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A plain English summary not exceeding 200 words 

Research has shown that damage caused by chewing and sucking pests does not necessarily 
lead to a yield loss in cotton. The ability to compensate for tissue loss in cotton is attributed to an 
improved canopy development stimulated by pre-squaring tip damage, and to fruit substitution for 
damage and increased fruit production during the reproductive stage. However, cotton's ability to 
compensate for fruit loss declines dramatically as boll development accelerates (3-4 weeks after 
first square) and as other stress factors appear. But we have also shown that mild drought stress 
may limit the extent of mite damage possibly by making the canopy less attractive to mite 
development. Compensation can be enhanced through maintaining a healthy crop canopy but not 
one with excessive leaf area (which leads to yield loss). We are exploring options to minimise 
excessive growth response to pest damage such as selecting okra leaf cultivars and appropriate 
planting density. A well-managed crop may even respond to damage such as early season 
tipping out with yield gain over an undamaged crop - an area of focus in our on-going research. 
We are also continuing the effort to incorporate compensation results in a decision support 
system for pest management. 

Background to the project 

Previous research has shown that cotton plants could compensate for pest damage but the 
degree of compensation varied with the yield potential of the crop. Cotton often achieved fufl or 
over-compensation if yield potential was moderate but failed to fully compensate when yield 
potential was high. This pattern has been consistently demonstrated in published studies but is 
somewhat at odds with expectation (i.e., more resources equals greater recovery) and points to 
the limitation of our knowledge of the mechanisms of cotton responses to pests. 

This project continues research into the physiological responses of cotton plants to pest damage 
that was developed in two previous projects: CSP39C/68C. The specific aim of this investigation 
is to enable the prediction of the recovery of cotton following pest damage and to use this 
information in tactical pest management decisions. It builds on previous work in the following 
areas: 

• effects of resource availability (i.e., soil N and plant density) on compensation 
• canopy response to tip and fruit damage (apical dominance and changes in radiation use 

efficiency) 
• consequences of mite infestation 
• spatial heterogeneity in pest damage and its effect on compensation 

Uniform damage of plant stands to patchy distribution of damage. The patchy distribution is more 
typical of pest damage and accounts for interactions between neighbouring plants (i.e. , a 
damaged plant next to an undamaged one). We have also demonstrated that (i) undamaged 
plants had a greater lint yield when grown next to neighbours that suffered early tip damage than 
when grown alongside undamaged ones, and that (ii) undamaged plants yielded Jess when they 
were flanked by neighbours that suffered square damage in comparison to undamaged plants 
flanked by undamaged neighbours. Such neighbour-to-neighbour interactions are therefore 
important in understanding compensation. 

After taking over this project from Dr. Victor Sadras one year after funding began, I was able to 
conduct two years' of field work. This report therefore includes both published results completed 
in the first year by Dr. Sadras and a description of experiments I made since his departure. 

The objectives and the extent to which these have been achieved 

1. Continuing and completing research into plant compensation for different types of insect 
damage, focussing on the underlying physiological and morphological mechanisms. Current 
status: significant amount of new information has been collected. 
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2. Assessing the likelihood of compensatory responses in relation to major agronomic (i.e., 
cultivars including INGARD) and environmental factors. Current status: field trials offer an 
improved understanding of the causal relationship. 

3. Simulating more realistic pest damage (mainly Helicoverpa) at both the pre-squaring and the 
fruiting period. Current status: multiple damage events including fruit removal simulating 
actual larval feeding preferences were imposed for 2 field seasons. 

4. Initiating a compensation study in Kununurra to evaluate the effect of cropping in the tropical 
winter season. Current status: one year of field trial has been completed. 

5. Extending research into compensation when damage in cotton crops was uneven and patchy. 
Current status: field manipulation experiments and an assessment of in-situ spatial patterns 
of damage have been conducted. 

6. To improve the OZCOT simulation model into one which is capable of predicting 
compensation. Current status: empirical data collected in the last few years are being used to 
test the capacity of the model to simulate compensation responses. 

The methodology and a Justification for the methodology used 

The main experimental technique employed is the analysis of canopy development and growth 
patterns across season. This methodology involves the measurement of plant dry mass through 
periodic harvests and of crop light interception using a ceptometer (light sensors). Light 
interception and dry matter data are used to estimate crop-level photosynthesis and the effect of 
insect damage on it. Regular harvests of plants, which are partitioned into roots, stems, leaves, 
squares, bolls, seed and lint, allow us to assess allocation of growth and how ii is affected by 
pests. 

Field trials evaluating the compensatory response under different agronomic conditions involved 
the comparison of a large range of cultivars (up to 8 cultivars of conventional and JNGARO cotton, 
different leaf types and canopy height), three soil nitrogen levels, four plant densities and several 
types of manual tip damage. These variables are imposed in a number of discrete field trials over 
the last 2 years. Damage treatments have been made more realistic - instead of single large 
damage event per season, I have employed multiple damage events at both the pre-squaring and 
the fruiting period at levels simulating that of typical field densities of He/icoverpa. Findings 
derived from this protocol reflect more closely the field situation. Also, I have also simulated fruit 
damage more realistically by using a "feeding model" of Helicoverpa developed by Dr. LT Wilson. 
With this approach, we are more confident of attributing the response by cotton to larval-specific 
damage levels which in turn will help in limiting pest damage with the cotton model. 

Detailed results including the statistical analysis of results 

Threshold Trial: This trial was designed to establish the limits of cotton compensation to 
simulated and repeated damage during the pre-squaring and fruiting periods. This 2-year trial, we 
imposed tip damage twice prior to squaring and fruit damage twice simulating damage of 0, 2, 4, 
6, and 8 Helicoverpa larvae per meter. We found no significant loss in yield with increasing pest 
pressure (Fig. 1). We conclude that cotton can tolerate repeated damage at levels as high as 8 
Helicoverpa larvae per metre and as late as 130 days after sowing when there Is sufficient time 
for recovery. Even though the yield potential may have differed considerably between the years 
(i.e., Yr 2 was twice that of Yr 1), the ability to compensate was not strongly affected. Maturity 
date of damaged treatments were delayed progressively with higher simulated damage: for 0, 2, 
4, 6, and 8 Helicoverpa larvae perm respectively -176, 180, 181, 182, and 184 OAS (1998-99) 
and 171, 174, 177, 174, and 179 DAS (1999-00). 
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Figure 1. A two-year field trial conducted at Narrabri examining the ability of cotton to 
compensate from repeated damage simulating 0-8 Helicoverpa larvae per metre. The damage 
imposed consisted of two tip damage events before first square (80% of plants tipped out) and 2 
fruit removal events (last event was about 130 DAS). Sicala V-2 (Yr 1) and Sicala V-2i (Yr 2) were 
grown using standard N and irrigation management and plant stand at 1 O plants per metre. The 
number of fruit removed for each level of simulated larval number was calculated using a feeding 
model developed by Dr. LT Wilson (Texas A&M University). 

