrp spp. 
(Lcpidoptcra, Noctuidac). the nrain inscct pest of cotto~i in 
Australia. All inscct pests wevc oiooitorcd twice wcckly and 
coiiimllcd according to tl~rcsholrls pi~blislicd in Slmw (19')B) 
by insccticidcs that Ihad little or no elScct on niilcs directly. 
Crops wcrc fertilized with anhyilrous aiiinronia at a ralc of 
100 kg N h a '  2 m u  before sowing and Surrow iirigilled before 
sowing. Soil watcr content was measured wcckly with a m u -  
iron prohe ns dcscribcd in S;ldias cl al. (1998). Crops were 
furrow iurigatcd ivhcncvcr a soil watcr dciicit o i  50 to 60 imn 
was icachcd. Wccds wcrc conirollcrl with lhcrbicidcs and  io- 
tcri-ow cultivation aftci- crop clllcigcncc. 

'I'ivo initc lreatmcnts. (i) -M, control and (ii) - tb l ,  plants 
ai-rilicially inlestcd wilh miles, wcrc inclodcd in a ra~~dooiCxil 
block design which \\as icplicalcd four limes willrin a season. 
I'lols wci-c S rows by 18 m i n  Sc;ison l and R rows by 15 111 in 
Scason2.l'hccrops~vcre mile-frcc befine lhcy wcrc;rrtilicially 
inicsled with mitcs 83 d afici- sowi~rg (DAS) in Season i and 
I) l DAS in Season?, using the pn;cedi\rcs developed by Wilson 
(1993, 1994a).l'hcsc psncctloi-cs inclurlcil (i) spraying ofcrolrs 

Mite Infested 

Initial feeding site 
of T. orticae 

, , 
oiite-inicstcd cotton seedlings grown in a glasshouse, (iii) usc 
014-ni intcnvening barc soil gaps bctwccn plols to rcducc lhc 
risk of cross infestation bcrwceii -+M and -M plols, and (iv) 
control of mitcs in -M plots with acaricidcs whcncvci mites 
crcecdcd an  avcragc of  one adult fcniale mitc pcr leaf. 

Weekly ~~icasurcmcotsolphotusyntlicticralc,stomal;~lcon- 
diictancc, tmnsuiration, intcrccllular CO, conccntration, lran- 

cidcs (sec above) on photosynthcsis, ommu'cmcnts wcrc not 
take11 within 48 h of an application. Mcasurcliicnts wcrc made 
oil the lop most lully cxpanrlcd maioslc~i~ lcaf, which was 
osu;illy Sour nodcs bclow the tcroiinal: this is also ilic nodc 
o~os t  Iikcly to contain tlie higlmt mite dcnsily within the 
cotton pl;lnl (Wilson and Morlon, 1993) 'l'tiis means that l l ~  
posilioo of  the lcal n i c ; ~ s u d  icmained consttinl d a t i v e  to 
the plant tcimiaal but tlhal it wasal a [pnigrcssivcly lhighcr oodc 
position in rclation io llic cotyledons as thc season pt:ugmsscd. 
Uccausc the lcal that occupicd tliis gosition changes from 
wcck to week the fate of particular lcavcs over titlic was not 
studicil. Each wcck, two incasiircmcots werc takcn on one 
lcaf on a pi-cviously taggcd plant in the ccntci row of each 
plot, o ~ i c  mcasurcmcnt at the basal and one at the distal 
portion (scc below). A new phnt was taggcd in cacli plot each 
wcck (i.e., lout: lcavcs were rncasnscd per niitc ti-catmcnt per 
wcck, lour new lczncs the lollowing wcck, and so on). 

To assess within-lcafc<,mpcnsation, all p1;mt measurements 
wcrc takcn iron? tlic basal portion of each led,  whcrc mites 
iiiitiallv colonize lcavcs. and the dislal portion o l  the lcavcs, 
which are colonized by miles later as mile populations build 
and sprcnd (Wilson, 1994b) (i.e.. two mcasureinents per leaf, 
Fie. 1). Milc aboodance ;m1 leaf area dami~scd were recordcrl " ,  
?or lhc wholc leaf. 

Gas cxdiangc variahlcs w x c  iiicasurcd with a 1.1-COR, 1.1- 
h400 (L.incoln, NE, USA) pot:t;~blc photosynllicsis system with 
n clcar leaf chan~hcr co\,cring an area of 6 col2. Mcasurcincnts 
wcrc takcn withi11 the pcuiod of 3 11 citl~ci- side of solar iiooii 
in ambient lioht when the pliorosynthctically active iacliatioii 

C (I'AR) reaching the adaxial Icaf surf>~cc of the Ica\,es was 
greater than 1600 l~ ino l  o i - '  S-'. While mcasweincnls ivcrc 
beins taken. the lcavcs wcrc held ocrocndiailal- to thc sun. , , 
Photosynthetic lalcs wcrc mcasurcd approsiniatcly 2 min aitcr 
tlie cliamhcr was placcd ovcr the lea? to allow stahilimtion 01 
i-cadings. Each m~asoi.cmciit uJss Ihc avcragc of five consccu- 
live readings, taken scrjucnlially at two second intcri,als. 'i'f 

Control 

Distal Leaf 
Portion 

Basal Leaf 
Portion 

Pig. 1. I~o~iliess an cotton lcirrcs (basal and dialill) wllere pllotospnfltc 



was calculated lhy dividing tlic photosynthetic rate by tlic trnn- 
spiralion ratc o l  t l ~ c  lcal portions (Sinclair c1 al., 1984). 

i.caf cl~loropl~yll conlent was mcasurcd willi a SPA11 501 
clilorophyll nictcr (Minolla. Osaka. Japan), wIiic11 has been 
tcstcd io a numbci  of plant species. includingcotton (Wood cl 
;?l.. 1902). The rcli~tionshin bclwzcn actual cliloi-oohvll content . . 
and output froni the SPAI> is noalincas and was calihratcd 
k ) i  ;~nalgsis by thc csponcnlial ilccay cquatian (Maikwcll ct 
:,l., 1995): 

log,,C - so%6s 

whcrc C = clilorophyll content ( I ~ m o l  oi'.?) and s - SI'AD 
unils. Cl~loropliyil cootcnl was mcirsurcd in basal and distal 
portions (aucragc of five scp;~l-alc meas~ircmcnts) o l  illc same 
cmitc infested and control lcavcs used [or photosyntlicsis n m -  
SIIIcmCntS. 

TIE ounihcroladult fcmalc mitcs and fccdingdamagc wcrc 
iccol-dcrl for each tagged leaf in both the l M and -M plots. 
Fccding daniagc was scorcil to compare the leaf ilamirgc pcr 
mite bctwccn years and leaf portions ancl to test llic rclatiow 
ship with photosyntliclic rate and  iclatcd compoocnts, 1x1 Sca- 
son l .  damagc was scorcil by csliniating the pcrccntagc of the 
idwaial lcef a x a  visibly darnagcd by mitcs. iircspcctivc of 
dainagc inlcnsily, as dcscribcd in Wilson ilnrl MorLw~ (1903). 
in Sc;ison 2. thc damngc intensity was similarly cslimatcd but 
classificrl liwthcr ;is light damagc. wl~cic  Llie leaf sllowcd tile 
pale yellow ~notlling typical of a short period of initc feeding 
or heavy damagc. rvlicre the Icalshowcd the dark red-brown 
scarred arcas lypical of  prolollgcd mite feeding. 

In Scason I .  stomata1 itnprints were lirkcn to (i) relate 
sIo11ialal condu~l i lnc~  to lllc  proportion of open stomala and 
(ii) assess i f  mite feeding ;lltcrs this rclalioi~ship Stomata1 
iniprints wcrc taken at solar noon on tlirce dates, 21 Jao. (104 
[)AS). 10 Fcb. (124 UAS), and l9  Fch. (133 1)AS). 1097. 
loipiinls wcrc inailc by painting a tliiu laycr of clcar fingernail 
polish over a l-cm' area of  the abaxial surface of tlic lcal. 
This was ;il1owccl to dry for I min. ~\rlhcsi\~c tape was then 
placed o\,ci lhc i i z d  polish and peeled olf. rcmoving with it 
the nilil polish will1 slomatal inipsints. 'l'hc lapc will1 sliiil pidis11 
was tllcri stuck 10 a 35-mm glass imicroscape sliilc.'l'hc numhcr 
o l  upcn and closed s10m;~la iwts counicd i n  a l-cm by 1-~nm 
area (ahoui 500 stomata) of each iml~riat with a compound 
microscope (Nikon. n~odel L-l<c, Nippm Kogaku Inc.. Ciar- 
den Cily. NY.  USA). Mcasiiicmeols were taken at four sites 
on cach lcnl. ;l visibly damagcd and an  undamagccl sanlplc 
froin both tlic basal and distal jporlions. 

Data for leaf penetration rcsistancc were obiainccl from 
Sadras cl al. (1998) for Scason l and un[~ublishcil data o l  
Sadras and Wilson in Scasoo2. Driclly, pcnctration rcsistancc 
was measurcd o n  attached lci~vcs with a dial tcnsiol~ p u g c  
(Sadras cl al., 1998). 'l'lircc lcavcs per plot and lhrcc pos~tions 
per lcill acar tlic inscrlion o l  tlic pcliolc, wl~crc lnitcs prefer 
to fccd (Wilson, 1994b), wcrc 11icasurcr1 and ;~vcraged at ap- 
proximi~tcly wcckly inlcrvals. 

Calc~tlations sad Statistical i i n i~ lgses  

I h y s  aftcr sowing werc corlvcrtcil to cunlulativc dcgrcc 
iliiys altcr sowing with n base icmpclaturc o l  12•‹C which is 
closc to thc tlircsliold for  dcvclopnlcnt of both cotlon and 
T,  ririicoe (Wilson, l093). 

Linear and nonlincar ciwvcs were used to c1ial;lclcrizc lhc 
rcl;ilionship hclwccn lcafrcspoasc variables, i.e.. pl~olosyntl~c- 
sis, stain;ilal coiidoc1;~ncc. trfmpiration, intcrcclluli~r CO: coa- 
ccniiatiun. lraospiration cllicicncy iiad cl~loiopl~yll conlci~l, 
and lhc nunibcl- ol adult fcmalc miles per lcal (Sigiiial'lot 
2000. SI'SS Sciencc, Cliicago. IL, IJSA), 'The inonlincoi curvcs 
fittccl incliiilccl csponcnlial decay. which allows for a flipid 
drop in the depcndciit variable as llic independent mriablc 

increases, and a incgalivc logistic growth curve, which allows 
for a dclay in tllc dcclinc of the dcpcndcnt variable as the 
indcpcndcnt \,ariahlc incrcascs. T o  account for oiitogcnctic 
and c~iviroi~incntal cffccts. net ohotosvnthcsis and otlicr con- 

including tcrms lor block. cniitc trcatrncnt, Icill portion. and 
clsmagc status was usctl wlicn colliparillg tlic pcl-centage of 
stomata open of +M and -M mile trcattncnts ((;enstat Vcr- 
sion 5 ,  I.awcs Agricultural 'frosl, IACR. Rotliamsled, iJK). 
Mite numbers were log. tiansfoinrcd and dirmagcd leaf per- 
ccnlsgcs arcsine li-;inslormcil hcforc anirlysis to stabilize mri- 
anccs (Wilson, 1993). but unlranslorrned vitlues arc shown in 
figures [or easier intci-pi-ctation. Signilicant diifcrcnces wcrc 
enprcssctl at 95% (P < 0.05) confidcocc unless otbcrwisc stated. 

RESULTS 
1)yninnics of Mite Popnlntions and Leaf Damagc 

Crops were  infcstcd a t  a similar cliroriological t ime 
in bo th  seasons (83 and  91 D A S ,  Fig. 2a,b) but  a t  an 

. l '  
CII tcr crop dcvclopmcntal s tage in Scason I than Sca- 

son  2 (905 and 1320.7 (lay tlcgrccs aftcr sowing. rcspcc- 
tivcly). O t v x  cstahlishcd. (mite colonics in infcstcd plots 
grew a t  21 similar ratc of 0.09 adul t  fcmalc mitcs (afm) 
nc r  lcirf ncr  dav dce rcc  in bo th  vcars.  T h c r c  was a din , U 

in t h e  increase o f  mitcs in Season 1 bccausc of heavy 
rainfall. 'I'lic ncrccntaec  of leaf a rca  darnaecd hv mites ~, 
iiicrcasccl linearly with incrcasiiig mite population dcn- 
sity; t h e  slopes for  Seasons 1 a n d  2 were  not significimtly 
diflcrcnt (ill = 34. 1 = -0.23, P = 0.822). so  tlic data 
wcrc  combincd (Fig. 3). A b o u t  1% of tile leaf a r m  was 
datnagetl for each adult  female mite.  

Effects of Mites on Pn, gs, T, and '1'E 
Net  nl io to~vnt l~esis .  stomata1 conductancc and tran- 

spiretioii all dccliiicd in bo th  basal (Fig. 2c-h) iind distal 
leaf noitions (data not  sliowni a s  control nlants aecd " 
over  the  course of cxpcr imcnts  (e.g. ,  Fig. 2c-h). I n  both 
ycirrs niitc d i m a g c  i~ccclcra tcd thcsc  declines and this 
cffcct was more  r~ronouncct l  in Season I than in Scason 
2. dcspitc similar mite population rates of incrciisc. 
Transi i ra t ion cfficicncv increased dur in r  the  midtllc of ~, 
Scason l and  a t  the  start  o f  Scason 2 ~ i ~ c a s u r c m c n t  
periods (Fig. 2 i j ) .  Mite damage  causcd a rccluction in 
transpiralioii cfficicncy, earlier in  Season 1 than 2. 

Photosynthetic Compensation 
T h e r e  was nosignificant evidence for within-leaf pho- 

tosynthctic compcnsatioii for mite damage in either sc ;~-  
son. A t  n o  timc was tlicrc ;I significant increase in Pn 
in citlicr basal o r  distal leaf sections o f  tlic + M  lcavcs 
relative to  the -M leaves (Fig. 4a.b). I n  contrast. I'n 
dcclincd rapidly as mite n:~mbcrs iiicrcascd in the dam-  
aged liasal itreas and dcclincd cvcn in the  iindarn;~gcd 
d i s td  portions of damaged lcavcs. 

Relationships ltetween Pn, gs, T, TE, 
and iMite Density -Basal Portions 

I'n, gs. T, and 'I'E sliowcd a iioniincar dcclinc in rc- 
sponsc to  increasing mite tlcrisity (Fig. 4a-h, 'Sable 1). 



Season 1 Season 2 

In the basal areas, all response variables dcclincd as Relationships between Pn, gs, 'l., TE, 
mite popttlations incrciiscd. following an cxponcntial and Mite 1)ensity-Distal Portions 
decay curvc. The decline in Pn, gs and TE in response Pn. p. T, and TE: sliowccl nonlinear dccrcascs with 
to increasing mite dcnsity was slccpcr than for'S in both incrcaslng ,,,itc density cvcll tllougll tllesc 
scasons. Dccliilcs in all variables with increasing mite not directly damagcd by mites until late in tbc scasoii. 
density wcrc stccpcr in Season l than Sciison 2. In all cases. thc relationships wcrc well dcscribctl by a 



Season l 
o Season 2 

No, adult female mites leai" 
Vig. 3. I<elntionsl%ip betweee percentage lenf nrcn dnmngerl nnd 011111- 

ber of : ~ l a l t  fcnlalc % rrrricne per lcaf; ~,ooled Oaf;, from Seasoss 
I owl 2. The fitted line is y - 1.35 -!- 1.02q R' = 0.83; df  = 35, 
P - 167.36, P e: U.OUUI. 

ncyativc logistic curve (Fig. 4a-1i.Tablc 1). Thcsc curvcs 
allow Tor the initial dclsly in the dcclinc of tlic prcdictcd 
variable as mite nuiiihcrs incrcasc. which is well illus- 
tratcd by tlic dcciinc in Pn in the tlistai portion in Scason 
l cornparcd with Scason2. Iii Scason l .  disial pcrccntagc 
Pn showcd rapid rctluctions as mite nunibcrs increased 
i n  tlic bas;ii area, wliilc i n  Scason 2 a clear bipliasic 
response i n  distal pcrccntagc I'n was apparent, whcrc 
pcrccntagc Pn was tnaintaincd at about 100% (relative 
to -M leaves) until about 20 aim leaf-' aftcr whicli 
pcrccntagc I'n hcgai~ to dcclinc sapidly (Kg. 4a.b). Siini- 
lar general trends were apparent for gs but 1' declined 
slightly carlicr and 'I'E dcciiricd latcr. 

Ilelative Sensitivity of Pn, gs, T, 
and 'FE to Mite Damage 

In tlic basal portions. initial rcductions of 10% iii Pn, 
gs, T and 'E, in -l-M cornparcd with -M treatments, 
ail occul-scd at less thii~i 7 afm leaf-' in both seasons 
(Tablc 2). Lirgcr rccludions of SO%, in i M  cornparcd 
to -M ircatmcnts. foliowcd a tiiorc disccrririblc scqucncc 
in both scasons with gs affcctcd first at 8 to 11 iifm 
leaf-'. followed by Po at 8 to 14 aim leaf-', followed 
by TE at LI to 21 afm leaf-', then 'I' et 20 to 36 afin 
leaf-'. Tlic niorc rapid dcclinc in Pn compared with T 
probably explains why TE dcclincd at a lower aim Iciif".' 
than 'T 

In the distal portions. cffccts were observed at higher 
mite densities tI$an in basal areas and followcc1 a slightly 
diffcrcnt pattern. witli initially 'I'showing a 10% rcduc- 
tion bcforc Pn,  cspccially i i ~  Scason 2 (l';ihlc 2). In 
Scssoii l .  initial rcductions of 10% i n  Pn, ys.T. and TE,  
i n  +M compared with -M treatments, all occurrcd at 
less than 6 to 8 afin leaf-'. In Scason 2. similar responses 
of Pn, gs,'I', and'TE to mitcs wcrc slower witli rcductioiis 
of 10% iii gs and T occurring at similar dciisitics of 14 
to 16 aftn leaf-", with rcductioiis in Pn, followed by 7'E 
at niucli highcr tlcnsitics. Rcductions of 50% in + M  
cornparcd with -M plots showcd initially e similar pai- 
tern to the basal arcas with gs and Pn affccicd at the 

lowcst densities in both scasons. T and TE wcrc not 
affcctcd until almost double the number of mitcs, but 
the order was diffcrcnt between years with TE affccrctl 
carlicr in Season 1 and latcr in Scasoii 2 whcrc a rccluc- 
tion of 50% was not reached (Tablc 2). 

Relationsl~ip between Cl and Mite Density 
C, showcd a linear incrcasc with incmising mite dcn- 

sity in both scasons, with a grcatcr incrcasc per afin in 
tile basal portions than the distal portions (Fig. 4i,j, 
'Riblc l). It is ilnportatit to note that C; is c;ilculatcd 
from photosyntliesis. transpiration, and vapor pressure 
deficit. thus C, and Pn arc corrclatcd to a dcgrcc. 

Stornatal Imprints 
Stomatal imprints wcrc taken in Scasori I aftcr signifi- 

cant rcductions in  Pn, gs, end ?' had occurrcil i n  both 
the basal and distal leaf positions of the -+M lcavcs 
(Fig. 5). Rcductions in the pcrccntagc of open stomata 
wcregclicraliy found on damaged and undanmgcd arcas 
in both distal end basal portions of mite infcstcd 1c;ivcs 
cornparcd with uninfcstcd control leaves (Fig. 5, 6). On 
uninfcstcd lcavcs, the proportion of open sloniata 
rangcd 50 to 70%. On dainegcd lcaf arcas of mite in- 
fcstcd lcavcs, it rangcd bctwccn 5 to 30% wliilc on 
undamaged portions it was higher, ranging bctwccri 
about 20 to 55% but still less than ihc uninlcstcti lcavcs. 
On the filial mcasurcmct~t date. thcrc was a similar 
pcrccntagc of open stomata on the uiidamagctl portions 
O S  mite-infcstcd 1c;ivcs and control lcavcs. 

Chlorophyll Content and Ilelationsl~ip 
wit11 Mites and Pn 

In both scasons, mite feeding damage resulted in re- 
cluccd ci~lorophyll contcnt of the basal lcaf portions. but 
had little or no effect on the distal lcaf portions. The 
cldorophyll contcnt of the basal leaf portions in +M 
lcavcs dccliricd liricarly as afni aBuntlancc incrcascd 
(Scason I: (If = 18, F = 9.82, P = 0.006; Sciison 2: 
df = 27, F = 42.1 l ,  I' < 0.0001) (Fig. 7). No significant 
rclationship was found bctwccn pcrccntagc chlorophyll 
contcnt and afin in the distil1 leaf portions for cithcr 
season (Fig. 7). 