Nitrogen Trial: This trial was intended to explore the assumption that resource availability is a 
key underlying cause of variation in compensation. We tested this by growing cotton with a range 
of soil nitrogen conditions (from O to 120 kg/ha) to produce plants of various sizes and leaf areas. 
The range of LAI observed at 120 DAS was between 1 and 6.5. Correlating LAI determined on 
this date with the final yield, we found a strong relat ionship with an optimal leaf area index (LAI) at 
about 2.5 (Fig. 2). Furthermore, compensation was clearly affected by soil N supply. Specifically, 
yield recovery was greatest {exceeding that of the undamaged control) when LAI was between 2 
and 3 but was poor {less than the undamaged control) when LAI exceeded 3. 
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Figure 2. The relationship between leaf area index (total leaf area per ground area) and yield 
from the N trial conducted in 1998-99. the pattern was produced by growing Sicala V·2i in three 
soil N levels: 0 (triangles), 60 (circles), and 120 {squares) kg ha"1 applied. The filled symbols 
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represent multiple damaged plants {as described in the text) and the open symbols undamaged 
plants. LAI was determined at about 120 DAS. 

The observed response pattern evoked a mechanism which we believe is the basis for the 
variation in compensation. Namely, when pests damage the terminal of a young cotton plant, the 
plant is stimulated to produce lateral branches from dormant buds in the main stem leaf nodes 
below the terminal. Figure 3 illustrates the significant increase in the number of branches 
produced from manual t ip damage prior to squaring. With the development of lateral branches, 
the cotton canopy usually becomes more efficient in intercepting light and therefore could 
accumulate more carbon. More branches also means more potential fruiting sites and a larger 
square production. Since plants with more fruit can tolerate more damage (through substitution of 
lost fruit), we believe tip damage could also help cotton to be more resistant to fruit damage later 
in the season. However, the positive effect of tip damage is lost in a high input system because 
canopy development following damage led to excessive leaf production. This creates a dense 
canopy where a greater proportion of the leaves on the plants are shaded, thereby reducing the 
efficiency of radiation conversion to carbon. Solutions to reducing the excessive leaf growth when 
a high input crop is damaged are using okra leaf cultivars (its open canopy is more resistant to 
excessive leaf area) and reducing the planting density (to minimise shading by neighbours). 
Options to reduce excessive plant growth include: 

1. use Nutrilogic I NutriPak to determine N requirement 
2. assess crop vigour to determine the need for crop growth regulators 
3. match appropriate varieties to field and region 
4. optimise plant density (8-12 /m irrigated; 5-10 Im dryland) 
5. optimise irrigation to avoid waterlogging and water stress which may inhibit leaf size and 

cause fruit shedding. 
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Figure 3. A comparison of the number of lateral branches across season (Das After Sowing) on 
cotton plants grown under low, medium and high nitrogen levels - LN, MN, and HN respectively 
(see Fig. 2 for N rates). Damaged plants produced more branches compared to the undamaged 
plants for all N treatments. The decline in branch number is due to standardising values to plant 
height. 
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Variety Trial: With the strong non-linear relationship (Fig. 2) between yield and the amount of leaf 
area per meter (LAI) and the mechanism we derived to explain such a pattern, this trial was . 
intended to determine whether compensation could be increased through the manipulation of 
cultivar type and planting density. The goal is to maximise compensation by achieving optimum 
LAI in a pest damaged crop. Because the okra leaf type offers a higher optimum LAI than normal 
leaf varieties (Heitholt 1994), we predict that 1) okra leaf cultivars would suffer less yield loss than 
normal leaf ones under a high resource (N=120 kg ha-1

) situation; and 2) excessive LAJ may also 
be controlled by lowering plant density. 

Based on one year's (1999-2000) results, we found an overall increase in leaf area index in 
damaged over undamaged plots and that the increase was generally highest in the medium 
planting density (i.e., 10 plants perm for okra and 15 plants perm for normal leaf cultivars) (Fig. 
4). However, the degree of yield recovery did not consistently match that of the LAI as we have 
predicted. This may have been due to two reasons, one, the second fruit damage was imposed 
too later for full compensation to occur, two, the agronomic condition did not force the crop into 
excessive leaf production (i.e., all LAI less than 3). This trial will be repeated for a second season 
in 2000-01 with an earlier date of second fruit damage. 

Tip Damage Trial: Early season terminal damage to cotton is common in commercial cotton 
fields, even for well-protected crops. Such damage can promote the development of lateral 
vegetative branches and alter the shape of the cotton canopy. As we have demonstrated in the 
Nitrogen Trial, canopy structure has an influence on the ability of cotton to recover from fruit 
damage later in the season. This trial was intended to further examine the link between canopy 
development and compensation by directly quantifying the extent of canopy change when tip 
damage occurred at different times (i.e., plant ages) before squaring began. We assessed the 
growth and yield consequences of pre-squaring terminal damage in eight modern cultivars with 
different leaf type, ·growth form, phenological and transgenic status. As Figure 5 shows, it was 
more common to see a slight increase in both yield parameters for tip damaged (at nodes 2-10) 
versus undamaged plants (terminal damage=O). The obvious exception was Sicala 40 where 
yield was suppressed by tip damage. Also, we found no clear indication of an age-of-damage 
dependent yield response. Curiously, the relationship between branch development and yield 
was not one of an increasing slope, in fact, it is a negative slope (Fig. 6). This suggests that a 
moderate degree of branch increases resulting from tip damage enhances yield (shown by 
cultivars above the 0 horizontal line). But too much branch growth will inhibit yield. These results 
will be confirmed by repeating the trial for a second season beginning in Oct. 2000.These findings 
are consistent with the earlier hypothesis regarding the benefits additional lateral branching 
confers (see Nitrogen Trial). Specifically, there may be an optimal level of yield stimulation from 
tip damage which only some cultivars can achieve. The need to select appropriate cultivars to 
maximise yield gain resulting from tip damage will require further research. The link between 
responses observed in this trial and apical dominance (Sadras and Fitt 1997) will also be 
explored. 
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Figure 4. A trial conducted in 1999-2000 using eight cotton cultivars to examine the effect of 
planting density on leaf production (LAI) in damaged (solid symbols) and undamaged plants 
(open symbols). Plant density for okra leaf cultivars was set at 10 (low), 15 (med), and 20 (high) 
plants per meter; for normal leaf cultivars, it was set at 5 (low), 10 (med), and 15 {high) plants per 
meter. LAI was determined at about 120 DAS. 
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Figure 5. Yield consequences of eight cotton cultivars tipped out at 5 different node ages (at the 
2, 4, 6, 8, and 10 true leaf stage). Values for the undamaged control are given as terminal 
damage (node age)= 0. Plant density was 10 m·2• 
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Figure 6. The relationship between increasing lateral branch growth and yield in eight cultivars. 
The difference in vegetative branch length is between tipped (mean of the 5 node age treatments, 
see Fig. 5) and the untipped control. Data show tipped plants of all cultivars increased in lateral 
branch length (tipped-control > 0). However, only cultivars with moderate increases in branch 
length showed an yield gain over the control (above the horizontal line) while there was an overall 
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trend of decreasing yield (gray line) below the control with branch length differences greater than 
50 cm per meter. 

Patchiness Census: The rationale for this study was based on results published by Sadras 
( 1996, 1997; data collected during the previous compensation projects funded by CRDC). He 
demonstrated changes in growth and yield potential of cotton plants experiencing either direct 
pest damage to its vegetative or reproductive tissue or an indirect effect as immediate neighbours 
of damaged plants. In brief, growth and reproduction declined when a plant is damaged (tipped 
out) at the pre-squaring stage but that of its neighbours were stimulated. If a plant suffered 
damage to its reproductive structures, an asymmetric response opposite those of pre-squaring 
results. We know that the distribution of pests in a stand of cotton is patchy (Wiison and Room 
1983), therefore could result in a substantial number of unevenly damaged neighbours. However, 
we do not yet know if the spatial patchiness is static on a temporal scale or do the patches 
"move" as the season progresses. The two alternatives may affect population level compensation 
in very different ways - the moving patches will tend to smooth out large neighbouring effect. 

With one year's results of the spatial distribution of tip damage on two survey dates {Dec. 14 and 
29), we found little evidence for the presence of static patchiness (Fig. 7). 
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Figure 7. The contour patterns of percent tipped plants in an unsprayed field using conventional 
cotton (Siokra V-16). Data were collected from an area 20mx30m where individual sampling plots 
of one meter in length at 1 m intervals along a row and 4m between rows. Percent tipped plants 
was calculated on an individual plot basis at two census times: Dec. 14, 1999 (left panel) and 
Dec. 29, 1999 (right panel). Values of percent tipped were: light gray (<20%), medium gray (20· 
40%) , and dark gray (>40%}. 

Compensation of cotton in the Ord River Irrigation Area: As part of the broader appreciation 
of compensation in diverse cotton cropping areas, it is crucial to examine cotton grown in 
Kununurra WA during the tropical "winter'' where the seasonal thermal regime is the inverse of 
that for south-eastern Australia. Plants may recover in quite a different manner to pest damage in 
WA because the accelerated boll development phase occurs much later in the growing season. 
As such, it would be useful to know whether fruit loss during early fruiting is less critical to 
maintaining yield than the southern crop. If that is the case, a different lPM strategy would be 
warranted. In collaboration with Dr. Jay Singh in Kununurra, we began a field trial in 1999 
collecting growth, fruit production and yield data. Analysis of the first year's results is currently 
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underway, and thus far, we have found indications that tip damage and early fruit removal (at 800 
day degrees) have a slightly positive effect on yield while the later season fruit removal (at 1200 
DD) resulted in some delay and yield loss. 

Discussion of results Including an analysis of research outcomes compared with 
objectives 

Threshold trial - The lack of a detectable yield effect from repeated damage by 2, 4, 6 and 8 
Helicoverpa larvae per meter attests to the extent of tolerance in cotton. The associated delay in 
maturity is up to a maximum of 9 days between control and 8 larvae per m. Although we 
hypothesised that at zero damage would have a yield lower than those at moderate levels of pest 
damage, such a stimulatory effect was not evident. Perhaps the recovery pattern was masked by 
the fact that even at ·o" damage, some natural damage occurred. It may be concluded that an 
increase in yield over the undamaged crop is possible within the range of damage level so long 
as sufficient time remains in the season for regrowth. 

Nitrogen Trial -A clear pattern of over-compensation at moderate levels of yield potential. The 
interaction between resource availability and the degree of compensation potential reveals an 
underlying process which may explain why recovery is sometimes poor under high yield potential. 
The effect of excessive leaf area exacerbated by damage resulting in lower assimilation capacity 
and lower yield. This physiological process regulating the degree of compensation will be an 
important component of the modelling of compensation. 

Variety trial - From the observation that a high input crop will develop excess leaf area which is 
exacerbated by tip damage, this trial examined two ways of mitigating this effect. With its more 
open canopy, we expected higher yield recovery from damage in okra leaf cultivars than normal 
leaf ones. We also expected that by reducing planting density, it would be possible to prevent 
excessive shading from lowering yield. The first year's results were inconclusive due to a rather 
narrow range of LAI among planting densities. We will repeat this trial using a larger range of 
planting density to generate LAI values greater than 3. 

Tip Damage Trial - terminal damage increased vegetative and square production. While it varied 
among cultivars and timing of damage, there wasn't a consistent pattern of yield gain or loss in 
tipped plants. Interestingly, tipped plant increase yield but only at low to moderate levels, there 
was a negative linear relationship between increased branch development and higher yield. It 
may be possible that excessive branch growth has a negative impact on the partitioning of 
resources to bolls which Includes both yield and date of maturity. We will use these data as part 
of the compensation model under development. 

Patchiness Census - The first year's spatial and temporal distribution patterns of tip damage 
indicates that patches are not static. This leads us to conclude that the effect of uneven damage 
among neighbours may be less distinct that derived from controlled experiments by Sadras. We 
are currently analysing the data to determine whether the observed distribution conforms to that 
described by the negative binomial equation LT Wilson developed for He/icoverpa and thrips. We 
are also assessing the frequency of uneven neighbours to answer the question "how many 
instances of asymmetric tip damage occurred in the field?" These field observations will permit us 
to scale up the yield consequences of uneven tip damage from the immediate neighbours to the 
entire field. 