Photosyntlicsis and chloropliyil contcnt of tlic basal 
lcaf portions, expressed as a pcrccntagc of tlic -M trcat- 
~nclit (Fig. 8). showcd a lincar rclationship in both sca- 
sons (basal Pn - Season 1: df = 16, F = 9.92. P = 
0.0056: Season 2: df = 18. F = '105.53. P < 0.000li. 
Photosynthesis declined faster than chlor~phyil conten;; 
for csamulc. chloronhvll coiitcnt was 60 to 75% of tlic . , 
-M treatment wlicri Pn was less than 10% of the -M 
trciitiiicnt. Asimilar rcl;iLioiiship was found for the distal 
portioii in Scason l but not Season 2. 

Leaf Penetration Resistance 
L.caf penetration resistance (LPR) providcs an  indica- 

tion oEicaf hardness. In most cases, mite feeding damage 
had little effect on 1,PR in I~oth scasons ((If = 23. F = 
0.06, P - 0.813). The mean LI'R in Scason l was 3.7 
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Ti~Ble l. Ilcgrcssion eqs:~tions ~lescrihing tllc reielionsltip between ptmtosystl~esis (Pn), s1on~at;~l contiuetattec (gs), tmsspirntios ('I'), 
transpirntion eflirieney (TEI and intercelllllar CO: eoneentrnliorl (Ci) and the number of arluit fenwle T. urticnr per leaf (S) in thc 
basil1 ~1111 dislai leaf sortioss in Scasons 1 and 2. 
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I: = 11.0, I' - u.005 1: - 54.1, P <  0.001 
........................ . -. ..................... ............................. ~- F = 21.5, I' c: 0.0111 

kPa for the +M and 3.6 kPii fur the -M treatments 
whilc in Scason 2. it was 3.11 kPa in the + M ,  atid 4.0 kPii 

in Ulc -M trciitlnciits. IIowcvcr, tlicrc was a significant 

diffcrciicc bctwccii sc;~soiis ((If = 21. F = 6.76, P = 
0.017), wit11 a 11ighcr LPR in Scason 2 the11 in Scilson l.  

DISCUSSION 
Effects of Season and Time of Mite Infestation 

on Cotton Lenf Responses 
I'la~lt responses to Ilerbivoi-y arc strongly iiifluci~ccd 

by sc;lsonal condilioils stld timing of  infestation (Sildras. 

1995). In  our study, pl~otosynthctic rate, sto~natal con- 
ductatice, traiispil-ation, transpiration cfficiclicy, and i n -  
tcrccllolar CO. concentration of both basal and distal 
lc, ,I l . . slctions . showcc1 21 greater response to mite damage 

i n  Scason 1 than in Season 2 (Fig. 4). 
The rate ofincrcilsc in the mitc popillations of the +M 

plots in Scsso11s I and  2 was similar and the relationship 
bctwccn the mite zibilndsncc mid tlamagc was tlic saliic 

in botli seasons (Fig. 3). Ilowcvcr, tlic iiritcs wcrc addcd 
to plots about 384 tliiy tlcgrccs carlicr in Scason I. in 
tcrms of cottciii dcvclopn~cnt. wliich map have hccn 
a lnajor cause for thc difference in rcsponsc bctwccn 
seasons. This siiggcstion is supportctl by Wilson (1093) 
and Sadras and Wilson (1996) who  foi~nd that the carlicr 

that mitc infestations occur, the grcatcr the potcotial 
rcdiictions in cotto11 yicltl, fibcr q u i ~ l i t y ,  seed viability 
and oil content. 

Leaf pcnctratioil rcsistancc was highcr in Scason 2 
than in Scason I ,  The liigliu pcnctration rcsistancc in 
Scason 2 probably rcflcctcd diffcrcnccs in growing con- 
ditions. Jiang and Ridsdill-Smith (1996) foiuid that in- 
creased leaf toughness ill subterranean clover cotyledons 
(Trifiliwn .srtb~errrr~iarn subsp, .sr~bio.rrn~er~i~~ I.,.), mca- 
S I I S C ~  with a similar pc~ictrooictcr to that uscc1 in this 
study, was negatively corrclatcd with damagescorcs froni 

rccllcggcd earth mite [Ilnlolyrleir.~ rlesrruclor (Tucker)]. 
Sadras et al. (1998) found tliat niitcs feeding on liardcr- 
Icavcd water-slrcsscd cotton caused less mnrkcd symp- 
toms of mite daniagc than  those o n  softer-Ic;~vctl cotton 
receiving optimal water dcspitc similar lcvcls of infcsta- 
tion. Given tllc diffcrcnces in leaf hardness between 
Scason 1 and 2, i t  is possihlc that thc intensity of d a ~ w ~ g c .  
i n  tcrms of the iiu~itbcr of princturc liolcs in the lci~f. 
was lower in Scason 2, even tllough the proportion of 
l e a f .  dtca ... damagcd per ahn  was similar. Furtl~cr. Si~di-irs 

et al. (1908) sliowcd tliat pcnctr;~tion i-csistaiicc was 
positively correlated with specific leaf weight; that is. 
lcavcs with liiglicr pci~ctration rcsistancc wcrc tl~ickcr. 
If lcavcs wcrc thicker in Scason 2. it is possiblc that a 
higher proportioii of tlic pliotosyothctic apperiitiis was 



undaniagcd, compared with Season l .  because i t  was 
beyond ilic reach of initc stylcts (discussed bclow). 
C:ombincd with dillcrcnccs in tlic timing of mitc infcsta- 
tiou and diffcrc~iccs in growing conditions, a dificrciicc 
in leaf 11artlncss could thcrciurc contribute to dilfcr- 
cnccs in the severity of d m a g c  to cotton lcavcs and 
thcrclorc the diffcrcnccs i n  the response of photosyn- 
thesis to initcs bctwccn seasons. 

Leaf Responses to Mite Damage 
Bothstomatal and ~ionstonlatal components of photo- 

synthesis, clilorophpll for cxatnplc, were rcditccd by 
mitc feeding damage and corrcspondcd to reductions 
i n  photosynthetic ratc. Whcrc the mites caused the most 
scvcrc damage, particularly the basal leaf portions. the 
greatest effects on lcal physiology occurred (Fig. 4). 
lo the basal portions of lcavcs. transpiratiuii, stornaial 
conductaiicc, photosynthcsis, chloropl~yll cootcni (Pig.7). 
and transpiration cfficicncy wcsc rcduccd quickly at low 
mitc dcnsitics, while in the distal areas cffccts occurrcd 
at higher mite densities ('l'ahlc 2). 

l.caf transpiration cfficicncy and photosynthctic sale 
wcrc rcdiiccd by 10% at a similar ratc but photosyn- 
thetic ratc was rcduccd liy 50% tnorc rapidly than leaf 
il.;lnspiration (Table 2). Anisohydric species. sucli as 
cotton ;iml sunflower (Heli i~nil i~~s iurnrri~s L.), tend to 
kccp stomata open and tolerate scvcrc drops in  leaf 
water potential in rcsponsc to soil water deficit (7'ardicu 
atidSirnonncau, 1998). Stomatalclosurc induced by mitcs 
(Fig. 5.6) and conscqucnt hcatingof the leaf and auiopy 
(Sadras and Wilson, 1997a) thcrcforc contrasts with the 
trcnd to maintain high conductancc in water-strcsscd 
cottoll. 

The rapid clositrc of stomata in damagcd arcas, and 
resulting tlcclinc i n  gs may bc rclatcd to the nature o l  
Sceditig olmitcs. Thcir picrcing moi~thparts (stylcts) arc 
about 132 it 27 p111 long. Studies with strawbcrrics as 
host plants fbuncl mitcs pcnctratcd lcavcs to a dcpth of  
about 117.5 -i- 24.9 pm (Sanccs et al., 107L)). Cotton 
lcavcs arc typically in the order of 255 pm thick (Pciti- 
grew ct al.. 1993). Assiiming miles pcnctratc the abaniiii 
surlacc o l  cotton lcavcs to a similar dcpth to strawberry 
lcavcs then damage should occur lilostly to ilic spungy 
mcsophyll, and [his has been shown by Bonilada et al. 
(1995), tliough some damagc to palisade mcsophyll was 
also obscrvcd. D;imagc to spongy mcsophyll lias been 
associated with dchydratioo and a lack of turgidity of 
stotnalal gu;ird cells, resulting in stomata1 closilrc (Bori- 
dada et al., 1995: Sanccs et al., 1979). which is likely to 
be one of thc first co~npuncnts of photosynthcsis to 
bc affected. 

'Chcrc was ii strong relationship bctwccn cl~lorophyli 
content and pliotosyntiictic ratc. particularly in tlic 
heavily mite darnaged arcas in basal leaf portions (Fig. 8). 
Ilowcvcr, photosynthesis dcclincd more rapidly than 
cl~losophyll content, suggesting that the initial rapid dc- 
clinc in photosytitlicsis obscrvcd in the basal arcas was 
probably clrivcti primarily by rapid stornatal closurc, 
thereby limiting gas cnchangc. riithcr than by loss of 
cl~lorophyll. After mitc iccding, tlicrc arc inany pcnctra- 
tiun holcs i n  damaged srcas of tile leaf si~rfacc. which 
~xcs~wukbly allow water loss iodcpcndcnt o l  the sto- 
mata. hcncc transpiration may appear to be maintained 
'I'liat 8 s  and pliotosy~ithctic ratc were rcduccd by 50% 
more rapidly than transpiration provitlcs some support 
for this suggestion (Table 2). 

In rclativcly undamaged arcas (distal portions), pho- 
tosynthcsis was rcduccd and ceiinot bc attribotcd to loss 



Days after sowing 
Pig. 6. Perrentirge "f olxn s t m ~ a t n  in both barn1 ;lnd distal leaf portions o f  nlite-infcsted rind tiniafestcrl control lenves in Seasos 1. Vnlues are 
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Fig. 8.  Ilel:ltions~ip between perccnfage pl~otosynll~usis :md ~rcrecntagc elrloropl~yll content of tlw basal and dis(al leaf portions of #mite infested 

leaves relntive to eoetrols. Asterisks indientc sigsifiwnt diffcrcsces i,ef>rcen l ;,nd -mite 1re;~ts~et~ls witbin eitell seasou at *P  : 0.05, 
**P i 0.01, ***I' i 0.UOl ;mrl ryahuls refer to tlle sigeifienare level of  the regression illllilysis relnfing lperccntngc clllore~~hyll content nnr l  

of cliloropl~yll. a t  least in tlic initial stages, In  thcsc 
;ircas,rcductions in stomaKd conductaocc occurred cvcn 
though tlicrc was n o  direct feeding damage. W c  dctcr-  
m i n d  a scqucncc of cvcnts as a rcsult of mite d a ~ n a g c  
in distal arcas fo r  Season 2. wlicrc first stomat;iI conduc- 
tancc w;ls rcduccd, tlicn transpiration, then photosyn- 
tlictic ratc and ii~ially trillispiration efficiency (Fig. 9). 
In Season l ;  rcductions in physiologicnl processes wcrc  
too rapid in tlic distal arcas s o  a scqucncc of cvcnts 
could not bc dctcrmincd. 

Pholosyntlietic ra tc  was maintained longer than sto- 
iuaial conduclancc in thc  distal Icafportions. wl~ich iiidi- 
catctl that rcductions in stum;ltai conductance did not 
initially aiicct p l~otosyi l t l~ct ic  rate ('I'ablc 2).  C iuscs  for 
tlic closurc of stomata in u~ltlamagcd arcas cannot be 
dctcriniocd in this study. W C  suggest, liowcvcr, that 
a combination o f  clianges to  transport witliio tlic lcaf 

Number oladull female miles 
per leaf 10 cause a 10% 
reduction c o m m e d  vnlh 

structure d u c  to  mite  damaec  and possibly hormonal 
rcs1)onscs may b c  i n v o l v c d . ' ~ ~  miic clam& i~iitially 
occurred aroilnd t11c uctiolc am1 basi11 area  o l  thc lcavcs. 
thc  transport of nutrients, hornioncs and watcr from 
the rest of the  plant to  the tlistal leaf portion mity 11;ivc 
b c c ~ i  i~ i l~ ib i t cd  by damage to  vascular t issi~cs, This in 
turn could lead t o  watcr stress in undamaged lcaf por- 
tions and progrcssivc closure of s tomata  (scc Fig. 4d) 
and iilti~natcly effect photosynthcsis. Accumulation of 
~ l lo tosvn the t i c  nroducts wit11 imnaircd transoort lilieht 
also have contributed to  reduce photosynthesis (Eviins 
e t  al.. 1993). 'l'hcrc m i ~ v  also he a Iiormo~iel colnooilcnt 
as cliangcs in abscisic acid (A13.4) concentrations in 
particular can aflcct sto~iiatiil ~ucclianics and lcai gas 
cxcliangc: A B A  is widcly known t o  rcgulatc stosnatal 
aperture (I'ranks and Farqoliar, 2001). So in contrast 
t o  hcavily damaged arcas. wlicrc photosynthesis and 

Mile counl data 
1.3 3.3 24.5 38.8 43.3 (adult female miles lcaf ' l  O 

Days afiei sowing 91 96 105 119 129 138 
(Day degiees allersowing) (1193) (1277) (1407) (1615) (1742) (1863) . 

Fig. 9. Seqllellcc of the isi1i:d r educ t lo~~  in stem:~(nl condactnnce (gs), trnss~~irnfiun rate W), lenf photnsynll~csia (Pn) and tr;wspirstios efflciescy 
(1'8) i h  rcsponse to t l x  adult fen~ale  mite rlensity lpcr leaf of the rlirlnl lenf portions in Sc;rson 2. 



stonii~tal e o t i d ~ ~ c t i ~ n c ~  dcclincd c ~ t ~ c ~ ~ r r e n t l y ,  il weaker 
(Iiormoiial) rcsponsc signal to rlic mite damage may 
have occurrcil in  distal tireas, resulting in a niorc gl-ilduai 
stomata1 rcsponsc. Later. direct mitc Iccdi~ig damage 
spread to the distil1 portions (meinly in Season L), c a w  
ing additional cellular damagc. which probably fitrtlicr 
rcducccl pliotosyntlictic mtc. 

Iritcrcstingly, it~tcrccllular CO. coocentration in- 
creased with incrcasing mitc iicnsity in both basal and 
distal portions over tlic two seasons (1:ig. 4). In contr~ist, 
Wong et al. (1979) sliowcd that under many conditions 
wlicrc photosyiitlictic capacity and stoniatal conduc- 
tancc dcclincd, the ratio of intcrccllular and ambicnt 
CO: conccntration oStcn rcmaincd constant. In order 
for plants to do this and tlicrcforc maximize their cffi- 
cicncy oiwatcr use. plants synclironizcstoiniltal opening 
with the CO, rcquircincot of tlic assimilatory tissue 
(Farqu1i;ir et al., 1978, 2001). In our study. an incrcasc 
in C, was found when pllotosyntlicsis dccrcescd as a 
rcsult of mite fcctling tlarnagc rather than a constant 
iiilcrccllular CO2 concentration as would be cxpcctcd. 
7'liis may hc due to puncturc liolcs in tlic plant (tlis- 
ci~sscd alxwc) caused by niitc fccding dam~igc or even 
lpossibly damagc to some stomata leading to leakage of 
I-1,O. tllcrcforc preventing C, from being maintai~lcd. 

Within-Leaf Compensation 
Two seasons of ficidwork did not show evidence of 

witliin-leaf compcnsiltion for mite damagc. Sadras and 
Wilson (19972) in studies of niitc-cotton intcractioiis at 
tlic crop Icvcl found that mite damagc ceilscd significant 
i-cductionsincrop radiation osccfficicncy (RUE), wliich 
is csscniially a crop lcvcl rcflcction of cffccts on plioto- 
synthcsis. They also rcportcd an initial tolerance of RUE 
to increasing mite density, indicating possihlc colnpcn- 
satory pllotosyntllcsis, In tlic study prcscntctl licrc, plio- 
tosyntlrcsis dcclincd rapidly in  rcsponsc to incrcasing 
mitc density in basal arcas. 'The only cvidcncc for sitcli 
a lag in rcsponsc was for the tlistal portion in Season 
2; howcvcr, there was no cvidcncc of clcvatcd rates of 
pliotosyntlicsis lliat would suggest conipcnsatioo. In- 
stead, wc report for the first time that damage to basal 
leaf areas ;ilso rcsiilts in rcdi~ctions in photosynthcsis. 
stoini~tal wnductancc, transpiration and transpiration 
cflicicncy in thc distsl, undamaged portions of lcavcs. 
This rcsponsc is delayed comparcd wilh the rcsponscs 
i n  liic basal arcas, particularly in Season 2. rind indicates 
that datiiagc to hasal areas cvciiti~ally has an  effect on 
undamaged leaf portions. 

Mcrbivorcs oltcn induce hiphasic rcsponscs in plants, 
wlicrc at low lcvcls of licrbivory an incrcasc in prodi~c- 
tion potential can occur, wlicrcas cxti-cmc tlcrbivory 
causes cxtrctiic reduction i i i  producti\4y (Dyer et al.> 
1993). No cvidcncc olsiicli ;I rcsponsc was found in this 
stutlp. I'urtlicriiiore. Wcltcr (1989) noted that pliotosyn- 
tlietic compensation has not been recorded as a result 
of tncsophyll or selective tissuc Seeders such as spider 
rtlitcs. The results Srom this stody agrcc with Wcltcr 
(1989) as it woold appear that sclcctivc tissue feeding 

of tlic mcsophyll cells by mites has negatively a(lcctcc1 
the surrounding tissuc. 

This study does not cxplaiil the initial tag in decline 
of RUE rcportcd by Sadras and Wilson (l997a). It is 
possihic. howcvcr. that thcrc could be within plant corn- 
pensation, i.e., undamaged leaves on ~ r ~ i t c  infested plants 
could have higher rates of photosynthcsis than simiias 
ag,ed Icavcs on uodarnagcd plants. This possibility is 
rcioforccil by tlic within plant distrilx~tion of mitcs which 
is initially skcwed toward youngcr Icavcs, leaving tlic 
bulk of the plant's rnatiii-c lcavcs iindatiiagcd. 

CONCLUSIONS 
'l'liis stiidy sliows that imitc popi~lations can cause 

dr;iniatic reductions in photosynthcsis and related pro- 
cesses of cotton lcavcs. This supports the findings of 
stutlics of the cffccts of mitcs on cotton produclivity 
(Wilson. 1993; Sadras and Wilson, 199721). Rcsponscs 
varied in magnitutlc in relation to mite density between 
years, suggesting that other factors can motlulatc the cf- 
Sects of mite damage on photosynthesis at the lcaf lcvcl 
including lcaf 11;trdncss and plant growtli conditions. 

No evidence of within lcaf compensation for mitc 
damage was found. In conlrast, undamilgcd portions 
of damaged Icavcs showcd a dcclinc i n  pliotosynt1,csis 
coiilparcd with similar portions of undamaged lcavcs. 
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How to Succeed by Doing Nothing: Cotton Compensation 
after Sin~ulated Early Season Pest Damage 

1.ewis ,l. Wilson,"' Victor 0. Sadras, Simonc C. I-Icimoana, and IMlas Gibb 

C a t : r o u  is ~ . I T A ( ; K ~ ~ I >  by a rangc of inscct pcsts, some 
ot wiitcli arc prevalent through the carly portion 

of the growing cycle, such as tobacco thrips (Thrips 
lnhiici Lindeman), tomato thrips [F'runkliniclirr schiih- 
zei (Tryborn)), tlic native budworm [Ifelico~ierpo pine- 
riscrri (Wailcngrcti)l, the cotton bollworm [ H  i~rniih.erri 
(I-Iiihncr)], tlic grccti mirid [Creotiiiorle's iliiriir~s (Stil)]. 
and thc cotton tip-worni (Crocirlosetna plebejnnn 
Zcllcr) (Pykc antl Brown. 1996). Appliciltioii of insccti- 
cidcs to prcvcnt damage caused by these pcsts (i) in- 
creases tlic risk of inndvcltcitt cnvironmctital pollution, 
(ii) incrcascs sclcction pressure lor insccticidc rcsistancc 
both in target and nontarget pcsts, and (iii) oftcn rc- 
duccs the abitndanccolbcncficials, thcrcby contributing 
to secondary pcst oittbrcaks (Wilson et al.. '1998). Nota- 
bly, tlic pcst thrips arc also important predators of tlic 
eggs of twospotted spider mite (7'eirartyc/111.s trrlicire 
Kocli). which is a key secondary pest (Wilson et al.. 
1996). It is thcrcforc critical to accurntcly assess i f  pcsts 
rcquirc control, taking into account thc capacity of the 
plant to rccovcr iron) sonic dcgrcc of daniagc. 