Compensation in the Ord - The key contribution this trial makes to the compensation study is to 
elucidate the interaction between fruiting dynamics and pest damage driven by very different 
thermal regimes between the southeast and northern Australia. Because yield of the Ord region 
cotton is much more dependent of the late season bolls (in conjunction with the increasing 
temperature), we suspect that much greater amount of fruit loss can be tolerated without yield 
reduction. More definitive results are expected from the second season ending in early October 
2000. 
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Assessment of the likely Impact of the results and conclusions of the research project for 
the cotton Industry. Where possible include a statement of the costs and potential 
benefits to the Australian Cotton industry and future research needs 

This project aimed to explore ways to reduce the use of insecticides while maintaining the 
productivity of the current cropping systems by exploiting the natural ability of cotton to recover 
from pest damage. While we already use compensation in pest management when we assume 
that no significant yield loss will occur if an insect infestation is below a given threshold, there 
appears to be room for increasing the threshold. Our results show that under certain conditions, 
cotton can compensate from substantially higher damages than those set by current thresholds. 
Jn fact, in some instances damage such as tip damage combined with moderate fruit Joss early in 
the fruiting season could even increase yield over the well-controlled crops. It Is clear that 
compensation has not been fully exploited as a means to reduce insecticide input (with all of its 
attendant benefits) or as a management tool to increase yield. 

Description of the project technology (e.g. commercially significant developments, patents 
applied for or granted, licenses, etc) 

A technical summary of any other Information developed as a part of the research project 
including discoveries in methodology, equipment design, etc. 

Manipulation experiments were carried out with more realism than past compensation trials. The 
implementation of multiple damage events at both pre-squaring and fruiting periods gives us 
greater power to interpret plant response. The adoption of the He/icoverpa feeding model 
developmed by Dr. LT. Wilson gives us an additional level of precision in simulating fruit 
damage. 

Recommendations on the activities or other steps the may be taken to further develop, 
disseminate. or to Exploit the Project Technology 

It is a priority in the progression of compensation research to develop a decision support system 
capable of predicting yield consequences based on pest damage. We have begun this effort by 
encoding the existing OZCOT model with damage and compensation subroutines in collaboration 
with Dr. S. Milroy and Dr. M. Bange (ACRI). Specifically, we are adding components such as 
architectural changes due to tip damage and the light interception and fruiting consequences of 
early season tip damage. Further steps to be taken would be making the system user friendly 
(e.g., as part of Cottonlogic) and incorporating economic (including the longer term cost of 
resistance) and gross margin analysis of spray decisions. 

A list of publications arising from the research project 

Peer reviewed publications: 
Sadras VO. 1998. Herbivory tolerance of cotton expressing insecticidal proteins from Bacillus 

thuringiensis: responses to damage caused by Helicoverpa spp. and to manual bud removal. 
Field Crops Research 56: 287~300. 

Sadras VO, Wilson LJ. 1998. Recovery of cotton crops after early season damage by thrips 
(Thysanoptera). Crop Science 38:399-409. 

Sadras VO, Wilson LJ, Lally DA 1998. Water deficit enhanced cotton resistance to spider mite 
herbivory. Annals of Botany 81: 273-286. 

Industry publications: 
Sadras VO. 1998. Bt cotton tolerates damage as well as conventional cotton. Proc. Ninth 

Australian Cotton Conference, Broadbeach, August 12 -14, 1998. pp. 343-349. 
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Wilson LJ, Sadras VO. 1998. How important is early season damage? Proc. Ninth Australian 
Cotton Conference, Broadbeach, August 12 -14, 1998, pp. 409-416. 

Sadras VO, Wilson LJ, Lally DA. 1998. Dryland cotton tolerated mites better than irrigated cotton. 
Proc. Ninth Australian Cotton Conference, Broadbeach, August 12 -14, 1998, pp. 423-426. 

Redall AA, Sadras VO, Wilson LJ. 1998. Photosynthetic responses of cotton to spider mite 
damage and water stress. Proc. Ninth Australian Cotton Conference, Broadbeach, August 12 
~14 , 1998, pp. 427-433 

lei T. 1999. Recovery of cotton in growth and yield after repeated damage. The Cotton CRC 
Research Conference. 21-22 July, 1999. Narrabri ASL. 

Lei T. 2000. Cotton makes a comeback after attack. Farming Ahead 97: 52-53. 
Lei T. 2000. Compensation in cotton following pest damage: potential and limitations 10th Cotton 

Conference Proceedings. Aug. 15-18, 2000 Brisbane Convention Centre. 

Invited book chapter 
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Water Deficit Enhanced Cotton Resistance to Spider Mite Herbivory 
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We investigated the responses of cotton (Gossypium lrirsutum L.) to the combined effects of soil water deficit and two-
spotted spider mite (Tetranychus urticae Koch) infestation. Two mite treatments ( - M: uninfested, + M: artificially 
infested 83 d after sowing), and two water regimes ( + W; well watered, - W: water stressed) were combined 
factorially in four treatments. Mite colonies developed at similar rates in well-watered and water-stressed crops. 
Despite the similar intensity of infestation, visual symptoms of mite injury were more marked in well-watered host 
plants ( + M + W) than in their water-stressed counterparts ( + M - W). Lint yield of unstressed controls ( - M + W) 
was 175 g m-2• In uninfested crops, water deficit reduced yield by 30 %, mites reduced the yield of well-watered crops 
by 92%, and the combination of mite infestation and water deficit reduced yield by 72% (water effect: P < 0·01; mite 
and interaction effect: P < 0·0001). Differences in yield responses to mites between well-watered and water-stressed 
crops were mostly related to differences in reproductive partitioning. The interaction between mites and water deficit 
was also significant for other crop variables including canopy temperature, leaf water potential, concentration of 
nitrogen in reproductive structures and seed oil concentration. The magnitude and consistency of the interaction 
between both stresses indicates that, under our experimental conditions, mechanisms of adjustment to water deficit 
may have enhanced cotton resistance to mites. This is further supported by (a) an increase in specific leaf weight and 
a parallel increase in leaf penetration resistance due to water deficit; (b) a negative association between macroscopic 
symptoms of mite injury and leaf penetration resistance; and (c) a choice test showing that adult female mites 
preferred to feed and oviposit on leaves from well-watered plants. © 1998 Annals of Botany Company 

Key words: Gossypium hirsutumL., Tetranychus urticae Koch, leaf water potential, leaf penetration resistance, canopy 
temperature, multiple stresses, specific leaf weight, radiation use efficiency, nitrogen concentration, reproductive 
allocation. 

INTRODUCTION 

The two-spotted spider mite (Tetranychus urticae Koch) is a 

et al., 1970). No attempt has been made, however, to 
measure the physiological responses of cotton to the 
combined effects of mites and water stress. 

L 
mesophyll feeder whose effects on cotton (Gossypium 
hirsutum L) have been investigated at the cytological, leaf 
and crop levels. Research at the leaf level demonstrated that 
T. urticae can reduce stomata! conductance, photosynthesis 

Importantly, maintenance ofleafand canopy temperature 
within a range from about 23 to 32 °C through stomatal 
regulation of transpiration seems to be critical for the 
growth and yield of Gossypium spp. (Burke, Mahan and 
Hatfield, 1988; Radin et al., 1994). Because mites disrupt 
the functionality of the stomata I apparatus (Bondada et al., 
1995) the interactions between mites and water stress in 
cotton are likely to be important. 

r and transpiration rate (Bondada et al., 1995), responses that 
are consistent with increased foliage temperature and 
reduced radiation-use efficiency measured in mite-infested 

·r.>ps (Sadras and Wilson, 1997 a). 
tlowever, plants in the field are frequently exposed to 

multiple stresses (Chapin et al., 1987; Mooney, Winner and 
Pell, 1991). Water deficit and arthropod herbivory can 

L 
substantially reduce plant productivity and the interactions 
between these stresses have received considerable attention 
(Jones and Coleman, 1991; Waring and Cobb, 1992). 
Interactions between arthropod pests and water deficit in 

[ 
cotton have been investigated in studies dealing with Bemisia 
spp. (Flint et al., 1994), Pectinophora gossypiella (Saunders) 
(Kittock et al., 1983), Lygus hesperus Kingh, Empoasca 
spp., Geocoris oallens Stal and Orius tristico/or White 

l (Leigh et al., 1970; Leigh et al., 1974; Flint et al., 1994). 
Only one of these studies considered the interactions between 
mites, T. pacificus McGregor, and crop water regime (Leigh 

L * For correspondence at: Universidad Nacional de Mar de! Plata, 
Facultad de Ciencias Agrarias, CC276, Ba!carce (7620). Argentina. 

This study investigated the responses of field-grown 
cotton to the combined effects of soil water deficit and T. 
urlicae infestation. Our approach involved measurements at 
the leaf and crop levels in contrast with studies of 
interactions between mites and water stress in other species 
that concentrated on leaf-level responses (Youngman and 
Barnes, 1986; Hare et al., 1989). 

MATERIALS AND METHODS 

A field experiment was carried out at Narrabri (30° S, 
150° E) on a deep uniform grey clay soil (Northcote, 1979). 
Crops of cultivar NuCotn 37 were sown on 9 Oct. 1996. 
This cultivar produces Bacillus Jhuringiensis subsp. kurstaki 
insecticidal proteins (Cry IAc) that reduce the need of 
chemical control of Helicoverpa spp (Lepidoptera: Noctui-
dae), the main pests of cotton in Australia. Additionally, 

L 0305-7364/98/020273+14 $25.00/0 bo970551 © 1998 Annals of Botany Company 
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1993). Between ten and 20 leaves per subplot were sampled 
at weekly intervals and these leaves were also kept for r damage scoring (see below). Full details and justification of 
sampling procedures are given in Wilson (1993) and Wilson 
and Morton (1993). 

f 
A preference test was carried out to assess whether adult 

female mites would, given the choice, discriminate between 
leaves from well-watered ( + W) and water-stressed ( -W) 
plants. We used adult females from a glasshouse culture and 

I third (from the apex) mainstem leaves taken from - W - M 
and+ W - M plots 122 DAS. Leafdiscs(2·5 cm in diameter) 
consisted of two semicircles, one from each treatment, 
placed in contact with the abaxial side uppermost. These 

[ 
were placed in petri dishes lined with moist cotton wool to 

. maintain turgor, and five adult females were placed on each 
half-disc. After 24 h in a growth chamber (temperature: 

l 28 ± 0·5 °C, light/dark period: 14/ 10 h) the number ofadult 
females and eggs on each half disc was counted. 

Predator abundance in each treatment was assessed on 
two dates (97 and 120 DAS) using suction samplers as 

L 
described by De Barro (1991). On each sample date a 

mplete row was sampled in the centre of each subplot. A 
'--<gzag sampling technique, where the suction device was 

passed along the lower, middle and top strata of the canopy, r was adopted to ensure adequate coverage of the canopy. 
• Insects collected were killed using chloroform and the 

abundance of spider mite predators, as described in Pyke 
and Brown (1996), was scored. 

[ Crop and soil. Soil water content was measured with a 
neutron probe at about weekly intervals and, when possible, 
shortly after irrigation. One access tube was located in the 

[ 
central row of each subplot and measurements were taken 
atO·OS, 0· 15, 0·25, 0·35, 0·45, 0·60, 0·80, 1 ·0 and l ·2 m depths. 

Shoots and tap roots were sampled at fortnightly intervals 
from 85 DAS (sample size= 0·5 m8

). Plant components r were separated and over-dried to constant weight. Green 
leaf area of at least two whole plants was measured with a 
leaf area meter (LI-3100, LICOR, Lincoln, NE, USA) to 

[ 

estimate specific leaf weight, and this variable used to 
estimate leaf area index (LAI) of the crop from green 
laminae biomass values. Leaves and other abscissed plant 
parts were collected fortnightly in 1 m2 trays placed between 

f r ~rows. Mature fruit ('open bolls') were counted weekly in 
1. m·2 crop sections. Lint yield was measured in large crop 
samples (30 m~ by harvesting the two centre rows of each 
subplot with a spindle picker 189 DAS. Sub-samples were 

[ 
ginned with small saw gins to estimate lint fraction, i.e. 
lint/(lint+seed). Oil concentration of delinted seed was 
measured by the NMR technique using a cotton-oil 
standard. r Plant organs taken in the fortnightly harvests were milled 

L after drying and nitrogen content was detennined using a 
near-infrared protein analyser (lnframatic 8100, Perten 

l 
Instruments, Sweden) as described in Rochester, Constable 
and MacLeod (1993). Small amounts of plant material 
allowed nitrogen analysis in reproductive structures for 
some dates only (97 DAS for flowerbuds, 132 and 146 DAS 

L 
for capsule walls). 

At approximately weekly intervals, the fraction of PAR 
intercepted by the canopy at noon (Qn) was calculated from 

L 
0 

measurements made with a ceptometer. Noon canopy 
temperature was measured with an infrared thermometer 
(Everest Interscience, Tustin, CA, USA) on clear days 
following the procedure described in Idso, Reginato and 
Farah (1982). Temperature was measured.at weekly intervals 
from 92 to 132 DAS; four readings per subplot were taken 
and averaged. 