Accuratc estimates of tlic ahundancc of some pcsts 

I'ubiistxd i i ~  Crop Sci. 43:2125-2134 (2003). 
<c> Crop Scicncc Society o l  Aevxica 
h77 S. Scgoc Rd.,  Madisoil. W1 5371 1 USA 

arc difficult to obtain bccausc, for instaticc, the small 
size and fast movcmcnt of thrivs and the ciusive bchav- 
ior of grccn mirids. Accurate h m a t c s  of Hel icoiwp 
spp, can bc made, but often plants are found damaged 
with no f/elicoveri,rr s p p  being observed. Thcsc issucs 
tnakc thrcsholds bascd on pcst abundance alone less 
rcliablc, undermining growc; confidcncc and cncourag- 
in); use of preventative insccticidc applications. Undcr- 
standine tllc canacitv of cotton to recover or comocnsatc 

U , , 
for wrly scason pcst damagc will cnabic pcst thrcsholds 
to be counlcd with daniaec thrcsholds. 'Fliis will allow 

U 

in the devclopm~.nt of improved IPM systems for cotton 
by providing a inore rational basis for pcst control dc- 
cisions. 

Cotton can rccovcr from a dcgrcc ol early pcst dttm- 
age, oftcn without ioss of yicld or delay in crop maturity, 
a process known as compensation. Compensation in 
cotton lias been rcportcd lollowing darnagc by thrips 
(Terry. 1992; Sadras and Wilson, 1998) and by Heiicov- 
erpn spp. (Brook et al., 19921) antl has bccti rcportcd 
in rangc of other plant species (Trumblc et al., 1993). 
Give11 the difficulties of rna~tipitlnting popolatioi~s of 
i~csts in field cxveriments, manually itiflictcd or si~nir- 
inrcd dnnrigc is bftcn uscd to liclp~undcrstand the rc- 
svonscs of i h n t s  to hcrbivorc damage. Simulated dam- 
age is diffcrcnt from rcal pcst damagc. in part bccausc 
simulated damagc does not involve the saliva of tlic 
pcsts, wliich inay affect plant rcsponscs. Ncvcrthclcss, 
because it can be infliclcd more unilormly, it provides 
valuablc insights into likcly plant rcsponscs to dztmagc. 
Importantly, manual reniovalof buds and icavcs triggers 
tnorpl?ological antl physiological plant responses that 
closely mimic major chitiiges iiitluccd by actual pest 
damagc (Brook et d . ,  IW2a,b,c; Sadras, 1996a,b). 

We irivcstigatctl the response of cotton to tlic typcs 
of damage similar to that most likcly to be inflicted by 
inscct pcsts carly in the scason. This includcs rcduccd 
leaf area (tlirips damage); dcatli of tlic apical nicristcm, 
known as i ippit i~ otri (tlirips, tnirids, tip-worni, or ffeli- 
c o v e p  spp.), and damage to and ioss of flower hutls 
or srjirnrcs (Ilelicoverpri s p p  or mirids). As diffcrcnt 
pests cause different dcgrccs of terminal damagc. we 
also coosidcrcd the cffccts of diffcrcnt scvcrities of tip 
damagc. Wliilc a numbcr of studies have investigated 
t11c responses of cotton todefoliation, and loss of\,cgcta- 
tivc end reproductive buds, most reports hitvc clcalt with 
a single typc of damage (Evcnson, 1969; Bishop ct al., 
1977; Brook ct al.. 1992b: Ih iobrega,  1.993: Longer, 
1993; Sadras, i996b). Hcrc, we emphasized a combina- 
tion of tlaniagc typcs (dcloliation, tipping out, fruit loss), 
as they oftcn coincidc in t l ~  licld ancl iniposcd cxtrctnc 
lcvcls of damagc to asscss their cffccts on yicld and 
timing of maturity of ficltl-giown cotton. 

Abbrevii~tiens: I>I\S. days ;titer nnviiig; DWT. dry weiglii; IPM, intc- 
gintcd pcst maoi~geincoi. 
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MATERIA1,S AND MICTHODS 
Six cvpcrilncnis were done across f i x  couon-growing sca- 

soils (Enp l ,  1994.1995: Exp. 2 and 3, 1996.1997; Enp. 4, 1997- 
1998; Enp. 5. 1999-2000: and Enp. 6, 2000-2001) to allow ioi 
iliifercnl damage comhiaations and [or difiercnccs bctwccn 
seasons. 13pcrimcnls 1 .  2 ,4 .  5, and 6 wcrc condilctcd at the 
Australian Cotton ilcscaich lnstiliitc (30"13' S. 149'47' E). 
25 km west oi Nnrrabri in New South W;~lcs. Expciimcnt 3 
was done on a coninicrcial cotton property, Rcdmill, =l20 km 
iiort1ic;ist of Narrabri. NSW. 

i \ l l  capciinlclits wcrc sown into I-m beds in early Oclobci- 
and grown un~lcr conditions of  nonlimiting N (120-I5il kg N 
ha.' applicd prcsowing) or water inputs (iilrrow irrigated at 
a soil water dcficit ol 4 0  mm hclow iiclil capacity), in line 
with comnicrcial practices. '1'0 prcvcnl rlamagc irom pests, 
which awld conlooncl rnanoally applied damage. systcmic iii- 

sccliciilcs wcre applicd at sowing with ihc sccd [phorate (0,O- 
ilicthyl S-c t l ry lmcrcapt~~~~~cthyl  dilhiophosphaic) ;it 600 g a.i. 
ha-' in 1994.1995, a l i l i~i rb  (2-metliyl-2-mctli~~lsulicoylpropio- 
naldchyde) at 450 g a.i, h;,-' tor the rcrnainilci-1. Enpcrimenls 
wcrc also sprayed with iiwxtici(1cs in sccodance with stall- 
ilard tlircsholds to prevent damage from pests not conlrollcd 
by lplioratc or aldicarb and loprcvcnt danlagc alter the clficacy 
of tlicsc coinpounds liad dcclilicd (4-6 wk after cmcrgcncc). 
111 Exp, l ,  the nonlransgcnic cultivar Siokra V15 \\,as ilscd, 
which is an  okra-lcai variety, In Enp. 2 to 6. a normal-lcai 
tr;msgeiiiccotton cultivai-, Sicala V 2i, was uscd. which contains 
a gcnc from Bocillrir r/zirriii~icnsi.9 that produccs tlle inscctici- 
dal lprotcin. CrylAc. and provides control o i  Helicoverpn spp. 

111 each capcrimcnt, a randomizcil block design was uscd. 
I'ivc replicates wcre used in Esp. I and f o i ~  in the rcmaindcr. 
10 I.!,sp l to 3. plots were 2 I,) long and 3 rows wide (3 m). 
Tlic plots and blocks wcrc laid (1111 contiguously botli end- 
to-clid i l l l i l  a c r~s~- lhc - r~ (~ ' i s .  The two o i l l c ~  I ~ W S  01 each plot 
wcrc btlffcrs across llie rows. ;$nd in each plot the 0.5 m on 
cithcr end of  the ccntral row was a buflcr. Only tile middle 
l rnoicotion in tliccciitlal row was oscrl for yicld and maturity 
asscssrncnts (described hclow). In Enp. 4, plots rvcrc 3 rows 
wick but wcrc increased iii lcngth to 6 m to allow ior clcslruc- 
tivc snmplcs to bc taken (rlcscribcd bclow). As abovc, I m in 
thc central row of  cacli plot, with a buflcr of  0.5 m a1 each 
cad was prescwcd for yicld and niaturity assessmcnls. In ail 
cnpcrimcnts. daniagc trcalmcnts were applicd to all tlircc rows 
of  each plot. I'lant dcosilics wcre in the range of 10 to 12 

lpctiolc (lO0% rcdiictio~ij or cutting off portions 01 lcnr,cs 
to simolalc diilcrcnt dcgrccs of  reduced lcai arca. With tlic 

damagc, simulating damagc by thrips, mirids. or Helicoverlin, 
iiivolvcd pinching out the tcrminal arid the silrrounding two 
unfurled leaf nrirnoidia with curvcd forccvs. Cottoll tivrvoroi 
bores down tliroogli the tcrniinal into the slcln cortcx, oltcil 
i-cultinr. in the dcatli of tlic tcr~iiinal and of one or two iioilcs 
1. , l .  .. ~ i : . i t ~ . .  5. . I  I .. \ $  I 1' . . H  ..,. .S \ 'I,', . . . !  .' ' X  

. l  . , , B!.  l :  . : , . .  :.. , : ' 1 .  " ' " ' l  . .  q 
1. . . .  . . .  , . I .  . .  l 1 .  L .  1, . ! L  l .  I 

lion ;ind lip damagc wcrc i,nposcrl icpczrlcilly to bcllci- simu- 
laic the cifccl o i  pi-olongcd danriigc io the plant by il pest 
polxdation. Whcrc terminal ila~nagc was icpcalcd. ell oi  tlle 
~ C W  dorninsnt terminals were removed, which meant tliat ior 
somc plants, Inore than one lcriiiinal was rcmoveil. Hclicov- 
eye s p p  damage was s imihtcd by removing all of the young 
squares iron1 thc first four sympodial braiiclics. l'lic growth 
stage of plants was defincd cacli time dalnagc was inflicted 
by countiiig tlic number o l  maiti-stcm nodcs of 20 ondainagcrl 
plants in an area iounctliatcly ;idjaccnt to tlic crpcrilocnt. 
Wlicic damagc rcsiiltcd in significantly dclayed growth. the 
timing of  rcocntcd damaec was dclavcd as lreccssarv to ciisurc 
that sufficient rcgrowtli l ~ a d  occurrccl for thc damagc to be 
imposed accuratcly. 

'I'hc cifccl o i  dau>;qy was asscsscd in terms of yicld of  
cotton lint ancl the datc o i  nialurity of the crop. Matorily was 
dciined as thc datc at which 60% of  nx~turc fruit (bolls) had 
matured and dcl~isccd iSnincs and Baskin. 1994). Wc lhar- ~, 
vcstcd all or the open bolls cacli wcck from e;tcli plot. bcgin- 
ning from thc datc that open bolls were lii-st found in llie 
espcriment. Analysis of  variance was used to lest tor dificr- 
cnces in yield. lint weight per criatiiie boll, and date o i  crop 
maturity betwccli trcatmcnts and tlic ond;magcd control 
(Cienstat Version S, 1.awcs Agricultural Trust, IACII. IIo- 
tliainstcd. t J K )  Whco the aiialvsis oivariaocc was si~niiicant. . , 
I l . .  c .  l . .  l .  l 1 \ . l . ,111.. . 1 : .  l i l  1.111 1.1. I'. 

I ,  l l > I .  I ! . .  l ' l  c .  I :  . . l  .\;. 1 1  111 
and rationale is ootlincd hclow. 

Experinlent 1.-Defoliation and Tip Dan~nge 
'1'rcatn1cnts wcrc (i) defoliation by removing 50% of llic 

arca of all leaves, including tlic cotylcdons. (ii) light tip daiiiagc 
(sec descripiion under Eap. S), and (iii) the coinbination of 
(i) and (ii). Damage was iniposcd when piaills 11ad =3, 5, and 
8 nodes. cithcr at cz~cli node individually (i.e., 3, 5. or X), or  
progrcssivcly (i.e.. 3, 3 plus 5. 3 plus 5 plus 8). l'hcrc wlicrc 
16 trcatoicnts iii total. including an undaniagcd control 
(Table I). On cacli damage dalc. the nonibcr of iiiain-stem 

Nodes tip dm:,gc idlieled (1'1 

1;~p. 1,Ight Iletwy ................. 
I 3, 5, 8 . Yes No 

3 i 5 3 . 5, 511 
3 1 5 1 8  3 i 5 i X  511 

2 2 1 4  . Z i 4  50, 100 Yes Ycs Yes Yes N o  
2 L .  4 i 6 i 8 50 No No Ku 

3 2 - i - 4  - 2 i 4 50, 100 Ycs YES Yes No No 
2 ;- 4 1 6 k 8 50 No h'" h'e 

4 . 2 i. 4 . 50, 75, 87.5, Ill0 No KO No Yes Ye 
2 -+ 4 4- 6 50, 75, 87.5, 100 

5 3 3 - . . - Yes h'<, 

3 1 4 1 6  3 1 4 1 6  
3  + 4 1 6 + I0 -l- 12 3 i. 4 -i 6 - 1  10 - t  12 
3 i. 4 t 6 + 10 -1- 12 l -  13 l 14 

0 3 3 - . - - - Ycs No 
3 i 6 -t 9 3 I -  6 1 !l 
3 + 6 1 9 -t l 1  - 1  12 3  i -  6 .t 9 -1- L1 + 12 
3 l 6 4- 9 !- 11 + I2 i 14 l 15 ......... ...... ......... 



nodcs and total lcaf ai-ca of undaniagcd plants, incasureil with 
;I leaf area inelci (1.1-300. L.1-COR Inc., Lincoln. NE), was 
iccordcd lnr four samples of five plants. 

Experiments 2 ned 3-Defoliatio~~, Tip Daa~age 
and Fruit Loss 

In tlicsc csperin,cnls, we invcsligatcd the cffccts ol'ilcfuiiti- 
lion imposcd alone anil in combination with light tip (Iainagc 
t~ndlor square removal ('l'ablc l). 7'hc tmatmcois wcrc dc- 
signed to siniulatc (i) t~iodcratc thrips damagc: 50% ilcfolia- 
lion of cach leaf twicc (whcn pl;~nls Ihiid two and four nodcs) 
or four titlies (when plants \had 2, 4; 6, and 8 nodcs): (ii) 
modcratc thrips daniagc as in (i). Sollowcd by square loss. to 
silnulatc damagc by iielicolwpo spp.: (iii) lhcavy thrips ilanl- 
asc: lOO% defoliation twicc (two and fmir iiarlcs): (iv) heavy 
thrips damage as in (iii). will1 lip (laniagc at the same times: 
(v) lhcavy thrips ili~magc with sqiiarc rcn~oval: (vi) bcavy thrips 
damanc with lio danlacc at the same time, iollowcd by srluare 

. . 
growth status at cacll danlagc cvcnt by collcctiag four samplcs 
or five undamagcd plants Srom similar cr~tton adjaccnl to the 
crpcrimcn1;lI arca and coonling t11c iiunlhcr of main-stcm 
i~odcs anil fruit for cach plant nod total leaf area ofcach group 
of plants. 'l'hcsc data were analyzed scparntcly for Exp. 2 .  
but the yicld and maturity data for both cxpcrirncnts were 
analyzcd togcthcr for finp. 2 and 1. 

A. Experimenl2 (ACRI) 

25 / 

Treatment 
I'ip I. 1:ffect of defolii~tioe, tip dnm;qe, nur l  erwly frni t  loss os mate. 

rity of cettos iu  E rp  2 oncl 3. Valuer inrc incans - l  SE. Asterisks 
indic;$te treatments signifir;$ntly differcot from the control rbt P =- 

0.05. For trc:ttmenIs. P indicatu res,ov;tl of h i t  froln fiwt f w r  
fruiting hrasrhes; .i0l. or IUOl, ;are perecntages of tlw lezf tissue 
rcmoretl; stunher of darnnge events i indicntcrl by X 2 (twice) 
or X 4 (four times): and t i p  danlrtpe is indicated by l'. 

Experiment 4 
Expcrinlcnt 4 invcstigatcd in more detail thc plant ic- 

spanscs to ilcSoliatioo in terms of yicld and maturity, but also 
in tcrnis of growth and dcvclopohcnt (Table l). Defoliation 
lcvcls of 0, 40. 60. 80, and 100% true leaf damilgc wcrc inl- 
poscd. Each datnagc lc\,cl was ioiposcd at cithcr Nodcs 2 and 
4 or at Nodcs 2. 4. and 6. Tlicrc wci-c nine trcatincnts in total. 

Dcstructivc lharvcstsof0.5 m of row wcrc collcctcd to moni- 
tor the nmoont oflcaf aica ;~ctu;llly rcnmvcd sod thc i-ccovcry 
of plants in t e r m  or iniass (shoot -1- tap root) and leaf area. 
T~i~n~crliatcly following cach darnagc cvcnl (28. 36, ;ind 44 d 
after sowing. UAS) and at 62 and 104 DAS, 0.5 m of row was 
haivcstcd from the ccntrd row of cach plot. 'l'hc number of 
lplants in cach 0.5 m was rccordcd and the plants partitioned 
into lcavcs, squares, green bolls. open bolls, and citlicr stein 
and stcais olus tan-root (first thrcc lharvcsts) or stcnis and root 

Experiments 5 and 6 
l 'licseenpcrin~c~~lsinvcstigatcd the cfiectsoliliffcrent nilol- 

I m s  of cvcnts of lhcavv or liel~t tio daniaec (Table l ) .  I..ieht 

undamaged control. l'hcsc two cxpcri~ncnts wcrc rcplicatcs o l  
the same cspcriniental design and lhcncc rvcrc aoalyzcd to- 
gcthcr. 

RESULTS 
Experinlent 1 

Actual timing of damage  was close to  thc noiiiinal 
treatments of 3,  5,  and S nodcs, that  is. 3.5, 5.1, and 8.0 

ation nor  tip damage, o r  the  conibiilation of the  two. 
affected the  number  of harvcstcd bolls per mctcr 
(109.6 i 1.7, mean  i S E ;  F = 1.28; clf = 4,  60; P = 
0.24), mcan boll wcight (2.2 i 0.01 g, meat1 + SE: F = 
1.75; tlf = 4. 60; P = 0.065), lint yicld (240.8 + 3.8 g 

F = 0.97; df = 4,  60: P = 0.5) o r  maturity date  
( D A S )  (179.1 + 0.5 d;  F = 1.59: df = 4. 60; P = 0.1) 
of cotton, even when bo th  tlcioliation ant1 tip damagc 
combincd wcrc rcpcatcd o n  thrcc  o c c  CISIOI~S. ,' 

Experiments 2 and 3 
In Exp. 2, damagc was imposcd wlicti nndamagcd 

plants had 2.1. 3.9, 6.4, and 6.8 noclcs aud lcaf arcas of 
142,197,345, and 374 cm2. rcspcctivcly. Square rctnoval 
was done o n  19  Dcc.  1096 whcn control piatits had 12.8 
nodcs, a leaf arca  of 2536 cm', and six squares per plant. 
An avciagc of 24.9 young s q i ~ a r c s  wcrc rcmovcd per 
mctcr  of row. This  valttc is less than cxpcctcd ( L ,  
expect six scparcs  per plant X 10 plants m- '  = 60 
scluarcs m - '  removed) hccausc s o m c  (11 the squilrcs on 
l a k r  fruititig branchcsand s o m c  very small s q u k s  wcrc 
ovcrlookcd in the  field but  wcrc  counted on  plants parti- 



tioncd in the laboratory. The 100% dcfoliation trcat- 
mcnts had dclaycd growth so removal of squares in 
thcsc plots was dclaycd until 30 llcccmhcr in the 100% 
dcfoliation twicc trciitmcnts, wlicn 37 sqilarcs m ' wcrc 
rcmovcd. and ~intil 7 January for the 100U/o dcfoliation 
twice ~ l u s  tip clatnasc treatment, when 42 squares m-.' 
wcrc rc111ovcd. 

In Exp. 2, the effect of damagc on plant hcight (cm) 
was ilsscsscd ;ind both lcaf damagc and tip damage 
causcd sieniSicant reductions. Aftcr the clamaec event 
et N o d c l  plants with 50% (9.4 i- 0.4) and 100' (8.2 2 
0.2) dcbliation and 100% dcfoliation plus tip damagc 
(7.3 :L 0.3) wcrc shortcr than tlic control (10.3 t 0.4) 
( F  = 12.7; df - 4,95; P < 0.001). After the final damage 
cvcnt at Noilc 8. pliints with 50% dcfoliation twicc 
(14.6 t 0.4) wcrc no diffcrcnt from the control (14.8 + 
0.7), whilc plants with 50% dcfoliation four tinics 
(13.3 t (M), 100'% dcfoliation twicc (10.6 t 0.4) or 
100% dcfoliation twicc plits tip damagc (8.8 t 0.3) wcrc 
shorter than the control (F = 36.0: df = 4,')s; P < 0.001). 