Leaf All leaf variables were measured on the third or 
fourth mainstem leaf below the apex. Leaf damage was 
scored immediately after mite counts on ten to 20 leaves per 
subplot. Leaf damage was scored by visually recording the 
percentage of the leaf area damaged by mites, irrespective of 
damage intensity as described in Wilson (1993). Starting at 
116 DAS we also recorded the percentage of leaf area 
severely damaged by mites, i.e. where the effects of 
cumulative mite feeding caused the abaxial side of the leaf 
to become brown and desiccated. For samples taken after 
104 DAS, leaf area and dry weights were measured and 
specific leaf weight calculated. 

Leaf water potential was measured using the pressure 
chamber technique following the procedures described by 
Hsiao (1990). Measurements were taken at around solar 
noon (± l h) on clear days; two leaves per replicate were 
sampled at 107, 124 and 133 DAS. Percent water content, 
i.e. 100 x (fresh weight-dry weight)/dry weight, was mea-
sured on samples (20 leaves per subplot) taken at 133 DAS. 
Note that this definition ofleafwater content, often used in 
studies of plant/herbivore relationships (Sagers, 1992) is 
different from the definition of relative water content used in 
studies of plant water relations (Wright, Morgan and 
Jessop, 1996). 

Penetration resistance was measured on attached leaves 
with a dial tension gauge (probe diameter 0·73 mm; 
Chatillon AG50, John Chatillon & Sons, New York, NY, 
USA) as in Sands and Bracantini (1991). Three leaves per 
subplot and three positions per leaf near the insertion of the 
petiole, where mites prefer to feed (Wilson, 1994), were 
measured and averaged at approximately weekly intervals 
between 99 and 132 DAS. Mechanical properties of leaves 
depend on a number of factors, including their turgor 
pressure (Sands and Bracantini, 1991). Thus, measurements 
were taken early in the morning (before 0800 h) to minimize 
the importance of turgor pressure as a source of variation in 
leaf penetration resistance. This procedure implies that 
differences caused by treatments were more likely to be 
structural than turgor-related. This assumption is further 
supported by visual inspection of - W crops indicating no 
wilting early in the morning, in contrast to marked wilting 
often observed in the afternoon. 

Calculations and statistical analyses 

Mite, soil, crop and leaf variables were analysed by 
ANOVA with mite treatment, water regime and their 
interaction as experimental sources of variation. Mite 
numbers were log. transformed and proportions arcsin 
transformed prior to analysis, but untransformed values are 
shown in figures for easier interpretation of data. Relation-
ships between some variables that require measurements at 
the same time of the day, e.g. (noon) canopy temperature 
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FIG. 2. A, Number of adult female mites as a function of time and 
treatments; the arrow indicates the time of artificial infestation; B, 
percentage of leaf area with visual symptoms of mite damage 
(irrespective of intensity of damage). Inset shows the slope of the 
regression between mite number and % leaf damage; C, percentage of 

but significant interactions developed as the intensity of 
both stresses increased (Fig. 4). Calculations to estimate the 
effect of each individual stress as described above indicate 
that +M-W canopies were 7% (98 DAS) to 44% (132 
DAS) cooler than expected from the additive effects of mites 
and water stress. 

At 107 DAS, canopy temperature was closely associated 
with leaf water potential irrespective of mite treatment 
(slope= -3·6 °C MPa-1 ; r1 =0·80, P < 0·0001, n = 16, 
Table 2). For uninfested crops, the relationship was 
consistent through time with an average rate of change in 
canopy temperature of -3·4 °C MPa-1 (fable 2). Canopy 
temperature in crops with more than 20 mites per leaf was 
unrelated to leaf water potential ( + M crops at 124 and 133 
DAS, Table 2). 

Leaf penetration resistance 
Penetration resistance was greater in leaves from water-

stressed crops than in leaves from well-watered treatments 
(Fig. SA). We did not find any consistent effect of mites or 
mite x water treatment interaction on leaf penetration 
resistance. Specific leaf weight was also greater in the water-
stressed treatment (P < 0·001) and there was a close 
association between specific leaf weight and leaf penetration 
resistance (Fig. 5B). Significant negative associations were 
found between leaf penetration resistance (Fig. SA) and leaf 
injury caused by mites (Fig. 2 B and C) with leaf penetration 
resistance accounting for 59 to 74 % of the variance in total 
leaf damage (P < 0·05) and for 66 to 93 % of the variance in 
severe leaf damage (P < 0·01). 

LAI, PAR interception, RUE and crop growth 
Figure 6 shows the dynamics of LAI, PAR interception 

and shoot dry matter between 85 and 146 DAS. Average 
LAI at the beginning of the measurement period was 1·7. In 
control crops ( -M + W), LAI reached a maximum of2·7 at 
about 135 DAS. Irrespective of mite treatments, LAI of 
water-stressed crops ( - M - W, + M-W) did not increase 
during the measurement period. It remained stable until 100 
DAS ( +M-W) or 132 DAS (-M-W) and declined 
rapidly thereafter. Well-watered, mite infested crops 
( + M-W) maintained rates of LAI increase similar to 
controls ( - M + W) until 102 DAS and declined sharply 
afterwards. Changes in PAR interception reflected, with 
some delay, changes in LAI (Fig. 6B). 

Control crops ( - M + W) maintained a stable rate of 
shoot dry matter accumulation during the 85-146 DAS 
period (Fig. 6 C). There was a clear sequence of the effect of 
stresses on shoot growth whereby stressed crops maintained 
growth rates similar to controls until (a) 97 DAS in mite-
infested, water-stressed crops ( + M -W); (b) 119 DAS in 
mi t~infested, well-watered ( + M + W) crops; and ( c) 132 
DAS in uninfested, water-stressed crops ( - M + W). The 

leaf area with severe symptoms of mite damage. Error bars in A, B and 
C are one s.e.m. and were not plotted when smaller than symbols; error 

bars in the inset are s.e. of the regression coefficients. 
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s.e.m. and were not plotted when smaller than symbols. Levels of 

significance are: P < 0·05 (*), P < 0·01 (**) and P < 0·001 ( .. *). 

treatment and water x mite interaction), peak fruit number 
was reduced from 115 m-2 in uninfested crops to 63 m-2 in 
mite infested crops (P < 0·01) (Fig. 8, horizontal lines). 
Fruit matured faster in water-stressed crops than in well-
watered ones; for instance, at 145 DAS, - W crops had 31 
mature fruit m-2 in comparison to + W crops that only had 
5. At the end of the season, the proportion of fruit that 
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reached maturity was 0·79±0·09 in uninfested crops 
irrespective of water regime; mites reduced this fraction to 
0·68 ± 0·05 in - W crops and to 0·28 ± 0·03 in + W crops 
(mite effect significant at P < 0·01, interaction significant at 
P < 0·05) (Fig. 8). 