Yield, yicld components. and maturity for Exp. 2 and 
3 wcrc analyzcd togctl~cr. with cxpcrimcnt as a trcat- 
mcnt in the ANOVA. Ncitlicr bull titimbcr (92.9 :L 1.1 
m-'; F = 1.64; df = 9,63: P = 0.12), boli wcight (2.12 i- 
0.02 g; F = 1.65: df = 9, 63; P = 0.12) nor lint yicld 
(196.0 -z 2.9 L: m-.:; F = 1.49; df = 9, 63: P = 0.17) 
wcrc affected by carly season dcfoliation, tipping out. 
or squi~rc ICIIIOVBI, even i n  tlic trcatmc~its combining 
100% lcaf removal ancl tipping out on two occasions 
with carly squarc loss. 

Tlicrc was ;I significant interaction hctwccn cxpcri- 
mcnts. dcfoliation, ;ind squarc damagc ( F  = 2.91: (If = 
3, 50: l' = 0.044) (Fig. l )  for crop maturity. On plants 
with iio sqiiarc damagc, modcrate defoliation (50% 
twicc or four timcs) caused a smell but significant dclsy 
oS 3 to 6 d across both experiments. I-Icavicr dcfoliation 
(LOO% twicc) causcd a significant dclay, which was 
longer in Exp. 2 (19 d)  than Exp. I ( I3  (l). When squarc 
damagc was combinccl with moderate defoliatioo, dc- 
lays (S to l 1  d) wcrc similar to that causcd by square 
damagc alone (8 to 9 d).  Tl~is means that squarc tlainagc 
incrcascd ttic delay from modcratc dcfoliation by =4 cl, 
indicating that tile clfcct ofsquarc damage was less than 
additive (i.e., cxtcndcti maturity by 4 d rather than 8 d). 
When squarc dmiagc was combinccl with heavy dcfolia- 
tion, the incrcasc in the dclay i n  maturity was additive 
for Exp. 1; that is, 13 to 21 d ,  an  incrcasc of 8 d. In 
Exp. 2, however. addition of square damage causcd little 
iidditioiii~l delay; that is, I0 to 21 cl, an incrc;lsc o f 2  d. 

Damage trcatmcnts wcrc applied at 2.6, 4.9, and 6.4 
nodes. which occi~rrcd at 28. 36, and 44 DAS. rcspcc- 
tively. As cxpcctcd lcaf arca differed between tlefolia- 
tion trciitnicnts (Icaf rcmoval twicc: F = 142; df = 4, 
27; l'< 0.001; lcaf removal tlircc timcs: F = 185; (If = 4. 
42; P < 0.001) (Fig. 2). 

Ilamagc rcsultctl i n  rcductions in total leaf area (true 
lcavcs phts cotylcduns), total shoot DWT (Fig. 2). and 
root DW?' (Tablc 2). Data for leaf arcii and shoot DWT 

were analyzcd on a pcr-plant basis, its thcrc wcrc strong 
cffccts of plant ilcnsity in earlier satuplc dates (28. 36, 
and 44 DAS). Root, squarc. and holl D W s  wcrc ana- 
lyzcd on 81 pcr-square-mctcr basis, as plant density cf- 
fccts wcrc generally not significant at this stage. 

Leaf arca and shoot IIWT differed among damagc 
trcatmcnts and the control for datcs following damagc 
(28, 36, and 44 DAS) as cxpcctcd (leaf arca: F = 21.7 
to 38.2; df = 8. 24; P < 0.001: DW'R I.' = 3.4 to 30.1; 
df = 8, 24; 1' = 0.01 to 1' < 0.001), with the exception 
of 50% defoliation t11rcc times, which was not diifcrcnt 
from the control at 44 DAS (Fig. 2). At 62 DAS, the 
50% dcfoliation treatments and the 75% defoliation 
twicc trciitmcnt wcrc no diffcrcnt from tlic control, but 
the liighcr dcfoliation trcatmcnts wcrc diffcrcnt (leaf 
arca: F = 8.7; df = 8, 24; I' < 0.001; DWT: F = 10.6; 
(If = 8,24; P < 0.001). At 104 DAS, no trcatincnts wcrc 
diffcre~it to the control (leaf arca: F = 0.55 to 38.2; df = 
8, 24: P = 0.81; DWT: F = 0.9; df = 8, 24; I' = 0.53). 

'The dcvclopmcnt of cotton with hcevicr damage 
trcatmcnts was slower than the cot~trol. Node produc- 
tion of cotton with 100% dcfoliation twicc (36 DAS: 
3.4 i- 0.6; 44 DAS: 4.2 2 0.2 nodes) or thrcc timcs (36 
DAS, 3.4 :!:. 0.4: 44 DAS, 4.5 :i 0.3) was behind that of 
the control (36 DAS: 5.0 ri- 0.5; 44 DAS, 6.4 :t 0.3) (36 
DAS: F = 2.37: df = 8, 24; 1' < 0.049; 44 DAS: /; = 
7.1; df = 8.24: l'< 0.001). Other treatments were similar 
to tlic control oil all datcs. 

Specificlcaf wciglit [DWToflcavcs (g)/lcafarca (m!)] 
of damaged and imdamagcd trcatmcnts was comparctl 
as it could indicate tiifferci~ccs in leaf thickness. Specific 
leaf wcight was not diifcrcnt among trcatmcnts at 28 
or 36 DAS, which was irnmcdiatciy after the first and 
scconti damagc cvcnt. or at 62 or 104 IIAS ( F  = 1.88 
to 2.35; df = 8, 24; P = 0.051 to 0.1 l ) .  However, the 
specific leaf wcight o l  all trcatmcnts, cxccpt 50% dcfoli- 
ation twicc, was lowcr than the control at 44 DAS, 
indicating that leaves of damaged plants coultl be thin- 
tier tliati tliosc of the control ( F  = 3.69; df = 8.24; P = 
0.006) (Tablc 2). 

Tap-root IIW'1' at 62 I M S  was rcduccd, comparcd 
with the control, by most dcfoliation treatments ( F  := 
l2.O; df = X. 23; P = 0.001) with the exception of thc 
50% defoliation twice treatments (Table 2). At 104 
DAS, tlicrc was no diffcrcncc in root DWT ( F  = 0.9; 
df = 8,24: P = 0.56). Squarc biornass was lowcr in the 
more scvcrc damagc trcatmcnts at 62 DAS, as indicated 
by sqtiarc DWT ( F  = 6.2; df = 8. 24; 1' < 0.001) 
(l'ahlc 2). At 104 DAS, most damagc trcatmcnts had 
greater square biomass than the controls ( F  = 6.4; df = 
8. 24: P = 0.001). cspcciiilly the most scvcrc tlamagc 
treatment. Roll biotiiass at 104 DAS was also affectcc1 
by trcatmcnts ( F  = 4.3: df = 8. 24; P = 0.002) with boil 
DW'I' being lowcr than the controls in the two 100% 
defoliation treatments (Table 2). Alloinctric tinalysis of 
rcprodi~ctivc allocation [slope of lri(rcproductivc DWT) 
against ln(vcgctativc DWT)] was lowcr in tiiiiny of the 
heavier damagc treatments ( F  = 4.1: df = 8, 24; P = 
0.003) in the period bctwccn 62 and 104 DAS, inclicatitiy 
lowcr allocation of resources to rcproductivc tissue in 
these trcatmcnts during this period (Table 2). 
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Defoliation had no significant effect on iinal boil iiilm- 
her (125.8 i 3.6 m-" F = 0.6; df = 8. 24: P = 0.73). 
mc~rn boll weight (2.3 i 0.02 g, F = 0 . 6  cif = 8,24: P = 
0.87) or yield (288.1 + 7.8 g m-', F = 0.4; tlf = 8, 
24; P = 0.88). Only the licavicr defoliation treatments 
a k c t e d  time of maturity ( F  = 9.2; dC = 8. 24; P < 
0.001) (Fig. 3). Dcfoliatioo of 87% twicc. 100% twicc, 
or 100% thrcc titncs causcd significant dclays of =4. 5. 
or 10 cl, rcspcctivcly. 

Experiments 5 and 6 

df = 6, 36; P = 0.78) averaging 91.8 2 2. l holls m-' 
(mean 2 SE) at tiiaturity. 13011 weight diffcrctl bctwccn 
cxpcrilncrits (Exp. 5. 1.85 g; Exp. 6. 2.05 g)(F = 13.3; 
df = 1, 3: P = 0.035) and among treatments ( F  = 3.5; 
d i  = 3, 36; P = 0.008). Light damagc seven titiics or 
heavy tlarnage three or five times reduced boil wcigtit 
(Teblc 3). Yield did not differ bctwccn expcriiiiciits 
( F  = 2.44; cif = l ,  3; P = 0.21) but tliffcrctl aiiiong 
trcatmcnts ( F =  3.2: df = 3,36; P = 0.012). Light damagc 
seven tirncs or heavv da~nagc Civc titiies retlucc~l vield 
comparcd with the control ('I'ablc 3). Maturity date 
IDAS) diffcrcd bctwccn cxucrimcnts (Em. 5. 176.7 B: 
\ ~, ~ L 

Tip damage was inflicted up to seven times- wlicll the Exp. 6. 188.6 d: F = 730.8;'df = 1, 3; P < 0.i)Ol) and 
uociamagcil control lied 3.4.4.3.6.1. 10.5, 12.2, 13.8, and among treatments (F = 23.6: tlf = 3, 36: P < 0.001). 
14.3 nodcs in B p .  5 or at 2.7. 5.9, 9.5, 11.2, 11.3. 14.9. Lighter damagc treatments. light damage three tirncs 
m d  15.2 liodcs in Exp. 6. or heavy damage once caused tnitior ticlays of 2 to 5 d. 

Boil liurnbcr did not dil'fcr bctwccn cxpcrinicnts (F" Intcrmcdiatc damage, light damage five times or heavy 
0.33: df = 1, 3; P : 0.6) or among trcattnctits ( F  - 0.53; damagc thrcc tirncs causcd longer dclays of 8 to 9 d. 
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while the licavicr damagc trcetmcnts, light damagc 
scvcn times or heavy damage five timcs caused substan- 
tial delays of 13 to 14 c! (Table 3). 

Relationships betwecn Damage and  Crop 
Maturity or Yield 

Ilcgrcssion was used to cxplorc the rclatioi~ship be- 
tween the frcqucncy of tlamagc, thc scvcsity of damage. 
and the rcduction in yicld or delay in rnatilrity of cotton. 
Data for cach trcatmcnt in each cxpcrimcnt wcrc com- 
piled into a tlatasct which includcd identifiers for the 
anwunt of lcaf area rcmovcd (D,,, 0-100%), t11c tlura- 
tion of the dmmgc, cxprcsscd as the final node al which 
defoliation was imposed (D,,. control = U), the number 
of tip damagc cvcnts (T,:,. 0-7 cvcnts), and thc scvcsity 
of tip damagc cvcnls, cxprcsscd as pliyllochrons (time 
bctwccn cxscrtion of leaves) rcmovcd, assuming that i n  
the terminal tlicrc arc four phyllochrons, two visible antl 
two embryonic, (Ts: none = 0: light = 4 phyllochions; 
heavy = 6 pl~ylloclirons). 

Treatment 
Pig. 3. Effccl of defoliation on crop inatwily in  Exp. 4. Asterisks 

ia~1ie;xtc tre$tfmcets sigsificontly rliffcrent frum tlle control al P = 
0.05. Valsrs are ntcnus 2 SE. Trentment labels refer to the sntounf 
of leaf nrcu ren,oved (i.e., IOU%) by the uutnb~r of Llamge C Y E I ~ ~ E  

(i.e., X 2 or X 3). 

Our expectation was that effects on yicld or maturity 
would be bccauscof the intclxtion bctwccn thcscvcrity 
of the damagc antl its doi-ation or repetition. Hence, WC 

calculated interaction Lcrms for defoliation (D,,D,,) and 
tip damagc (T,:Ts). These were regressed against thc 
dclay in maturity (days) of each treatment comparcd 
with the control for each cxperimcnl and tlic crop yicld, 
cxprcsscd as the %I reduction in yicld comparcd with 
the controi, that is, (trcatmcnt yicld X lUO/control 
yicld) - 100. 'The intcrilction terms were fittcd addi- 
t i d y  and also in intraction to test for the possibility 
of interaction bctwccn defoliation and tip damagc, that 
is, D,,D,, -l- TI:Ts. and II,,D,, X T,;Ts. A term denoting 
c8ch c x p e h c n t  was also fictcd to test for diffcrcnccs 
in rcsponscs bctwccn cxpcrimcnts. 

Crop maturity, cxprcssccl as days carlicr (-W) or 
later (+VC) than the control, was well cxpiaincd by tlic 
equation 

days tlclay = 0.45TE,7; -c l.19S'-6D,,'-'JD,, i- Exp.; 

I' = 0.85, 1'1 
whcrc Cxp. I = -2.56, Exp. 2 = 1.82, Exp. 3 - 5.36, 
Exp. 4 - -2.48, Exp. 5 = -0.94, ancl Exp. 6 - 1.46. 
T l ~ c  intcsaction tcrm D,,Di, X T,,& was not significant 
(P = 0.35), indicating no intcraction bctwccn defoliation 
;md tip damagc io this data. A simplified version cxclud- 
ing the cxpcrimcnt tcrm was also fittcd for use in csti- 
mating gcncral rcsponscs: 

clays dclay = 0.J87;Ts -I- 1.3'-V13R""D,l; 

r? = 0.66. 12 1 
Crop yicld was less well cxplai~iccl: 

wl~crc Exp. 1 = 7.26, Exp. 2 = 0.78, Exp. 3 = -4.22, 
Exp. 4 = 2.76, Exp. 5 = 4.78, and Exp. 6 = 3.47. The 
i~iicrc~ction term D&, X T1:7; was not significant (P = 
0.13). indicating no intcractiou bctwccn defoliation and 
tip daniagc. Similarly, a simplifictl vcrsion excluding the 
cxpcrimcnt tcrm was also fittcd for use in estimating 
gcncral rcsponscs: 
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DISCUSSION 
Defoliation 

D;nn;lgc by pests such as llirips oftcn rcsults in rc- 
duccd lcat'arca and size of cotton plants whicli is visually 
very sti-iking (Sadras and Wilson, 1998). In Sicid cxpcri- 
riiciits iovolviiig actual thrips damagc, tlic dynamics of 
leaf arca, cxprcsscd as the ratio between crops damaged 
by thrips and itisccticiclc-psotcctc(l crops, showcd ;I typi- 
cal biphasic pattern, including an initial phase when 
reductions in icaf arca reached a maximum of 20 to 
50% =40 DAS, and a second phase whcn leaf area in 
mops (lamaged by thrips increased faster than in con- 
trols (Sadras antl Wilson, 1998). A sitiiilar biphasic pat- 
tern that was displaced by =l0 d was obscrvcd for shoot 
xrowth (Sadras ancl Wilson, 1998). Ifcre, we were ahlc 

e.;l,one~~lin/ response lo loss of lcaf area in the secdling 
stagcs (up to ciglit true lcavcs) (Eq. /l] atitl [21). ic . .  
defoliation hacl littlc cffcct on either yicld or maturity 
until high lcvcls, in excess of 90% removal. rcgardlcss 
of how oftcn imposcd, For instance, at 44 DAS, plants 
with 100% true lcaf removal three titncs 1;iggcd behind 
the controls by 1.7 nodcs and at 62 DAS their leaf arca 
and leaf DWTwcrc below that of the coiitrol. This tlclay 
i n  I-cctrvcry probably cxplairts the delays in both sq~mrc 
and boll production Rccovcry of lcaf arca and plant 
DW7' was complctc by L04 DAS, and yicld was not 
affected, though maturity was. as would be cxpcctcd 
from the delay iii fruit protluction. Tlicsc fiodings sug- 
gest that complctc. or almost-complete loss of leaf arca 
rcsulls in an cxtrctnc shortagc of iissimilatc as new lcaf 
arca dcvclopcd during the carly stagcs of rccovcsy is 
cffcctivcly a sink rather than a significant exporter of 
assimilate. This shortage of sssi~nilatc may delay growth. 
as indicated by delays in nodc produclion in Exp. 4, end 
hcncc ultinwtely result in delayed fruit dcvclopniicnt 
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Tlic overall similarity bctwccn the patterns of lciif arca. 
shoot dry matter, crop yicltl, and maturity found in 
prcvioiis studies involving actual itiscct damagc (i.e., 
Sadras and Wilson. 10118), and the rcsponscs gc~icratcd 
with manual lcaf rctnoval rcinforccs the confidcncc in 
this tcclmiquc. 

Wc found that moderale to intense lcvcls of damage, 
up to S0 to 87.5% loss of true leaf a m  twice, had 
iransicnt effects on plant growth. Plants rccovcrcd from 
such tlaniagc rapidly with littlc cffcct on the onset of 
fruiting. or ultimately on tlic yield or niaturity of cotton 
For cxamplc, in Exp. 4, plants with 75% lcaf arca rc- 
moved iwice had rccovcrcd in leaf arca and DWT by 62 
DAS (34 d after damagc). Earlier studies havc similarly 
found that large rcductiotis in lcaf arca in excess of 
75% arc rcquircd bcforc cotton yicld was affected. Lane 
(1959) simulated loss of 25. 50, 75, ur 100% ollcafarca 
at the seedling. squaring, flowcriog. or boil-filling stagcs. 
At the seedling and squaring stagcs, only the 100% lcaf 
rcti~oval trcatnmits coti~i~tcntly rct luc~d yicld Kcrby 
and Kccly (1987) also found that rn;~nual rcnwval of 
the first two true lcavcs had no significant cffcct on 
carly plmt growth. 

Longer et al. (1993) and Kcrby ;incl Kccly (1987) 
found that scvcrc artificial tlcfbliation dinniagc coltid 
rctiucc thc growl11 rate of cotton. Wc also found a similar 

~. 
ditions. 

'l'hc mechanisms of recovery horn such damage arc 
not clcar; Bowcvcr, our results provide some support 
for thc hypothesis of Sadl-as antl M'ilson (l998), that 
rcdt~ccd spccific leaf wcight may contribute to plants 
recovering from dcloliation. That is, dcfoliatcd plants 
arc able to incrcasc tlicir lcaf arca. ancl liencc light 
interception, by making lcavcs thinner. This IiypoOiesis 
would nccd to be tested, howcvcr. with assessment of 
the specific lcaf wcight of individu;il lcavcs on diitnagcd 
vs. undamaged lcavcs. In this study, the younger average 
age of Icz~vcs on tlati~agcd plants may havc ciiuscd a 
bias toward lower spccific lcaf weight that we cannot 
cxcludc. 

Allomctric analysis further indicated that treatments 
with morc scvcrc damage had a rcduccd allocation of 
dry mattcr to reprodoctivc structuscs. c r h m i ~ l g  l-ecov- 
cry of vcgctativc structurcs ancl, licncc, leaf asca index. 
This cnablcd plat~ts to recover without loss of yicltl 
though with delayccl maturity, suggesting that the allo- 
tnctl-ic ratio of hcavily damaged plants cvcntitally 
acliicvctl that of undamaged plants. Tbc postponcrncnl 
of allocation to reproductive structures partially cx- 
plains the delay in crop maturity of hcavily damaged 
trciittiicnts. More Crcqucnl dry matter harvests would 
allow grcelcr discrimination bctwccti morc and less sc- 



vcrc daniagc treatments in the sate and mcclianism of 
rccovcry following defoliation. 

Tip Damage 
Our rcsults show that cotton is able to compensate 

well for rcpcatcd tip damage cvcnts up to a point. Cot- 
ton toicratcd up to scvcii light tip damsgc cvcnts without 
affecting yicld and up to tlircc witlmut aifccting matu- 
rity. Lower ;mounts of heavy tip damagc could be tolcr- 
atcd: for cxamplc. t11rcc cvcots did not rcducc yicltl and 
oiic cvcnt causcd only a minor dclay in maturity. Others 
havc similarly rcportcd a big11 tolcraiicc of cotton for 
terminal damage. Brook et al. (1992b) reported that tip 
damagc applied at four or six true lcavcs or at first- 
squarc did not rcducc yield and caused delays of l to 
4 d.  They found in one cxpcrimcnt that carly (Node 4) 
or late (first scjuarc) damage rcsultcd in a significant 
yicld incrcasc. 