Lint yield is a function of dry matter production and 
partitioning. Relevant partitioning variables in cotton 
include: fruit/shoot (Fig. 9A), seed cotton per fruit (Fig. 
98) and lint fraction (Fig. 9C). Fruit/shoot partitioning of 
crops affected by both stresses ( + M - W) was 53 % greater 
than that of control crops ( - M + W), while it was unaffected 
by either mites or water stress acting separately (Fig. 9A). 
Seed cotton per fruit was reduced by mites (P < 0·0001) and 
unaffected by water deficit (P > 0·93) or the interaction 
between stresses (P > 0·05). Irrespective of water regime, 
lint fraction was 0·41 in uninfested crops; mites reduced lint 
fraction to 0·37 in -W crops and to 0·33 in + W crops 
(water effect: P < 0·001; mite and interaction effect: 
P < 0·0001). Lint yield of unstressed controls was 175 gm-a 
(Fig. 9D). In uninfested crops, water deficit reduced yield by 
30 %, mites reduced the yield of well-watered crops by 92 %, 
and the combination of mite infestation and water deficit 
reduced yield by 72 % (water effect: P < 0·01; mite and 
interaction effect: P < 0·0001). 

Nitrogen and oil concentration 
Figure IO shows the dynamics of nitrogen concentration 

in vegetative organs. Leaf nitrogen concentration declined 
with time in all treatments. The rate of decline was 
accelerated by mites and unaffected by water deficit or the 
interaction between them. Stem nitrogen concentration in 
uninfested, well watered plants ( - M + W) declined steadily 
from 1·2% at 85 DAS to 0·32% at 146 DAS. In the same 

B 

b = 0.015*"'* ± 0.0021 kPa/g cm-2 

50 70 90 110 130 150 

Specific leaf weight (g cm - 2) 

Flo. 5. A, Leaf penetration resistance as affected by mite infestation and water deficit; B, relationship between leaf penetration resistance and 
specific leaf weight. Error bars are one s.e.m. and were not plotted when smaller than symbols. In A, asterisks indicate effects of water treatment; 

in A and B, levels of significance are: P < 0·05 ("), P < 0·01 (**)and P < 0·001 (***). 
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c period, well watered, mite-infested plants ( + M + W) had a 
much smaller fall in stem nitrogen concentration (from 1·3 

l' to 0·98 %). Irrespective of mite treatments, stem nitrogen 
concentration of water-stressed plants ( - W) declined 

0 

sharply between 85 and 97 DAS (P < 0·0001). Thereafter, 
stem nitrogen concentration remained stable in - M - W 
plants while it increased in + M-W plants. Changes in 
nitrogen concentration in tap-roots were comparable to 
those in stems except for a Jess clear pa ttern in - M + W 
plants. At the end of the measurement period, and 
irrespective of water treatment, mite-infested plants bad 
significantly (P < 0·001) greater nitrogen concentration in 
both stems and roots than uninfested plants. 

Water deficit significantly reduced the nitrogen con-
centration offlowerbuds at 97 DAS (P < 0·0001) when the 
effect of mites was non-significant (Fig. 11 A). At 132 DAS, 
nitrogen concentra tion of capsule walls was significantly 
increased by mites (P < 0·0001) and was reduced by water 
deficit in mite-infested but not uninfested plants (water 
effect: P < 0·05, interaction : P < 0·01). At 146 DAS, the 
t rend was similar and the magnitude of these effects was 
more marked (all three factors significant at P < 0·0001) 
(Fig. 1 lA). 

Seed nitrogen concentration increased from 3·4 % in 
- M + W controls to 4·2 % in all stressed treatments (Fig. 
l l B). Io comparison to unstressed controls, seed oil 
concentration was moderately reduced by water deficit. 
Mites reduced seed oil concentration substantially and their 
effect was greater in water stressed crops than in well-
watered ones. As a result of these changes in seed 
composition (Fig. I I B), the ratio between oil and N-
compounds declined from l · 17 in controls ( - M + W) to 
0·96 in - M-W, 0·87 in +M - W and 0·76 in +M+W. 

D ISCUSSION 

The aim of this study was to investigate the responses of 
cotton to the combined effects of mites and water deficit in 
the field. The methods used in this experiment allowed us to 
generate contrasting soil water contents in - W and + W 
plots 90 DAS (Fig. lD), and substantial mite infestations 
in + M crops while maintaining negligible mite numbers in 
- M crops (Fig. 2A) . 

Effects of water-stressed cotton on mites 

In comparison with unstressed host plants, the abundance 
of spider mites in water-stressed hosts can increase, decrease 
or remain unchanged (English-Loeb, 1989). Actual mite 
responses seem to depend on the intensity of water deficit 
experienced by the host plant (English-Loeb, 1989; 1990). 
Under our experimental conditions, cotton water status did 
not affect the abundance of adult female mites. 

Further analysis of the effects of water-stressed cotton on 
mites requires details of life history, population dynamics 
and behaviour of mites (e.g. Smitley and Kennedy, 1985) 
that were beyond the scope of this study. Nonetheless, we 
will discuss three findings related to the growth and activity 
of mite colonies in water-stressed cotton namely: (a) the 
lack of effect of host-plant water status on the number of 
adult females (Fig. 2A); (b) the greater extent and intensity 
of injury per mite in well-watered plants (Figs 2B, C and 3); 
and (c) the preference of adult female mites for leaves from 
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leaves from well-watered plants (Table l) reinforces the 
hypothesis that chemical and/or physical changes in cotton 
leaves due to water-stress made them less suitable for mites. 
Water-stressed leaves had greater penetration resistance 
than leaves from well-watered plants (Fig. 4), a factor that 
probably contributed to the greater damage on (Figs 2 B, C 
and 3) and preference of mites for leaves from well-watered 
plants (Table I). Jiang and Ridsdill-Smith (1996) also found 
a negative association between redlegged earth mite (Halo-
tydeus destructor Tucker) feeding damage and penetration 
resistance of subterranean clover (Trifolium subterraneum 
L) cotyledons. Causes of increased leaf penetration re-
sistance in water-stressed plants and its consequences on 
herbivory are discussed further in the next section. Other 
changes induced by water deficit that may have reduced leaf 
suitability for mites include: (a) more, and qualitatively 
different, epicuticular waxes (Bondada et al., 1996) that are 
known to influence herbivory (Eigenbrode and Espelie, 
1995); and (b) changes in concentration of nutrients and of 
secondary metabolites in plant tissues, often invoked to 
explain differences in herbivore responses to host plant 
water status (Jones and Coleman, 1991). 