The main cffcct of tip damage is to causc production 
of vcgctativc branches (monopodia), whic11 in turn pro- 
clucc fruiting branchcs (sympodia). Tip damagc could 
thcrcforc be cxpcctcd to causc 1111 initial dclay in thc 
dcvcloprncnt of fruiting branchcs, but thcrcaftcr a 
higher nimbcr of vcgctativc branchcs would potentially 
lead to ;I faster rate of production of fruiting branchcs 
ilnd thcrcforc fruiting sitcs (I.ci and Gaff, 2003). Tlic 
clclap in rccstablislmcnt OS vcgcli~tivc b ra~ ic l~  growtli 
and hc~icc fruiti~ig could bc cxpcctcd to be rcl~ltcd to 
tlic severity and rcpctition of ilamagc. as our rcsults 
show. Light tip damagc could be cxpcctcd to dclay tlic 
onset of fruiting lcss t11;ln heavy damage of a similar 
frcqucncy. T11c (lcii~y i n  f~miling cai~sctl by tip tlami~gc 
would be cxpcctcd to 11avc a greater effect on maturity 
than yicld, bccausc provided growing conditioiis arc 
adcqu;ltc the plant should have timc to mature a si~nilar 
fruit load. and our results si~pporl this assertion. At 
somc point, cxtcnsivc tip darnagc coilld be cxpcctcd to 
result in yield loss as well as dcleycd maturity, as a 
p h t ' s  growt11 is dclaycd sufficiently to push the fruit 
 atora oration period irito lcss favorablc growing condi- 
tions at the end of the sc;lson or bccausc of the phnt's 
capacity to dcvclop a full canopy is cortailcd, thereby 
reducing light intcrccption ;ind the p1;iilt's assimilate 
supply and licncc yicld potcntii~l. Intraspccific variation 
i n  cotton rcspoiiscs to tip c1;unagc has bccn idcntificd 
;lnd also tnccds to be considcrcd. ;IS the rccovcry of 
somc varieties is k~stcr following tip damage tllan others 
(Sadras and Fitt, 1997). 

Interaction between I>ain:~gc Types 
Thcrc was no significant interaction bctwcco tlcfolia- 

tion, tip damage. and fruit darnagc. Tlic effects of cecli 
type of d;~magc wcrc additive (sec Eq. [ l ]  and [2]). 'Tip 
diunagc might be cxpcctcd to promotc rccovcry from 
otlicr f o r ~ ~ i s  oS datriagc by increasing In.anching and. 
licnce. Icaf area and fruiting sitcs. IIowcvcr, others havc 
similarly found that tip d;lmagc intcmcts additivcly with 
otlicr typcs of damage, such as fruit loss. For instance. 
Brook et al. (199211) found that carly tip daniagc in the 
variety Siokra 1-1 iiicrcascd yicltl by 211 kg lint h a '  

compared with undanit~gccl cotton, whereas heavy carly 
fruit loss rcsultcd in a loss of 63 kg lint ha-'. Tlic combi- 
nation of tlicsc treatments rcsultcd in a gain of 100 kg 
lint l ia  ', hcncc Brook et al. (1992b) found that tip and 
fruit damage wcrc statistically additive. Ncvcrtliclcss, 
in E x p  2 and 3 tlierc was a nonsignificant trend for 
plants with both defoliation and tip damagc to havc 
Iiig11cr yiclds than plants with defoliation alone. sog- 
gcsting that Cwtlicr invcstigation of tlic intcractions bc- 
tween tip damagc and other typcs of damagc may bejus- 
tificd. 

Evenness of Damage 
In our studies, plants witliin a treatment wcrc uni- 

fornily darnagcd: that is, all plants were daniagccl. Mow- 
cvcr, pcst distributions in cotton iiclds arc rarely uni- 
form, oftcn showing patchy or aggregated distributions 
(Wilson and Room, 1983: Wilson i~nd Morton, 1993). It 
is tl~crcfore likely that the distribution of damagc is less 
uniform than in our cxpcrimcnts. Our studics cxaniinc 
the capacity of plants sufCcring a simulated lcvcl of dam- 
age to rccovcr. that is, plant lcvcl responses. Sadras 
(1996d), liowcvcr, sllowcd that the uncvcn distribution 
of darnagc allows for population lcvcl compcns;~tion; 
that is, when "licrbivorc attack on one individual allows 
another to glow more rapidly" (Crawlcy, 1983). Sadras 
(1996d) compared crops illat wcrc uniformly tip dam- 
aged, uniformly iind~~mz~gcd. or uncvcnly damaged, 
wlicrc cvcry second plant was tip damaged. and fuund 
cvidcocc of strong plant-plant intcractions. It is likely 
that daiiiagc from tlirips is uneven and this sbould bc 
considered in future rcscarc11. 

Implications for Pest Management 
The results prcscntcd hcrc tlicrcforc confirm the con- 

clusion of Sadi-as and Wilson (1998), that carly scason 
pcst tlam;~gc is often largcly cosmetic, with little cffcct 
on crop yicld or maturity. despite its liiglily visual and 

, . dr;imatic appearance. Ilicsc cxpcrimcnts wcrc all done 
in fully irrigated, well-fertilized crops in the lower Na- 
moi Valley, which is a lirllsenso~i region. Season length, 
as limited by tcmpcraturc or water availability, and nu- 
tricot availability could constrain the potential ability 
of pli~nts to compensate for hcrbivory (Ocstcrlicld and 
McNaughton. 1991; Sadras. 1996~). Weather coulcl also 
affect rccovcry; for instance. in coolcr rcgions thcrc may 
not be sufficient timc for recovery hcforc crop growth 
is limitccl by tcmpcraturc. In somc of tlic cooler regions 
in tlic more north-easterly cotton production zones of 
tlic USA. thrips damagc has oftcn hccn shown to stunt 
growth, dclrry maturity, mtl rcdocc yicld (Hawkins et 
al., 1966; Jolinson et al., 1988). Simiiiirly, soil type could 
also bc important; for instancc, poorer soils with low 
water-holding capacity may not siipport as vigorous 
growth or rccovcry comp;lrcd with thcsoils in thisstudy. 
Our rcsults ihcrcforc cannot be reliably cxtrapolatctl 
to drylilnd crops, or to coolcr or sliortcr scason rcgions, 
wliicli rcquirc further rcsc;~rcli. 

Im~n'ovcnrcnts in IPM in Australian cotton nccd to 
take into account the carly season compensatory capac- 
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ity of cot tot^. This pcriod is critically important in Aus- 
tralia, as it corresponds with the nmvcincnts of bci~cfi- 
cial populations inio cottoii from otlicr hosts. Disruption 
of thcsc populations by broad-spcctrurn insccticidcs cttn 
increase the risk of outbreaks of secondary pcsts such 
as spider mites (Wilson et al., 1998) or aphids (Wilson 
et al., 199'4), as well as rcducing the cfkct  of bcncficiais 
on primary pcsts such as flelicoverpo spp, In terms of 
IPM, hcrcforc, the results siiggcst that reasonably high 
lcvcls of defoliation andlor tipping-out can be tolcratcd 
without the nccd to spray. thci-cby reducing costs, cnvl- 
ronmcntal pollution, and helping to conserve beneficial 
inscct populations. Significantly. amongst the pcsis of- 
ten targeted early season, the phytoplingous thrips arc 
also important predators of mite eggs (Wilson et al.. 
1996). 

A limitation of many current pcst thresholds is that 
they are dcvclopcd assuming an average lcvcl of damage 
from yivct~ pcst density. IIowcvcr, a given pcst density 
can be associatcd with a range of lcvcls of plant damagc, 
dcpcnding on earlier pcst ninnbcrs and on plant growing 
coiiditions. Tl~rcsliolcls that took into account both pest 
abundance m d  plant d;mx~gc lcvcls \vould iillow for 
tllc lxxsibility that ;I pcst may cxcccd an abundancc 
tlircsliold but plant damagc does not cxcccd a diimiigc 
thrcsliold: thcrcloi-c, control could be iivoidcd or 
delayed. 

Simple sensitivity analyses wcrc dotlc with Eq. [2] 
iiod [4] to help derive potential tlircsholds for maniigc- 
mcnt of defoliation or tip damagc ('Tablcs 4, S). As at1 
ii~tlicatiot~ of a link betweci~ tlanx~gc arid commercial 

practice, we assumcd that dclay was significant if it was 
longcr than 5 cl, which is the lcvcl that iiormally begins 
to cause concern for cotton growers. We assumcd yicld 
loss ws cconornic;illy importsnl if ii was >4%. This 
was based on a grower wanting to do more than cover 
the cost of control, that is, doitblc his money. assuming 
that the crop is valued at $2800 U.S. ha-' (7 bales. 227 
kg per bale, 5400 per bale) and control costs of $50 ha-' 
($40 insccticidc -l- $10 application), hcncc a yield loss 
of  -2% is required just to rccoup coiitrol costs. Both 
crop yicld and maturity arc rclativcly insensitivc todcfo- 
liation, because of the power nature of their response 
to the proportion of leaf area rcniovcd. This can bc 
seen for crop maturity in Fig. 3. Dcfoliatioo up to 70% 
continuing as late as six iruc lcavcs has no economic 
effect on yicld or maturity. Single tcrrnil~al damagc 
cvcnts had no cffcct on rnati~rity or yield but multiple 
cvcnts affected both. For instance, three Iiylit damage 
events or two hcavy dami~gc cvcnts caused ii dclay of 
>5 d or yicld loss cxcccdingS%. In tire field. plants arc 
often cxposcd to coinbiilations of both tip damagc and 
defoliation, and it is possible to cicrive cstimatcs oldclay 
or yield loss combining both typcs of damagc (Tables 
4, S) .  

Tlic valiics shown in Tablcs 4 and 5 can scrvc as 
tentative tlircsholds for [ h i l t  damage that can be iiscd 
in conjimction with pest abundancc thrcsholds to allow 
better decisions. 'I'his is providcd the growing coiidi- 
tions, soil typcs. crop nutritioii, and irrigation arc similar 
to those in tlicsc cxpcrimcnts. As an cxamplc, modified 
thresholds for Ll~rips and ilelicoverpn spp. in Australia 



n o w  i n c o r p x n t c  a s s c s s m c n t  cif b o t h  p c s t  a b u n c l a n c c  atid 
p l a n t  clariiagc ancl c i ~ i p h a s i z c  t h a t  b o t h  m u s t  be o v e r  
threshold b c f o r c  p c s t  c o n t r o l  is jus t i f i ed  ( I ~ c i ~ t s c l i c r  a n d  
Wilson. 1999: M c n s s l i  and W i l s o n ,  1999). The a c t u a l  
damagc thresholds uscd arc based on the s t o d i c s  r c -  
p o r t c d  l i c re  as well as r e s u l t s  ol r c o i p c s t  c larnagc studies 
( B r o o k  e t  al.. 199Za: S a d r a s  and Wilson. '1998). In t h e  
future. t i ic  i n f o r m a t i o n  o b t a i n e d  i n  Cxp. 4, w h e r e  t l ~ c  
recovery of d s m a g c d  p l a n t s  was m o n i t o r e d ,  may be u s c d  
t o  l ink ihc c f f c c t s  of reduccc l  l ea f  area f r o m  p e s t s  such 
its till.ips u,itll crop s i n i u l a t i o n  modcls via  i l ic i r  c f f c c t s  
o n  p l a n t  g r o w l h .  
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I N T R O D U C T I O N  cron snccics. cotton nlants can often lrcovcrv fi~llv from this 

Rccovcry from hcsbivory, or compensation, is an important 
process in plant-hcrbivorc intcractior~s in natusal systctns 
(Bclsky et ol., 1993). It is also a kcy coiiiponcnt of 
intcgratcd pest-tiianagcmcnt systctns (IPM) for crops sucli 
as cotlon, permitting tlic scditction of insccticidc i ~ s c  (Fitt, 
1994). In many cotlon-producing regions, thrips nrc cotii- 
mon pests (Flawkins et ol., 1966; Qoiscnbcsry and Rummcl, 
1979; Wilsot~ and Bailer, 1993; Atakan et oi., l996), and 
most crops rcccivc some proteclion ageinst tlirips by sccd 
treatment, i~~scclicidc appiicatiot~ at planting, or folifn 
sprays. Once cstablishcd, populations of thrips normally 
build up rapidly early in tiic growing season (Watts, 1937) 
lcading to infcstatioos thN cause visually dramatic deform- 
ation of seedling lcavcs (Qoisenbcrry and Rummel, 1979). 
The characteristically crinkled icaves arc signilicantly 
sinaller than normal leaves, and lowcr canopy lcnf arcas 
continue until tiirips nonibcrs drop, generally within 3 4  
weeks of the initial increasc (Sadras and Wiisoo, 1998). 
Affectcd plants then scsuinc the production of normal leaves 
but dcvcloomcnt is accclcratcd so that nlatit lcaf arca cauals 
that of unalfccted plants within weeks (Hawkins el ril., 

. . > ,  

type of early season defoliation without any ccononiic 
conscqucnces (1Iarp and Turncs, 1976; May and Walker, 
1989; Sadi-as and Wilson, 1998). 

It is known that cotton sccdiings can rccovcr fi~lly after 
losing as much as 70 % of total leaf area (Wilson e~ rrl., 
2003), but thc nicchanism by which this is achieved has not 
bccn idcotificd. Sadras and Wilson (1998) proposed four 
possible tnechanistns for lcal arca recovery: ( l )  incrcascd 
photosynthetic capacity; (2) it~creascd lcaf area to mass 
ratio; (3) iinprovcd branching (Watts, 1937); and (4) the 
plotluction of additional leaves. The first thrcc mcclianisms 
involvc physiological or morphological acljitsttncots. 
wlicreas the last requires an accclcration of shoot develop- 
ment. As thclr has bccn tno evaluation of these potential 
~ncci~anistiis of rccovery, tlic present study was carried out 
to examine the proccsscs by which cotton plants coitid 
recover from reduced lcaf asca. Bcyond quantifying the 
rcsponsc of cotton to thsips, the findings from this study may 
liavc bsoadcr implications in undcrstanding the pliysio- 
logical basis of aspects of plant tolcrancc to hcrbivory 
(Bclsky ?I oi., 1993). 

1966; Sadras and ~ i l s o n ,  1998). As is common in other 

Tcrhsology. Pncsity of Scieiicc ;md Technology. Ryakohil Ut~iveisily. 
1-5 Yokobit. Setil-Oc. Otiu 520-ZIL)4. J n p m  This study was ~ o ~ ~ i i i ~ t c d  over lwo scasons (2001-2002 and 
E-~iioil t o ~ e l c i @ r i ~ ~ s . r y ~ ~ I \ ~ ~ k ~ ~ . i ~ c . j ~ ~  2002-2003) at the Austsalian Cotton Rcscarch lnstitutc in 

Annals of Botany 9411, @Annals of Botany Company 2004; all rights icscsvcd 
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Narrabri, NSW Australia (304'S, 149.X0E). Cotton 
(Co.s,y~irrn~ /~irartir,n L. 'Siokra V-l&' ,  transgenic cotton 
containing the Motisanto Cry 1Ac gcnc) was sown 011 

17 Oct. 2001 (ycar I) and on 30Scpt. 2002 (ycai-2) at 10-12 
plants per m', Two trcatiiicnts wcrc imposcd: a control 
whcrc the systemic insccticidc aldicarb (Tcmik, Avcntis) 
was applied at sowing at 450 g ai ha-' to protect seedlings 
against thrips spccics, and a thrips-clamagcti trcatmcnt 
whcrc #no aldicarb was oscd, allowing thrips to cstablisl~ 
during early scason growth Plots (10 m X 4 rows at l 111 

bctwccn rows) wcrc laid out in a randoniizcd block design 
with four replicates. 

Thrips popolations werc monitored by wcckly sampling 
of control and trcatmcnt plants from cach plot. On cach 
occasion, five plants wcrc colicclcd randoiniy from each 
trcatmcnt plot, placcd in a ziplock bag and immcdiatcly 
brought hack to the laboratory. The plants were thoroughly 
washcd by adding watcr to the bags and agitating them 
vigorously for l min. The watcr containing rlisiodgcd tlirips 
was poured through a fine mcsh sieve. This process was 
rcpcatcd. The thrips retained in the sieve wcrc thcn flitshcd 
on to a filter paper. which was placcd in a Pctri dish and 
stored frozen ilntil they werc co~lntctl ~ls ing a stercomicro- 
scopc, Thrips popiilatioi~s wcrc cxprcsscd as total numbers 
per plant in ycar I ,  combining adults and larvae, but in year 
2 larvia wcre scparatcd Smm adults. The spccics idcnlificd 
wcrc 77wip.s tnboci Lindemai~ and i;r~i,ikib~ielln .sc/~i~/irci 
(Tryborn). Wilson and Baucr (1993) also obscrvcd the 
prctlo~~iinancc of T. IIZ/)(~C~ in cotton at this time OS the 
season at this location. Tlic iiicali area of cotylcdons and 
lcaves at cach oodc of the live plants was mcilsurcd ifsing a 
lC . f  1 , . ,  aica mctcr (LiCoi., Nebraska, USA). Leaves and 

cotyledons wcre then placcd in separate bags for each 
tiodc and dried to constant i i m s  at 70  'C, atid the iiican lcaf 
mass to arca ratio (L.MA) was dctcrmincd Sincc lcaf arcas 
at individual nodcs wcrc rccordcd, i t  was possible to dctcct 
the change in nodal and wl~olc plant leaf arca during tlic 
phases of damage and recovery. 

Gas exchange of individual lcaves was measilrcd in the 
field four limes each ycar at 27, 35,114 and 56 d after sowing 
(ycar I) and at 31, 38, 46 and 56 (l after sowing (ycar 2), 
using a portablc pliotosyntlicsis systcm (Li-Cor 6400). The 
same parameter settings werc used at all mcasiircnicnt 
datcs: photon llitx density 2000 pmol m-2 S-' (Li-Cor light 
sourcc); chamber block tcmocraturc 30 "C: vamur nrcssure . . 
clcficit of the lcaf maintained at less than 3 by adjusting tlie 
flow tlirowh thc desiccant: and refcrcnce CO1 conccotration 
370 pmol 11r2 ss1 (using a CO2 mixer). All mcasurcmcnts 
were made between 0830 and 1130 h Eastern Standanl 
Timc. The gas cxchangc of lcaves at all nodcs (including 
cotylcdons) was measured for sin plants OS cach trcatrncnt (3  
plants X 2 replicates in ycar l and 2 plants X 3 replicates in 
ycar 2). If the lcaf arca was <6  cm2 (the lcaf chamber 
opening), thcn tlic leaf was labellcd and its area later 
determined osing a leaf arca inctcr. Gas cxchangc param- 
ctcrs were thcn rccalculatcd itsing the correct leaf area. 
Given the small s i x  of the cotton seedlings (<20 cm in 
length) and the spacing bctwccn seedlings (10 cm along 
row, 1 111 bctwce~l rows) diiring the mcasurctncnt period, all 
lcaves on both control and thrips infested plants wcrc 
cnooscd to fiill sunlight lor most of cach &v. - 

Plots were supplied with fiirrow irrigation as required but 
no additional ocsticides wcrc aonlicd tliroiiehout the scason. . . U 

At the end of the scason, all balls were harvested from foils 
randomly sclccted 1 m length rows of plants in cacli plot. 
Total boil tiumbcrs and sccd cotton mass per mctrc were 
rccordcd 

As no block effect was dctcctcd using ANOVA (PROC 
GLM; SAS Institute, 1988) for any of the measured 
paramcrew, diffcrcnccs bctwccn control and thrips treat- 
ments wcrc compared osing a l-test (SAS Institute, 1988). 

R E S U L T S  A N D  D I S C U S S I O N  

Thrii)s-infested niaiits oroduccd main sicin leaves that wcrc 
dcformed (commonly circolariii shape) and cupped (Fig. I). 

T I C ;  I .  An enntnplc of ihc diffcreoce ii, leaf deve lo~~~ne i~ l  bctwecs control (iindnmged) and Itvips-dan,agcrl plsnls. Tlic pimogiapl~ was lakes at lilt 
lour-so& smgc ( i f .  w i ~ c n  lhc 4111 ~mnici  slein IXVW bcgm to iwfold) bhowic1~ lilnill  SIC^ I C ~ V C S  (nl lmb~rs intlicm lilt inotlc) and li)c iertni~>itl bird 

G C  c~nl ie .  



Tl i ;  2. Mwo inwnbcr oi tliiipr pcr plant for  coelml Oldicnib-piolecIcd) md llliips-inicstcd plants in two se;tsons. TIE ycnv I pnncl slmws mlly the 
toid tnuolbeo of d r i p s  per pisot (;!di#lls + l iwocj i n  t lx  cui~lml (solid circles) imid tl~rips i8ticsted (open circlcsj plots. Ycai 2 pmei sl~oivs tiwips 

nainbers of adults and laivsc per plant rep;~ralcly i n  the connot (-'C and tlliips iitfcsted (+Tj plots. * Dilferenccs tbnl are slgtiilicsnr at P c 0.05. 

Sincc the infestation occi~rrcd aftcr the expansion of the 
cotyledons, and the thrips wcrc conccntratcd in thc shoot 
mcristcm, the cotyledons rcmaiocd largely unaffected, as 
noted by Sadras and Wilson (1998). Thrips began to infest 
llic sccdli~igs shortly after germination alld, in both ycars, 
thrips numbers in plots unprotcctcd by aldicarb at sowing 
bcgan to excecd thosc of controlled plots within 3 wecks 
after sowing. In ycar I ,  by 33 (l alter sowing (DAS), the 
populations wcrc 10.6 pcr plant, doublc thosc of control 
plants (P < 0.05, Fig. 2). In ycar 2, numbers of larvae wcrc 
significantly higher on ur~protcctcd plants from 22 to 
52 DAS, but numbcrs of adults did not differ bctwccn 
trcatments. The reason for thc peak in adult noinbcrs at 
38 DAS, obscrvcd in both control and unprotcctcd plots, is 
almost certainly (Iuc to scpcatcd imiihigration of adults. In a 
siinilar cxpcrimcnt, Sadras and Wilson (1998) foiind that 
immigrating adi~lts fed ctiough to bc killed by the Tcmik in 
protcctcd plants but did little danh;tgc. On the basis of 
observations of control and unprotcctcd plants iiuring this 
period (Fig. 2), i t  was concluded that the influx of adults did 
not play a significant role in damaging lcavcs. Total 
nutnbcrs of thrips in ycar 2 wcrc about twicc the numbcrs 
in year l ;  thcy dcclincd naturally to a similar Icvcl in all 
trcatincnt plots in each ycar but more quickly in ycar I .  The 
(luration of infcstatioii was about 20 (l in year l and 40 d in 
ycar 2. 

The rcductioii in lcaf arca c;n~scd by thrips bcgan at about 
3 weeks alter sowing (Fig. 3), in closc corrcspoiidcncc with 
the incrcasc in thrips numbcrs (Fig. 2). Summing all Icavcs 
(including the cotyledons), the total rcduction in leaf area of 
thrips-affcctcd plants reached a maximum of 30 % rclative 
to tlic control bctwccn 40 and 60 DAS it1 each ycar (Fig. 3). 
The inorc rapid rcduction in 1eaf;lrca in ycar 2 is attribi~ted 
to the highcs popi~lalio~is of thrips early in the infestation 
(Fig. 2). Sadi-as and WiIso11 (1998) found a comparable 
dcgrcc of lcaf area reduction associatcd wit11 peak popula- 
tiow of 10-30 thrips (larv;~e + adolls) per plant. The total 
duration o f  lcaf area rcduction obscrvcd here, about 50 0 
120-70 DASL is similar to the 40 d (ecncl-allv bctwccn 20 

0 Year I 

C 0.7 

0 20 40 60 80 100 l 
Days nftur rowing 

reaching 89 and 83 % of the control by 68 and 67 DAS for 
the two ycars, rcspectivcly. The subsequent decline (aftcr 
70 DAS) in lcaf arca in ycar 2 was largely associatcd with 
the grcatcr recruitment of non-main stem lcaves localcd on 
vcgetalivc and fruiting branches in control plants (Fig. 4B). 
Although Sadras atid Wilsun (1998) found n full recovcry in 
leaf arca alter 60-80 d in most investigations, some sliowcd 
a dip in leaf arca, similar to that found lhcrc, aboi~t 80 (1 after 
sowing. 

Study of the promession ol'lcaf area dcvclo~mcnt  at cach 

, . 
continued through to nodc 8 (68 DAS, ycar l )  and oodc 9 
(67 DAS, ycar 2). Lcaf area rccovcry began by 45 and 
50 DAS, with thc arca of leaves of upper nodes bcginniiig to 
cncccd that of corresponding lcz~vcs in conlrol plants. No 
vcgctativc bmnch growth was detected in cithcr trcatmcnt 
dilrinz tlic measurcmclit ncriod iun to 68 DAS) in vcar I .- . . . , 

and 60 D A S ~  rcportcd by Sadras and ~ i l s o , ;  (1998). The ~omc"vcgctativc b m c h  growth was obscrvcd in ycar 2 in 
rccovcry in lcaf arca per plain bcgan at 50-60 DAS, both control and infested plants with additio~ial lcaf area on 
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thcsc brancllcs contributing, respectively, 9 and 14 % to 
total leaf arca 011 59 DAS and 24 and 29 % to total leaf arca 
on 74 DAS (insets of Fig. 48). At the latter date, leaves froin 
lroiting branches were also inclodcd. The additional lcaf 
arca contributed by oon-main stet11 leaves was not signifi- 
cantly diffcrcnt (P > 0.05) bclwccil trcatmcnts at all 
s;unpling datcs and thcrcforc did not pkty a role in the 
rccovcry process. 

Otic of the suggcstcd rncchanis~iis facilitating ieal area 
rccovcry (Sadras and Wilsoti, 1998) is an incrcascd 
photosynthctic rate of damagcd lcavcs: higher i-atcs of 
assimilation might provide thc necessary resource for the 
accclcration in leaf area expansion. The rare of net 

photosynthcsis (A) of individual lcavcs (including cotyie- 
dons), mcasurcd at four datcs spanning the infcstation and 
rccovcry phases, rcvcalcd no signilicant cnlianccmcnt in 
thrips-affectcd lcavcs (Table 1). In fact, thcrc wcrc scvcral 
occasions whcrc A was higher in the control than in 
datnagctl plants in year 2. Although A varied atilong twdes 
in accorclancc with the stagcof lcalmaturity, the pattern was 
thc same for control and itnprotcctcd plants. Given that tiiain 
stclll icavcs wcrc smaiicr in ilnprotcctcd plants, lilc simi- 
larity in A translates to >I reduction in total cal.boo gain per 
plant comparable with char of lcaf area ( ic .  by up to 30 '% 
bctwccn 40 and 60 DAS). It can, ~hcrcforc, bc cot~cli~tlcd 
that coinpcnsatory photosynthesis is unlikely to contribi~tc 
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to rccovcry. It is, howcvcr, possiblc that daiiiagcd plants 
could havc allocated thcir stnallcr pools of carbon prcfcr- 
cntially to abovc-ground growth, rcducing thc supply to 
the root system. Under the conditions of thc present 
cnpcrirncnts, soil nioistorc was maintained at non-stress 
lcvcls, rcduccd root gl.owt11 might havc had no consc- 
qocnccs Sor plant growth. This assomption rcquircs lurthcr 
investigation. 

Incrcascd branching has also bccn suggcstcd as a 
mcch;~ois~ti ol' rccovcry from thrips damage (Watts, 1937). 
l'ht.ips damage to thc apical inicristcm of cotton is known to 
promotc vcgclativc branch growth (Sadras and Fitt, 1997; 
Joncs and Wells, 1998; I.ci and Gaff, 20031, but this occurs 
only at very high icvcls of infestation (L. J. Wilson, 
i~npublishcd data). Thc type of damagc found in the prcscnt 
study caused only dclorniation of thc small unfolding leaves 
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27 DAS 35 DAS 44 DAS 56 DAS 

Year 2 
8 3117 353 
7 35.8 35.1 
6 17-1 39.3 36.4 33.5 
5 392 062 347 3 1 7  
4 159 205 40.2* 318' 32.1 26 1 
3 287 28.9 36-3 31.3 26.2 26.2 
2 202 162 30.9 34 1 319" 25.9- 243 200 
! 262 256 336 286 325' 24-S* 22.9' (7.02 
0 20.7 22.9 26.1 205 27.0* 22.9* 18.9 176 

* Diikrescer between co~iliol and infenad plni~ls sigiziricii~a ot P < 0.05 

sorrou~iding t l ~ c  nicristcin. A survey in ycaK 1 found very 
low levels of tip damagc in control (2.6 %) and thrips- 
affcctcd plants (40 %). It can, thcrclbrc, be conclodcd that 
branching did  not play a role in leaf area recovery; lhc 
dcgscc of thrips dailiage resulted in lcaf damagc ollly and 
was insi~flicicnt to initiate lateral branch growth. 

Wilson et d. (2003) iiavc shown that i t  is possible for 
c o ~ t o ~ ~  crops to recover froin up to 70 O/c loss of leaf arca 
without affecting the yield of lint. This indicates that tlic 
supply of carbohydrate required to iiiaintain inorinal shoot 
clcvclopincnt during the rccovcry phase is relatively srnall; 
tlic 30 % reduction in leaf arca found in this study may not 
have bccii suflicicnt to affect this sequiuemcnt. Within 1-2 d 
after Ieiif unfolding, inirntlturc cotton lcavcs have already 
rcached a positive carbon balance (i.e, carbon assimilation 
cncccds dark respiration; Constable and Rawson, 19800, h). 
This means that the rate of leaf dcvcloptnent in control 
plants was not carbon limited, but to achicvc iiianimunn A 
(at 75-90 9'0 of final lcaf arca; Constable and Rawson, 
19810ri), an expaodiiig lcai will rcqiiirc continued ilitrogcn 
imports for the inaiuvation of cliloroplasts. It is possihic that 
tlic inore rapid ccssalion in ni~tricnt demand of damagcd 
lcavcs on d;~magcd plants contributed to tlic accclcratcd 
(levclop~neiit of new lcavcs. 

Dccrcascd lcal mass to arcs mtio (LMA) has also bccn 
suggcstcd as a i~icchanism of rccovcry. With a lower LMA, 
11ic dainagcd plant would nccd to invest less dry iiiaucr for a 
given lcaf ama. Table 2 shows little variation in LMA in 
corresponding upper nodc lcavcs bctwccn ircatmenis, in 
fact. some tlainagctl leavcs (lowcr inodcs) had signilicantly 
liighcr LMA than tlic control, partici~larly in ycar 2. 

The irrnaioing hypotliesis is that lcaf ;~rc;l rccovcry is 
acliicvcd simply ilrroi~gh a imorc rapid ontogcny. Althoi~gh 

Sadras and Wilson (1998) suggested that the addition of ~ncw 
lcavcs can 'partially compcnsatc' for the loss of leaf arca. 
the present work suggcsts a iiiecl~anis~n by which this 
occurs. Initially, thrips fccd in the apical bud region by 
piercing lcaf primordia repeatedly before leaf unfolding. It 
is likely t l i ;~ t  clusters of lamina1 cells arc dcstroycd in the 
process, lcacling to a mduction in cell nombcr per leaf. The 
patcl~y dcstructioi~ of cclls throughout the laiiriiia of the lcaf 
priinordii~ would also explain the cupped appcmancc of 
affcctcd lcavcs (Fig. I). Furthcrnnorc, dcformcd leavcs liavc 
noriniil pctiolc dcvclopmcnt, suggesting that the turgor 
prcssurc rcqi~ircd for normal cc11 cxp ansion .' was not 
disrupted and that the rc~naining lamina1 cclls are of normal 
size. 

If tlirips-affected leavcs had fcwcr cclls, then the doration 
of tiieis cxpansio~i would be shorter, thus making rcsoiirccs 
available sooner for the production of iipper leavcs. 
Evidencc for this is shown in Fig. 4A whcrc by 50 DAS 
in ycar I, all damagcd lcavcs up to node 6 had rcachctl fidl 
expansion (opcn arrow) while nodes 4-6 of control plants 
(solid arrow) were still expanding. By 58 DAS, thrips- 
afCcctcd node 7 had enpandcd fully comparcd with inoclc 4 in 
control planls. A siiiiilar pattern was seen in yciir 2 where, 
on 67 DAS, node 6 and 7 were the uppermost fiilly 
expanded lcavcs for thrips-affectcd and control plants, 
rcspcctivcly. 

Sincc tlic lcel area of a plant is dctcriiiined by the i;~lc of 
lcai productio~~lunfol~ling and the ~ a t c  and duration of lcaf 
expansion (IIay and Walker, 19891, results of this study 
indicate that the leaf arca of infcstcd plants rccovercd by 
both a shorter di~ration of thc expansion of lowcr inoclc 
lcavcs and a faster rate of tliifolding of larger upper oodc 
Icavcs. The more rapid unfolding of upper inodc lcavcs is 
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27 DAS 35 DAS 44 DAS 56 DAS 68 DhS 
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24 DAS 31 DAS 38 DAS 45 DAS 52 DAS 59 DAS 67 DAS 74 DI\S 

I.cdnodc Coitiol Tlnigs Coiitrol Tlwips Co~ilrol Ttliipr Controt Thiips Coimol Tlvips Coc~iol Tbips Control Thrips Cooiml Tliiips 

illosti-atcd by the 2.5 !node gain in infcstcd plants over 
control plattts (Fig. 4A, 58 DAS). Thc s i x  of cotton leaves, 
as in other species (Hay and Wilkcr, 1989), incrcascs with 
each silcccssivc ttodc, reaching a rnaxirni~m at node 8-10 
(Constable and Rawson, 19800; Fig. 4). Th i~s ,  the rccovcry 
in leaf area of infcstcd plants was maittly achicvcd through 
the carlicr unfolding of largm- lcavcs of the upper, 
ittiaffccicd nodes. 

Thcrc was no rcsidi~al cffcct of lhc casly scasott dainegc 
ott lint yield. At harvest, wlictt all plots had rcachcd >80 % 
open boils, thcrc was no signiiicont diffcrcncc ( P  > 0.05) 
bctwccn contsol attd unpsotcctcd plants in total nulnbcr 
of boils ;lnd in sccd cotton niass in cach ycar (Fig. 5). 
Similar results were rcportcd by Ruinmcl and Qoisenbcrsy 

(1979) whcrc a reduction in lcaf arca of up to l 9  % had no 
effect on yicld, but loss of 51 % of lcaf urea rcsiiltcd in a 
yicld loss of 9 %. In thc same cropping area as this study, 
Sadras m d  Wilson (1998) rcportcd a significant yield loss in 
only one of ten thrips-infcstcd trials. The affcctcd cron 
showed a relapsc in lcaf area rccovesy 6 0 0  after sowing (i.c. 
at the bcginnine of froit nroduction). a nattern similar to that - - . 
obscrvcd in year 2 of this study (Fig. 3). It is possible that 
higher infestations could delay thc rccovcry of lcaf arca 
until alter the start of fruit production. If thc ontogenetic 
rccovcry itt leaf area is incomplctc at thc iuitiatioil of 
fruiting branches, lowcr lcaf area could be maintaiocd, 
resulting in sinallcs plants with a lowcr assiiliiiation 
capacity it110 rcduccd yields. 
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C O N C L U S I O N S  

Within a very shorr time pcriod ( c 3  weeks), thrips fccding 
on leaf mimordia led to a sienificant loss of leaf area at main 
stctii nodes 1-8. Sincc the resideticy time of thrips was 
short, the affcctcd cotton plants wcrc able to recover 
complctcly. The transient loss and subscqi~cnt rccovcry of 
leaf area rcsilltitty from thrips fccding, at thc densities 
cx~micnccd,  was not achicvcd through ~hysioloaical - . .  - 
rcsponscs such as an improved carbon assimilation or 
incrcascd ;~lluc;~tion of bioniass to lcal constritctiott. but 
throilgh changcs in thc pattern of dcvclopmcnt. This 
involvcd tlic carlicr completion of expansion of lower, 
thrip-affcctcd, ttiai~l stein lcaves which shortened the 
pcriod during which rhcsc leaves conipctcd for rcsoilrccs 
(Cottstablc and Rawson, 1980h), tnaking rc so~~rccs  avail- 
able for the carlicr oofolding of upper, vndamagcd lcavcs. 
Since the ttppcr node lcavcs arc succcssively larger 
ontogcnetically, thcii' carlicr onlolditig accounted for the 
rccovcry in leaf area of thrips-affected plants. 
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Implementing Integrated Pest Management 
in Australian Cotton 

L.]. Wilson' . R.K. Mensah2 . G.P. Fitt3 

1 
Introduction 

The Australian cotton industry faces a number of challenges in pest manage- 
ment. These include damage due to a number of key pests (Helicoverpa armi- 
gera and H. punctigera, spider mites (Tetianychus urticae), aphids (Aphis gos- 
sypii) and mirids (Creontiades dilutus)], insecticide resistance in the primary 
pest (H. armieera) and two secondary pests (mites and auhids), escalatina . . 
iosts of and environmental concerns over off-firm movement 2 
insecticides. To address these issues. a maior research effort has focused on 
reducing dependence on insecticides through the development and imple- 
mentation of integrated pest management (IPM) systems. As with IPM sys- 
tems in other cotton-producing countries and in other crops, the Australian 
cotton IPM system emphasises the use of a range of tools to manage pest 
populations, with insecticides seen as a last resort. What is unique about the 
approach taken in Australia is a higher emphasis placed on the Ale of benefi- 
cial insects in IPM, the heavy involvement of cotton growers and consultants 
in the development of the system, the emphasis on incorporating IPM as a 
comoonent of the overall farmine svstem. and the role of IPM erouvs. where " .  . .  
neighbouring growers agree on a common set of IPM goals, communicate 
regularly and support one another to achieve group goals. This participatory 
action research approach provides a framework for ensuring the cotton 
industry is fully engaged with the research effort (Dent 1995), claims owner- 
ship of the research, and becomes a driver of the IPM program (Ooi 2003). 

Pest management in the 1960s involved renular applications of broad- 

port system r&olutionised this approach and provid;d the first step to&d 
a more integrated approach (Hearn et al. 1985). SIRATAC emphasised regular 
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3 
lntegrated Pest Management Strategies 
Through the Growing Season 

Key strategies throughout the growing season are discussed in the following 
sections. 

3.1 
Use of Spring Chickpea Trap Crops to Capture Eggs 
from H. armigera Moths That Emerge from Over-Wintering Diapause 
(Ferguson et al. 2000) 

These moths are potential carriers of genes for pesticide resistance from one 
season to the next. Larvae resulting from eggs laid on the trap crop can be 
controlled using biopesticides such as nucleaf poiyhedrosis virus (NPV) or 
by destruction of the trap crop. Hence, trap crops are a means to concentrate 
H. aimigera populations into a limited area of attractive trap crops where 
they can be destroyed, thereby reducing the carry-over of resistance genes 
and overall population size. In the cooler central and southern cotton grow- 
ing regions, chickpea trap crops must be planted at a time to ensure that they 
are flowering and attractive to H. armigera in spring when the moths emerge 
from diapause (see Sect.4.1) from early October (in most regions). In the 
warmer central Queensland regions, few H. armigera diapause. In these areas 
the chickpea trap crops are used as a sink for H. arrnigera populations that 
have developed through winter on other crops and weeds. This is comple- 
mented by use of a late summer pigeon pea trap crop, to concentrate and con- 
trol H. armigera emerging from the soil beneath finishing cotton crops 
(Sequeira 1998). 

3.2 
Use of Spring Lucerne Trap Crops to Capture Creontiades dilutus 
(Green Mirid) Adults and Avoid Infestation in Cotton 
(Mensah and Khan 1997) 

Green mirids are important pests in cotton, often causing plants to shed 
squares (flower buds) or young bolls and damaging maturing boils, causing 
yield ioss. Damage to growing tips may also result in significant delays in 
growth and maturity of the plant. Green mirids prefer lucerne (new growths 
or shoots) to cotton. Lucerne crops adjacent to, or as strips within, cotton 
crops act as a sink for green mirids. By alternatively slashing half of the 
lucerne at 4-weekly intervals, new regrowth of lucerne can be rnaintsinerl -nil - ~ "..- 
the green mirids can be maintained in the lucerne without moving into the 
cotton (Mensah and Khan 1997). 
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3.3 
Planting the Cotton Crop at the Optimal Time, Which for Most 
Australian Regions Is Early-Mid-October 

Early soil preparation to optimist soil structure and seedbed tilth will faciii- 
tate early planting. Planting outside this optimal time period adversely affects 
yield potential and is counter-productive to IPM. Very early planting (mid- 
September) in cool districts increases the risk of damage due to severe cold, 
slow early growth and greater susceptibility to diseases and herbicide and 
early pest damage, especially from thrips. Late planted cotton decreases yield 
potential and increases the risk of late infestations of H. armigera, mites and 
aphids that are difficult and expensive to control. 

3.4 
Regular Crop Checking for Pests, Plant Damage and Beneficial Insects 
(Deutscher and Wilson 1999a) 

Sampling all fields, at least once every 3days, is necessary to track pest and 
beneficial populations. This short interval means that decisions to delay con- 
trol can be monitored and action taken if ?he situation changes, while the 
pest population is still small enough to be effectively controlled with selective 
insecticides. Sampling plant damage provides a measure of how the plant is 
responding to the environment in which it is growing as well as pest damage. 
Extensive research has developed damage thresholds for reduced leaf area 
(thrips damage) or tip damage (Helicoveipa spp.; Wilson et al. 2003). On 
seedling cotton, control is only recommended if greater than 80% reduction 
in leaf area occurs. Tip damage is scored as the number of events per plant 
and control is recommended only if more than 100% of plants have been 
damaged once. Once fruit production (squaring) begins, the retention of iirst 
position fruit is scored. These are the fruit produced at the first fruiting site 
on each of the fruiting branches that are produced at nodes from the main 
stem from about the sixth to eighth node onwards. A target of 50-60% of first 
position fruit retention at first flower is suggested. Yields can be reduced at 
retention values significantly above or below these levels (Gibb 1999). Unless 
clearly attributable to other factors such as water stress, low retention 
(130%) will trigger action to protect plants from further pest damage until 
retention returns to desirable levels. Further into the fruiting cycle a fruiting 
factor (number of fruit per fruiting branch) is used to assess if the plant has 
retained sufficient fruit in all positions to ensure a profitable yield (Gibb 
1999). Values outside the fruiting factor range of 1.1-1.3 may trigger extra 
protection against pest damage if too low, or careful attention to irrigation 
and nutrition if too high. Current thresholds include both pest and damage 
thresholds (see below). 
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3.5 
Integration of Predators into Decisions Using a PredatorlPest Ratio 

This is based on extensive field research and ensures that the value of preda- 
tors is used pro-actively when decidinr if a uest uooulation reauires control . . .  
(Mensah 2002a). ~ r e ~ u e n t  sampling ensures rapid feedback on ihe impact of 
the beneficial population on pests. If predatorloest ratios are lower than 0.5 . . 
( I  predator to 2 pests, mainly Helicoverpn spp.), a series of augmentations is 
progressively recommended, beginning with the use of food sprays (see 
below) and strip cutting of lucerne plots grown as nurseries for beneficial 
species, then biological insecticides (Bt and NPV) and finally use of more 
selective synthetic insecticides (Mensah 2002b). 

3.6 
Use of Beneficial Nurseries a n d  Attractant Food Sprays 
t o  Enhance Predator Numbers 

in the semi-arid environments in which the bulk of the Australian cotton 
crop is grown, there are essentially no perennial crops or horticulture. Bene- 
ficial insects must originate from areas of native vegetation or pasture or 
from within the cotton farm itself. In dry years thegrowth of native vegeta- 
tion and pasture is often dramatica1:y reduced, a problem exacerbated by 
grazing stock. Provision of perennial lucerne crops as on-farm nurseries for 
beneficial insects, particularly predators, provides some buffer against the 
unpredictability of natural populations. Positioning nursery crops adjacent 
to, or as strips within, cotton crops increases the likelihood of beneficiais for- 
aging and establishing in cotton crops (Mensah 2OO2b). When it becomes 
necessary to increase predator numbers within cotton crops to re-establish a 
more suitable predatorlpest ratio (i.e. a ratio greater than OS), for instance 
following insecticide use, attractant food sprays may be applied to the cotton 
to manipulate predator populations. 

3.7 
Use of Combined Pest a n d  Damage Thresholds 

Thresholds are used to ensure that insecticides are only applied if economic 
loss is reasonably expected to occur. However, thresholds based on pest num- 
bers alone assume that all cotton crops will respond in a similar way to a 
given pest density. Other factors such as crop vigour, disease, temperature 
and nutrition, may mediate the response of the plant. Wilson et al. (2003) 
established guidelines for the amount of damage that plants can tolerate 
without loss of yield or delay. incorporation of this information into thresh- 
olds (Deutscher and Wilson 1999b) identities situations where a pest is over 
the threshold, but crop growth indicates it will recover without loss, thereby 
avoiding use of an insecticide to prevent non-economic damage. 
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3.8 
Strategic Use of Plant Growth Regulators 

Optimal irrigation scheduling and rates of nitrogen fertilizer will generally 
control vegetative growth. However, in some seasons excessive vegetative 
growth may result in rank crops that remain attractive to pests and mature 
late, thereby increasing the need to control pests and undermining the IPM 
system. Appropriate use of growth regulators can help to reduce the severity 
of this problem. As the response of varieties to growth regulators varies, their 
use should comply with guidelines published by local seed companies (e.g. 
Cotton Seed Distributors, Deltapine Australia). 

3.9 
Optimal Water Management t o  Avoid Extended Late Season Growth 

irrigation decisions should be based on crop need and the recognised soil 
water deficit for that particular soil. Objective assessment of water use and 
deficit through the use of neutron probes or similar equipment is necessary. 
A critical decision is the timing of the final irrigation. Water applied to a crop 
that does not require it may produce no additional yield, hut could impose 
considerable cost due to extra late season growth. This will extend the period 
of attractiveness to pests, and potentially require control measures for a lon- 
ger period. This undermines the IPM system and could exacerbate insecti- 
cide resistance problems 

3.10 
Preferential Use of Selective Insecticides 

Over the past 6 years new insecticides have become available that are more 
selective than the older organophosphate, carbamate and pyrethroid chemis- 
tries that have been the mainstay of pest control in Australian cotton. The 
new compounds include spinosad, emamectin, indoxacarb, pymetrozine, 
diafethiuron and methoxyfenozide. These products are powerful IPM tools as 
they provide pest control, with less risk to beneficial populations and greater 
likelihood of maintaining an effective IPM system. These products are used 
as a last resort, when everything else fails tocontrol the pests and economic 
loss is likely. The use of the new insecticides in these situations provides flexi- 
bility and a safety net for growers to maintain crop yield and continue to 
adoot IPM. Independent information on the efficacy and non-tareet effects of 

/ all c'urrent inseciicides has been obtained locally (Wilson et al. 2i02). Under- 
/ standing the particular characteristics of insecticides is important. For exam- 
: ple, spinosad (Tracer) has a low impact on predatory Coleoptera and Hemip- 
; tera, but is very disruptive of micro-Hymenoptera (including Trichog- 
i ramma), ants and thrips, which eat mite eggs (Wilson et al. 1996). 

i 
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3.11 
'Site-Specific' Pest Management 

Historically cotton growers often treated the farm as a unit and sprayed the 
whole farm if a pest was over threshold in several fields. This reduced appli- 
cation costs and provided some streamlining of farm operations, but also 
meant that when broad-spectrum insecticide was used beneficial populations 
were reduced over the bulk of the farm. By treating only those fields that are 
over threshold with selective insecticides, unsprayed fields serve as a refuge 
for beneficials to recolonise sprayed fields. 'Site-specific management' is in a 
broad sense a type of precision agriculture. Recent research on the issue with 
Colorado potato beetie showed that site-specific management significantly 
also decreased resistance selection and increased beneficial numbers (Mid- 
garden et al. 1997). 

3.12 
Use of Genetically Engineered lngard Cottons Expressing the Delta- 
Endotoxin Genes from Bacillus thuringiensis subsp. kurstaki ( B t )  

Fitt and Wilson (2000) demonstrate that insect resistant transgenic plants, 
such as Ingard cottons, are a good platform for IPM. They reduce the need to 
control Helicoverpa spp., the primary early-season cotton pest in Australia, 
thereby reducing disruption to beneficial insects caused by insecticide use, 
and conserving and maximising beneficial insect activity. Geneticaily engi- 
neered cotton is an important tool for IPM because it helps growers to realise 
the benefits of IPM more easily. Some pest risks, however, may increase such 
as aphids and mirids, and this is addressed below 

3.13 
An Effective Resistance Management Strategy 

Resistance to the range of insecticide groups (synthetic pyrethroids, cyclodi- 
enes, carbamates) has haunted the Australian cotton industry since the late 
1960s (Forrester et al. 1993). Our IPM system encourages preferential use of 
selective insecticides. However, this places selective insecticides at risk in 
terms of resistance. Furthermore, the nature of insecticide discovery, devel- 
opment and registration has meant that new selective insecticides have 
become available sequentially. As a result, several of the newer insecticide 
groups have each had a period of popularity and have unfortunately been 
over-used to the point that resistance has already been detected. Rising resis- 
tance to spinosad (Tracer) is an unfortunate example (Gunning 2002). Aus- 
tralia's insecticide Resistance Management Strategy (IRMS) has been devel- 
oped bp the industry sanctioned Transgenic and Insecticide Management 
Strategies (TIMS) committee. It is based around rotation of chemical groups, 
use of 'windows' (of use and non-use) and limitations on the number of 
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applications (Gunning et al. 2002). Increasingly, the positioning of new insec- 
ticides within the IRMS is being influenced by the desire of growers for effec- 
tive selective insecticides to control key pests at all times of the season. Simi- 
larly, a proactive strategy has been deveioped by the TiMS committee to min- 
imise the risk of resistance to the CryiAc protein in Ingard cotton and to also 
embrace IPM principles. The strategy hinges around growing refuge crops to 
produce Et naive H. arrnigera moths to mate with any resistant individuals 
emerging from Ingard crops, thereby massively diluting any resistance. This 
is coupled with a planting window, defined size of refuge crops, mandatory 
destruction of crop residues to remove diapausing Helicoverpn pupae under 
the Ingard crops, and defined spray thresholds on Ingard crops to control 
survivors (Fitt and Wilson 2000). Compliance with this strategy by growers of 
Et-cotton is a legal requirement and is audited; hence some IPM components 
(planting window, pupae destruction) are compulsory. 

4 
lntegrated Pest Management Strategies 
Through the Winter 

Key strategies in the winter or "off" season are discussed in the following sec- 
tions. 

4.1 
Destruction of Diapausing Pupae of H. armigera that Are a Potential 
Reservoir of Resistance Genes (Fitt and Daly 1990) 

This is a core non-insecticidal component of both the IRM and IPM strate- 
gies. Growers are advised to sample cotton stubble for pupae, using published 
guidelines, to determine which fields require control and to prioritise those 
that do. The degree of cultivation required to disturb the emergence tunnels 
of diapausing pupae and to expose them to predation from spiders and birds 
has been established. The effectiveness of a range of implements, including 
those used to sow winter crops, has been assessed. This information is avail- 
able in extension packages such as MACHINEpak. Growers are advised to 
avoid cultivating under conditions that create other problems such as com- 
paction, i.e. wet soil. For dryland growers seeking to conserve soil moisture 
pupae cultivation is a problem. This is being addressed by use of modeiling 
to predict likely pupae densities and the need to cultivate, development of 
sowing equipment for winter crops that provides adequate disturbance and 
late-season and101 post-picking inter-row cultivation. In the warmer central 
Queensland region, few H. armigera diapause, so cultivation of pupae is inef- 
fective (Sequeira 1998). Instead a strategy using a late summer and early 
spring trap crop sequence has been developed (see Sect.3.1). 
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4.2 
Selection of Rotation Crops to Reduce Pest Carry-Over 

Rotation crops map be planted for several reasons including favourable 
prices, improving soil structure and soil nitrogen enrichment (legumes). The 
selection of a rotation crop also has implications for pest management. Some 
rotation crops provide an over-winter host for pests. Exanlples include faba 
beans (mites, aphids), safflower (mites, mirids), chickpeas (H. aimigera) or 
cereals (H. nrrnigera and thrips). Some may also affect carryover of cotton 
diseases, such as some legume crops. The choice of rotation crop should take 
these issues into account. Options for the management of pests in rotation 
crops should also be considered. For instance, use of broad-spectrum insecti- 
cides, such as pyrethroids or organophosphates to manage Helicoverpa or 
aphids in rotation crops may have a serious detrimental effect on beneficial 
insect populations and could diminish the number of predators later moving 
into cotton crops. Similarly, control of mirids in safflower crops often results 
in outbreaks of mites, which move into adjacent cotton crops. Retention of 
stubble from rotation cereal crops is being used to help control erosion from 
cotton fields and has also shown some benefits in terms of reduced Helico- 
verpa abundance on seedling cotton sown into the stubble (Waters and Keiiy 
2001). 

4.3 
Management of Weeds and Cotton Regrowth that Are Over-Winter 
Pest Hosts 

Weeds and cotton regrowth following harvest can provide over-winter hosts 
for a number of pests including Helicoverpa, mites (Wilson 1994a), mirids, 
aphids, tipworm, cutworm, arm).worm and whitefly Poor in-field hygiene is 
particularly a problem with spider mites, aphids and mirids as these pests 
can move off the weeds and onto cotton seedlings in the following season. 

4.4 
Optimisation of Fertilizer Strategies to Avoid Excessive Plant Growth 

The amount of nitrogen available to the crop affects pest management as well 
as potential yield and maturity. Too little nitrogen will decrease yield. Exces- 
sive nitrogen often creates excessive end-of-season plant growth. This makes 
the crop more attractive to Helicoverpa, requiring additional inputs of expen- 
sive insecticides for control, can delay crop maturity by 1-2weeks and can 
make crops harder to defoliate (Rochester et al. 2001). Growers are advised to 
manage nitrogen on a field-by-field basis based on soil tests (Constable and 
Rochester 1988). NutriLOGlC and NUTRlpak are decision support systems 
(PSS) available to help growers select appropriate fertilizer rates (Deutscher 
and Bange 2003). 
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4.5 
Matching of Cotton Variety to Region and Pest Complex 

The variety should be matched to the region and likely pests and diseases. 
Seed companies provide guides to suitable varieties. Planting a variety with a 
long growing period and a high yield potential in a cooler, shorter season 
region is likely to create problems with late maturity, prolonged protection, 
and difficulty with defoliation. These problems are exacerbated if wet 
weather delays ground preparation and sowing. Varieties also differ in sus- 
ceptibility to pests. Okia leaf varieties have a degree of resistance to both 
Helicoverpa spp. and spider mites (Wilson 1994b), potentially reducing 
sprays for each pest by about one per season (Thomson 1994). Penetration of 
insecticides into the crop canopy is also better with okra leaf cultivars, and 
can contribute to better control with insecticides (Jones et al. 1986). 

4.6 
Development of a Spray Drift Management Plan 

Growers should discuss their IPM strategy and the significance of drift man- 
agement with the insecticide applicator as well as neighbours. With the appli- 
cator, an important issue is the hygiene of spray equipment, including ground 
rigs and aeroplanes. Residues of broad-spectrum insecticides in the tanks or 
sumps of spray equipment could contaminate selective products causing 
undesirable and unintended detrimental effects on beneficial insects. The 
grower should discuss with neighbour(s) the risk of drift of insecticides and 
how this may impinge on each farm. The possibility of joining them as part 
of an IPM group could also be discussed (see below). The management of 
drift also has implications for reducing off-farm effects such as contamina- 
tion of rivers and impacts on native vegetation that may be reservoirs for 
beneiicial insects. 

4.7 
Seed Bed Preparation 

A feature often mentioned by leading cotton growers in achieving an early 
crop is a good seed-bed, typified by friable, non-cloddy soil and firm, high, 
well shaped beds. This helps to achieve vigorous healthy growth resulting in 
plants that are more able to tolerate seedling diseases and achieve high yields 
and early crop maturity. 

4.8 
Selection of Appropriate Seed Insecticide Treatments 

By definition, the use of 'at planting' insecticides, applied in the soil (such as 
aldicarb or  phorate) or applied directly to the seed as a seed treatment (such 
as imidocloprid, thiodicarb and fipronil), is 'prophylactic'. Though the main 
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target of these insecticides is thrips, which are predators of mite eggs, they 
are reasonably selective against many other beneficial groups (Wilson et al. 
2002). Their selectivity is based on the fact that they do not contaminate the 
foliage, but are absorbed by the piants. Since most beneficial insects do not 
directly feed on cotton, but feed on the pests, beneficial insects are unaffected 
by the seed insecticide treatments or in furrow application of these insecti- 
cides. Therefore, in situations where there is a reasonable expectation of an 
economic benefit from control of thrips, the use of 'at planting' insecticides 
may be a better choice than the conventional approach of treating at pest 
threshold. 

5 
Extension and Implementation 

Defining and formalising our IPM system by publishing the IPM guidelines 
has been critical in allowing a consistent and coherent model of IPM to be 
delivered throughout the cotton industry The guidelines also serve as a criti- 
cal resource for a focused extension effort by the National Cotton Extension 
Team. This team has progressively expanded over the last loyears with 
'Industry Development Officers' (IDOs) now present in all main cotton 
regions, with funding coming largely from the Cotton Research and Develop- 
ment Corporation and the Australian Cotton Cooperative Research Centre. 
Support from the latter institution, in particular, has been critical to success 
in delivery of IPM by bringing together researchers and extension personal 
from different federai, state and University departments to work together in 
development and implementation of IPM. This co-ordination ensured a high 
degree of consistency in the message being delivered and co-operation in 
providing information. 

The extension team used a range of strategies to deliver the IPM system 
(Christiansen 2002). These included field days to discuss IPM issues relevant 
at the time or about to become important as well as demonstration experi- 
ments for growers. For example, co-ordinated experiments to investigate cot- 
ton recovery from early season damage were conducted across several 
regions. These experiments were critical in giving growers confidence, when 
faced with early pest damage, to delay spraying and allow establishment and 
development of beneficial insect populations. Extension staff in each region 
also produced a local extension update, known as 'Cotton Tales', on a regular 
(weekly or fortnightly) basis. These are faxed or emailed to all growers and 
consultants in the region and usually draw on components of the IPM guide- 
lines that are relevant at the time, as well as providing research updates. 

Further support is provided in the form of ENTOpak, a compendium of 
pest management information that includes the IPM guidelines, a pest and 
beneficial identification guide, and supporting documents providing detailed 
information on pest thresholds, sampling, pupae control, selectivity of insec- 
ticides, crop damage monitoring and planning of last irrigation. The support- 
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ing documents are cross-referenced to other 'Paks' which provide support in 
implementing IPM, for instance MACHINEpak, for information on the effec- 
tiveness of implements for pupae control, NUTRIpak for information to 
ensure optimal fertilizer rates are used, WEEDpak for information on man- 
agement of weeds that are hosts for pests and DISEASEpak for information 
on accurate diagnosis of disease symptoms that may be confused with pest 
damage. Implementation resources are continually updated and effectively 
disseminated to the industry through the Australian Cotton Cooperative 
Research Centre's Technology Resource Centre and website ( ivv.cot-  . ~ 

ton.crc.org.au). 
As part of a drive to enhance environmental management of cotton farms, 

tiie industry has impicmented a Best Management Practice (BMP) approach 
Williams and Williams 2000). This provides a framework for growers to 
evaluate their management performake against the best standards in the 
industry, for identifying areas of improvement, and documenting this in an 
auditable fashion. The core principles of the IPM guidelines form one module 
in the 'Best Management Practice' manual. This provides growers with a 
means to assess how they are progressing in adopting IPM principles on their 
farm. 

The effectiveness of the extension effort has been further fostered by the 
development of regional IPM groups, where groups of growers agree on core 
goals and communicate throughout the season to achieve them. Because 
these groups are initiated by growers and consultants, the groups have pro- 
vided the peer support and communication necessary to build confidence in 
IPM. IDOs have played a crucial role in supporting these groups by organis- 
ing meetings, coordinating visits by researchers and assembling information. 
IPM groups have allowed growers and consultants to address pest problems 
more effectively than if each grower worked alone. Examples of IPM group 
aims include delaying the use of disruptive chemistry to conserve beneficial 
populations, the co-ordinated planting of trap crops and sharing of informa- 
tion through regular meetings. The concept of area wide management 
(AWM) has also been trailed in some regions. In the mixed cropping regions 
of the Darling Downs region of southern Queensland, an area-wide strategy 
was established to manage H. armigern populations (Ferguson and Miles 
2002). This species is a pest of many crops, however, poor communication 
behveen growers of different crops meant that there was no coordinated 
effoct to manage it across crop types. The AWM approach provided a frame- 
work in which efforts were co-ordinated to manage the pest across the region 
by using understanding of the pests ecology to reduce abundance, for 
instance by concentrating spring generations onto trap crops where they 
could be controlled by crop destruction (Ferguson et al. 2000). 

L ,  . . v .  

a ~ s d a ~ l o w  growers to learn from each other.  he old ideology of one "learn- 
ing from his or her mistakes" is slowly being eroded in cotton pest manage- 
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ment as a result of the IPM groups. The grower participatory IPM has 
increased from the development of the IPM guidelines to the formation of the 
IPM groups. Each IPM group has experimented with the IPM guidelines and 
adopted it in their own way so that the growers have become owners of the 
technology and as such it is grower driven. Thus, the basis for the success of 
the IPM program in Australia is that it is grower driven and growers feel they 
own the technology. 

Since the inception of the SIRr\TAC system, computer- based decisionsup- 
port systems (DSS) have been a feature of the Australian cotton industry. The 
CottonLOGIC suite of DSS incorporates Entomologic, which supports the key 
elements of 1PM and provides a benchmark against which decisions can be 
compared (Deutscher and Bange 2003). The CottonLOGIC DSS (now also 
available in hand-held form as CottonLOGIC on the Palm OS) provides a dis- 
ciplined and objective sampling process, together with access to a Helico- 
verpa development niodel which ?orecasts population changes 3 days ahead 
based on current estimates of eggs and larval numbers of each size category 
(Hearn and Bange 2002). A simple model is also used to forecast likely yield 
losses due to mites, based on rate of increase of popuiations and stage of the 
crop (Wilson 1993). The DSS also supports collection of predator numbers 
and estimation of the predatoripest ratio. Data can he entered in the office at 
a PC or collected in the field using the 'CottonLOGIC for the Palm' software, 
based on the Palm OS (Deutscher and Bange 2003). Users of CottonLOGIC 
can later incorporate insect and crop performance data to analyse the effec- 
tiveness of IPM strategies in terms of control and economics. Links with 
another package, NutriLOGlC, provide support for decisions reeardine fertil- . . 
izer requirements, important in meshing agronomic management azd IPM 
(Deutscher and Bange 2003). 

Another critical factor in gaining support for IPM systems has come from 
favourable economic analyses of IPA4 versus traditionai approaches. Records 
of pest abundance, insecticides used, and crop yield for one of the most 
advanced IPM groups (the Boggabilla group) was analysed by Hoque et al. 
(2000). The analysis was based on information available in Wilson et al. 
(2002) to rank each insecticide in terms of its impact on beneficial insect 
population, with 1 being very selective insecticides with no effect and 7 being 
more broad-spectrum insecticides that caused a very h i ~ h  reduction (>60%1 
in beneficial insect populations. They called this thebeneficial disruption 
index (BDI). They then derived a score for each field by summing the BD1 for 
each spray across the season. Data were separated into fields with a high BD1 
score, designated "hard" fields, and those with a Iower BD1 score, designated 
"soft" fields. Economic analysis showed that the soft, IPM approach generally 
had equal or higher gross margins than the harder approach (Fig. 3). The dif- 
ference was attributed to higher beneficial insect popuiations in the fields 
managed with more selective insecticides, This analysis was critical in pro- 
viding 'economic' credibility for the IPiM approach. Such studies have now 
been extended to other regions with similar findings. 

V 
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Fig.3. Grorr margins of cotton field grown using more selectii.e inre~ticide (iofr) mrrus those 
wing more broad-rpectrum insecticides ( h a d ]  for convmrionsl cotton (Cow)  and l q a r d  cot- 
ton containing the CrylAc protein. (Hoque et al. 2000) 

The problem associated with the "soft" option approach is growers believ- 
ing that the use of the selective new synthetic insecticides is IPM. As a result, 
there is a general overuse of the new insecticides that are classified as "soft" 
resulting in the risk of increased resistance to these products. However, there 
has been increased focus on grower education to improve their knowledge in 
beneficial insect conservation and utilisation using IPM compatible tools 
such as food sprays, nursery crops, biopesticides and plant compensation. 
The education of the growers is conducted through IPM short courses similar 
to Farmer Field schools (FFS) introduced by FAO and CAB1 to small-scale 
resource poor farmers in developing countries (Ooi 2003). Separate courses 
are organised for farmers and growers. The consultant courses are similar to 
the 'train the trainers' courses for the plant protection technicians in the 
developing countries. These courses are co-ordinated by the extension team 
with inputs from the research officers within the cotton industry. 

6 
Has This Approach Been Effective? 

Adoption of an IPM approach, incorporating many of the elements above, 
has had a dramatic uptake over the past 4 years. Two recent surveys have 
found that "lntegrated Pest Management (IPIM) has become widely accepred 
by growers, consultants, researchers and extension oficeis in the Australian 
Cotton Industrf and that "(IPA4 or) Area wide managementgroups are highly 
valued for their role in enhuncing communication and increasing confidence 
in IPM approa~hes" (Christiansen and Dalton 2002). These findings suggest 
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Fig.4. hwrage number of insecticide application to ionvenrional and INGARD cotton crops in 
Ausrrrlia, 1996-2002. (Graph prepared using dars collected by Cotton Consuizants Australia as 
parr of rhe znnua! Cotton Research and Development Corporations report on performance of 
lngard cotron in Auiirulia) 

that grower attitudes and practices have been significantly altered over the 
past 5 years. Further support comes from the increased uptake and use of the 
CottonLOGIC DSS for its scientific values in IPM decision support as well as 
for accurate record keeping, with current use now at 51 % of the crop area 
and increasing demand for 1PM-related software tools (Deutscher and Bange 
2003). 

Data on insecticide use are also encouraging. Since the publication of the 
IPM guidelines in 1999 and the initiation of the extension effort to promote 
IPM, there has been a downward trend in the number of insecticide spray 
applications, especially in Ingard cotton (Fig.41, and an increasing trend 
toward more selective insecticides. Some of the insecticide sprays have been 
replaced ivith biological insecticides. Analysis of the overall amount of active 
ingredient (a.i) per ha shows a marked drop since the emphasis on IPM 
began (Fig. 5 )  due in part to  reduced insecticide use in total, reduced use of 
older products which required higher levels of a.i. for efficacy (endosuifan, 
organophosphates and carbamates), and possibly lighter pest pressure. Care 
must be taken in interpretation of these results since insecticide use is linked 
to pest abundance, and the cotton seasons since 199811999 have been 
regarded as having lighter than average pest abundance. However, consul- 
tants are noting that in fields managed ivith selective insecticides, Heiico- 
verpa egg densities and survival of eggs and larvae remain low through the 
season, whereas fieids where more disruptive insecticides are used tend to 
have higher egg numbers and higher survival of eggs and larvae. 
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Severe insect seaMn 

Declining insecticide us# 
-adoption of IPM 
- seleciive insecticides 

increasing resistance 
older broa0;spectrum insecticides 
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Season 
~ i $ . j .  ~verage  amount of active ingredient (2.i.) of insecticide per hectare for convrnrionai and 
ingard cotton crops in Ausrraiia, 1993-2002. Reductions are due to reduced insecticide use due 
ro adoption of !PM, a change in insecticide use away from broad spectrum iniecricider toward 
more selective insecticides (including biological that do nor contribute io a.i.) and to some 
exrent lower insect pressure. (Graph prepared using data colieited by Cotton Consultants Aus- 
tralia as par! of the annual Cotton Research and Development Corporations report on perfor- 
mance of ingard cotton in Australia) 

7 
Conclusions 

The increased commitment to 1PM in Australian cotton bodes well for the 
future sustainability of production. However, as the system changes the pest 
complex also changes, and sucking pests, formerly suppressed by Helicoverpa 
sprays, are emerging as new challenges that need to be incorporated into 
IPM. The fundamental role of IPM in reducing pest pressure and insecticide 
use means that its continued evolution and use is critical to the future viabil- 
ity of both tiansgenic and conventional cotton production. Ongoing improve- 
ment of transgenic Bt cottons with the commercial release of Bollgard 11 vari- 
eties with two Bt genes should continue to support adoption of IPM 
approaches. In taking a farming systems and participatory approach, our 
IPM framework will maintain effective eng.?gement between research, exten- 
sion services and industry to ensure the continued evolution and implemen- 
tation of our IPM. 
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Area-Wide Management of Insects Infesting Cotton 

D.D. Hardee' . T.J. ~enneber ry '  

1 
Introduction 

Since 1992 insects have consistently cost cotton, Gossypium hirsutum L., pro- 
ducers USSO.8-ldbillion annually in direct management costs and associ- 
ated yield losses (Beltwide Cotton Conference Reports, National Cotton 
Council, Memphis, TN). In the mid-198Osand continuing to the present, cot- 
ton entomologists and producer organizations realized the difficulty in man- 
aging all of the major complex and persistent cotton insect problems on a 
local basis (Henneberry and Phillips 1996). In an attempt to overcome these 
challenges, management programs were organized on an ares-wide concept 
rather than on an individual field basis. These programs were inspired by the 
amazing success of eradicating the screwworm fly, Cochliomyia hominivorax 
(Coquerel) (Diptera: Calliphoridae) from the southeastern United States 
(Knipling 1960a). In addition, the propensity for development of insecticide 
resistance in several cotton insects, especially boil weevil, Anthonomus gran- 
dis grandis Boheman (Raussel and Clower 1955; Walker et al. 1956; Fye et al. 
1957; Smith 1998), tobacco budworm (TBW), Heliothis virescens F. (Elzen et 
al. 1992: Elzen and Hardee 2003L tarnished plant bug, Lyrus lineoiaris (Pali- ." 
sot de ~eauvois)  (Snodgrass and Elzen 199< Snodgrass 1996) and sweetpo- 
t a to  ruhiteflv. Bemisia fabaci (Gennadius) (Prabhaker et al. 19961 created an ~... ~ ~~~ ,, ~ 

. . 
urgency for development of improved management techniques for cotton 
insects. We report herein, case histories of attempts to manage six cotton 
insects in an area-wide system. 

'Research Leader (retired), USDA-ARS, Southern Insect Management Research tinir, PO. Box 
346, Stoneville, Miaairrippi 38776, USA 

Laboratory Director, USDA-ARS, Western Cotton Research Laboratory, 1135 E. Broadiuay, 
Phoenix, Arizona 85040. USA 
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Foototes to Impact of insecticides and mitii 
cides on predators in cotton table October 
2005 update table. 

I. Total predatory beetles - ladybeetles, red 
and blue beetles, other predatory beetles 

2. Total predatory bugs - big+ bugs, 
minute pirate bugs, brown smudge 
bugs, glossy shield bug, predatory 
shield bug, damsel bug, assassin bug, 
apple dirnpliig bug 

3. Mormation; Citrus pests and their nat- 
ural enemies, edited by Dan Smith; 
University of California Statewide IPM 
project, Cotton, Selectivity and persis- 
tence of key cotton insecticides and rniti- 
rides. 

4. Pyrethroids; alpha-cypemethrin, cyper- 
methrin,beta-cyfluthrin, cyfluthrin, 
bifenthrin, fenvalerate, esfenvalerate, 
deltamethrin, lambda-cyhalothrin, 

5. Organophosphates; dimethoate, 
omethoate, monocrotophos, profenofos, 
chlorpyrifos, chlorpyrifos-methyl, 
azinophos ethyl, methidathion, 
parathion-methyl, thiometon 

6. Helicoverpa punctigera only. 
7. Bifenthrin is registered for mite control; 

alpha-cypermethrin, beta-cyfluthrin, 
bifenthrin, deltamethrin and lambda- 
cyhalothrin are registered for control of 
mirids 

8. Persistence of pest control; short, less 
than 3 days; medium, 3-7 days, long, 
greater than 10 days. 

9. Suppression of mites only. 

10. Impact rating (% reduction in beneficials 
following application, based on scores 
for the major beneficial groups); VL 
(very low), less than 10%; L (low), 10- 
20%; M (moderate), 20-40%; H (high), 
4040%; VH (very high), > 60%. A I-' 

indicates no data available for specific 
local species. 

11. Bacillus thuringiensis 
12. Pest resurgence is +ve if repeated appli- 

cations of a particular product are likely 
to increase the risk of pest outbreaks or 
resurgence. Similarly sequential appli- 
cations of products with a high pest 
resurgence rating will inavase the risk 
of outbreaks or resurgence of the partic- 
ular pest species. 

13. Very high impact on minute two-spotted 
ladybeetle and other ladybeetles for wet 
spray, moderate impact for dried spray. 

14. Data Source: British Crop Protectii 
Council. 2003. The Pesticide Manual. 
World Compendium (Thirteenth 
Edition),. Where LD50 data is not avail- 
able impacts are based on comma 
and descriptions. Where LD50 data IS 
available impacts are based on the fol- 
lowing scale: very low = LD50 (48h) 

100 ugibee, low = LD50 (48h) < 100 
uglbee, moderate = LD50 (@h) < 10 
ug/bee, high = LD50 (48h) c l uglbee, 
very high = LD50 (&h) < 0.1 uglbee. 
Refer to the Protecting Bees section in 
this booklet. 

15. Wet residue of these products is toxic to 
bees, however, applying the products in 
the early evening when bees are not for- 
aging will allow spray to dry, reducing 
risk to bees the following day. 

16. May reduce survival of ladybeetle larvae 
-rating of moderate for this group. 

17.May be detrimental to eggs and early 
stages of many insects, generally low 
todaty to adults and later stages. 

DISCLAIMER Information provided is based 
on the current best information available 

from research data. Users of these products 
should check the label for further details of 

rate, pest spectrum, safe handling and 
application. Further information on th- 

products can be obtained from the I 
manufacturer. I 





I INSECTICIDE RESISTANCE 
I Where are we now ? D ~ C  2003 '1 
Louise ~oss i te r l ,  Lewis wilson2, David ~arsen l ,  Bruce pyke3, Robin ~ u n n i n ~ l ,  
Grant ~ e r r o n l ,  David   ell^^. 

Introduction 
In recent years the chemical use pattern for Restriction in time, e.g. the use of windows of 
Helicoverpa spp. control has changed. More I use or preclusion. 
reliance is put on new IPM friendly insec- Restriction in number, to avoid 
ticides that help preserve beneficials. overuse of any one insecticide. 
Increased use places these new insecti- 
cides at risk from resistance develop- non selective cul- 
ment. 

Continued exposure of successive gen- e lRMS is also Pro-active and 
erations of insects to these new 
chemistries will select for resistance. 
Previous experience indicates pro-active 
resistance management is essential and we 
must address emerging resistance prob- . Limiting the number of appli- 
lems quickly. The on-going success of 
IPM depends on access to IPM friendly 
chemistries so the industry must be 
vigdant and decisive in dealing with 
resistance. daptive. The EMS is responsive to 

This document is an introduction to the 
anges between seasons as new 

principles behind the Australian cotton insec- 
ticide resistance management strategy sistance monitoring. However, every 

and highlights issues forming the shape season is different and the weather 

of future strategies. and insect patterns of the previous 
season should not overly influence 

Core principles of the aim of resistance 
Insecticide Resistance 
Management Strategy. 
The Insecticide Resistance Management S that should be 

Strategy (IRMS) Incorporates: 
IPM - softer chemistry use is encouraged 

Rotation of chemistries, to avoid excessive 
selection with one group of insecticides with harder more disruptive chemistry 

with the same mechanism for killing restricted to later in the 
pests and therefore the same potential 
mechanisms of resistance. It also IPM/beneficial conservation & use 
allows for reversion of a population of plant compensation for damage 
(in the absence of selection pressure 
resistance may be lost) or immigration Beneficials eat or parasitise 
of susceptible insects to dilute resistance resistant as well as susceptible pests. 

m 
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lntrc :tion: I Thresholds 
This is a companion document to Mirid Ecolo; Pest thresholds 
in Cotton and covers sampling and control me Thresholds for mirids vary between warm and 
sures for mirids in Australian cotton. cool season areas due to the cotton plant's 

ability to compensate for damage. Thresholds 
Mirid Sampling early in the season are quite well established 

Mirids are very mobile pests and populations  a able 1). Thresholds kid-season are still 

can fluctuate rapidly, so sampling needs to being developed. At present during the mid- 

take place every 3 days. season the thresholds for early-season can be 
used as a trigger to look more closely for mirid 

Using 'beat sheets' is the quickest and most damage. The need to control should be based 

consistent method of sampling these highly on a combination of: 

~obile insects. When plants ( i) evidence of mirid num- 

-.ave less than 9 nodes, beat bers (i.e. Table 1) and 

sheets and visual checks give (ii) evidence of damage 

approximately the same esti- I exceeding guideline lev- 
mates of mirid numbers. els (below). 

However, as plants grow 
beyond 9 nodes the beat Control decisions for mirids 

sheets become more effective should use a combination of 

for sampling mirids and the ~ l a n t  damage and insect 

ratio of mirids in visual Jopulation data. For exam- 

counts to beat sheet counts is 1 if early-season fruit 

about 1:3. If using beat sheets retention is very low (<40 

the numbers should be I 
%) then mirid thresholds 

adjusted accordingly as the Figure l: samplikg for mirids using may need be lowered 
thresholds are based on visu- the beat sheet (Photo M D l W  prevent further loss. 
a1 sampling. Sampling should Alternatively, in crops with 

occur 2-3 times per week, becoming more f r  I very high retention (S30 %), thresholds may 

quent when approaching a control decision. be lifted. 

The number of beat sheet samples per man- 
agement unit should be no less than what 
would have been done by visual sampling. 
Research is continuing to determine the num- 
ber of beat sheet samples required per field. 
Research is also currently being undertaken to 
calibrate 'sweep nets' as a method of monitor- 
ing mirid populations. 

The use of thresholds, based on mirid num- 
bers, is complicated by the ability of mirids to 
feed on both plant and prey. Although no 
work has been done in Australia, research in 
the US and Israel on similar species shows that 
the presence of prey can result in reduced lev- 
els of plant feeding by mirids. If this is so for 
the green and brown mirids in Australian 
crops, then it may explain why in some sea- 
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Introduction: Mirid Ecology 
Green mirids (Creontiades dilutus) have alwa Mirids are native to Australia and are 
been considered a significant pest of polyphagous insects, meaning they feed and 
Australian cotton because of their great mobil- develop on a wide range of host plants, 
ity and ability to cause very including sunflowers, safflower, 
rapid damage. A related species, 

I 
lucerne and many legume, and 

the brown mirid (Creontiades weed species including wild 
pacificus), is also sometimes turnips, verbena, common joy 
found in cotton, but in cotton is weeds and thistles. During the 
generally less abundant than the 
green mirid. Brown mirids are 
quite common in pulse crops. 

Traditionally, under a conven- 
tional insecticide system, mirids 
were only considered a pest early 
in the cotton season. Towards the 
mid to late part of the season the 
use of broad-spectrum insecti- 
cides for Helicovevpa spp, gave 
incidental control of mirids. With 
the broad scale adoption of cot- 
ton varieties that contain the 
Bollgard I1 genes (CrylAc and 
Cry IIAb) that offer protection 
against Helicoverpa spp., and the 
shift towards integrated pest 
management practices, there has 
been a marked reduction in 
insecticide applications and 
change toward use of more selec- 
tive insecticides on Australian 

winter months they are often diffi- 

I cult to locate, overwintering as 
adults or eggs on wild plants in 
low numbers. However, as tem- 
peratures begin to rise in August, 

1 their populations increase. 
mgure 1: Green rnirid 

(Creontiades dilutus) Note The primary movement of mirids 
striped antennae, into cotton crops occurs during 

(Photo J Wessels) November as alternative host 

I plants within the vicinity of cotton 
orops tend to dry off and insects 

mek a fresh food source. There is 
also evidence of long distance 
migration, possibly from inland 
areas, associated with weather 
fronts, although this is not well 
understood. This may be the cause 
-L some of the widespread and 

Figure "!rid repeated influxes of mirids some- 
(Creontiades pacificus) times observed in cotton growing 

(photo J Wessels) regions early in the season. 
I 

cotton crops. These changes allow mirids to 
survive and build up through the season, 
when before they would have been coinciden- 
tally controlled by insecticides applied for 
other pests early in the season. 

Within a crop, mirids lay eggs singly, prefer- 
entially on the leaf petiole. The egg is inserted 
into the plant tissue with an oval egg cap pro- 
jecting above the leaf or petiole surface. Eggs 
hatch after 7-10 days depending on tempera- 
ture; at 30-32 "C (average temperature) eggs 
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