Effects of mites and water deficit on cotton 

Well-watered, uninfested crops maintained canopy tem-
perature within the optimal •window' of23 to 32 °C (Fig. 4) 
(see Introduction)_ Transpirational cooling was restricted 
by water deficit and, as mite colonies grew, by mite 
infestation. As the intensity of both stresses increased 
through the season, interactions were increasingly signifi-
cant. Likewise, leaf water potential was sequentially affected 
by water stress, mite infestation and by the interaction of 
both stresses (Table 2). For uninfested crops, or for infested 
crops with less than about 20 adult female mites per leaf, 
there was (a) a negative association between canopy 
temperature and leaf water potential (Table 2), similar to 
that found by Reddy, Hodges and McKinion (1997) and (b) 
a positive association between leaf water potential and leaf 
water content (Table 2) comparable to those reported 
previously (Jordan and Ritchie, 1971; Ackerson et a/_, 
1977). Mites decoupled these variables (Table 2) when their 
density was over 20 adult females per leaf, a threshold that 
coincides with that for RUE responses to mites in well-
watered cotton (Sadras and Wilson, 1997 a). Histological 
studies and details of leaf water relations are needed to 
elucidate the mechanisms of mite injury in water-stressed 
cotton, including physical damage, stomata! conductance as 
affected by both hydraulic and chemical root signals, and 
changes in leaf osmotic potential and turgor. Irrespective of 
the mechanisms, it is worth emphasizing that crops with 
both stresses were cooler and their leaf water potential was 
higher than expected from the additive effects of mites and 
water deficit. 

Specific leaf weight usually increases with water stress 
(Wright et al., 1996) in part because leaf expansion is more 
sensitive than photosynthesis to water deficit (Sadras and 
Milroy, 1996)_ Greater specific leaf weight is related, in 
some cases, to differences in the amount of cell wall material 
(.pijkstra, 1989). In our study, leaves from water stressed 
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L relocated from senescing leaves accounted for the increase Chapio FS, Bloom AJ, Field CB, Waring RH. 1987. Plant responses to 

in nitrogen concentration of stems, roots and reproductive multiple environmental factors. BioScience 37: 49-57. 

r 
organs of mite-infested plants (Figs 10 and II) (Sadras and Charles-Edwards DA, Lawo RJ. 1984. Light interception by grain 

legume row crops. Plant, Cell and Environment 7: 247-251. 
Wilson, 1997c). Despite changes in trajectory, final con- Coleman JS, McConnaughay KDM, Ackerly DD. 1994. Jnterpreting 
centration of nitrogen in stems and roots was unaffected by phenotypic variation in plants. Trends in Eccl<Jgy and Evolution 9: 
water stress or the interaction between water and mite 187-191. 

[ 
treatments. In contrast, significant effects of both water De Barro PJ. 1991. A cheap lightweight efficient vacuum sampler. 

Journal of the Australian Entomological Society 30: 207-208. 
deficit and water x mite interaction were still evident 146 Dijkstra P. 1989. Cause and effect of differences in specific leaf area. In: 
DAS for capsule walls (Fig. 11). The accelerated loss ofleaf Lambers H, Cambridge ML, Konings H, Pons LT, eds. Causes 
nitrogen and the nitrogen 'enrichment' in stems, roots and and consequences of variation in growzh rate and pr<Jductivity of 

[
reproductive structures of mite-infested cotton can further higher plants. The Hague: SPB Academic, 125-140. 

fli · d h h b" (S d d ·1 Doss BD, Scarsbrook CE. 1969. Effect of irrigation on recovery of a ect mites an ot er er ivores a ras an W1 son, applied nitrogen by cotton. Agronomy Journal 61: 37-40. 
1997 c). Eigeobrode SD, FBpe1ie EK. 1995. Effect of plant epicuticular lipids on 

Mites can reduce cotton oil yield by reducing both seed insect herbivores. Annual Review of Entomology 40: 171-194. 

[ 
mass and seed oil concentration (Sadras and Wilson, 1996). English-Loeb GM. 1989. Nonlinear responses of spider mites to 
Reduction in seed oil concentration due to mite feeding was drought-stressed host plants. Ecological Entomology 14: 45-55. 
more severe in well-watered crops than in water-stressed English-Loeb GM. 1990. Plant drought stress and outbreaks of spider 

mites: a field test. Ecology 71: 1401-1411. 

[ 
ones (Fig. 11 B) indicating again that mite damage was Flint HM, Wilson FD, Hendrix D, Leggett J, Na1'211jo s, Henneberry 
greater in well-watered plants. TJ, Radin JW. 1994. The effect of plant water stress on beneficial 

and pest insects including the pink bollwonn and the sweetpotato 

n CONCLUSIONS 

[ ~ th Tetranychus urticae infestation and water deficit had 
uetrimental effects on several aspects of the water, carbon 

[ 

and nitrogen economies of cotton plants and crops. Under 
our experimental conditions, mites caused more damage to 
well-watered plants than to their water-stressed counter-
parts, i.e. mite-infested, well-watered plants had more 

C extended and more intense symptoms of leaf injury, lower 
reproductive partitioning and lower lint yield than their 
water-stressed counterparts. The magnitude and consistency 
of the interaction between both stresses indicates that 

[ 
mechanisms of adjustment to water deficit may have 
enhanced cotton resistance to mites. 
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Recovery of Cotton Crops after Early Season Damage by Thrips (Thysanoptera) 
Victor 0. Sadras* and Lewis J . Wilson 

ABSTRACT 
The objective or flm study was to assess the ability of cotton 

(Gossypium Mrsutum L) aops to recover after ead y·seaso• dun.tlge 
by thrips (11iys:moptera). Such lnform•Cion may help clarify the acballl 
need lo control thrips. Ten experiments, resulling fro111 the combina-
tion or two to ro11r sites per season and three seasons, were carried 
out in commercial crops in the irrigation area of northwest New South 
Wales, Ausl~a. Two treatments were COlllplll'tld: unprotected crops 
and aops protected with aldicarb{2-melhyl-Z-(methylthlo)propanal 
0-((methylamino)carbonyl)oxime} at sowing. Early season tbrips 
communilies were dominated by Thrips tabacl Lindeman, which ac-
counted for SZ to 100% of the total pbytophago11S thrips present in 
the crops. Insecticide lreatment consistently reduced the number of 
larval thrips compared with the unprotected crops. Number of larval 
tbrips per plant ranged from 0 to 24. Tluips reduced crop leaf area 
in six experi.Jlleftts, dry matter productioa in foar experiments, and 
yldd in two experiments. Maximum differences ill leaf area and try 
wcigllt between treatmenls were found about 40 dafter sowing. Io 
all cases, crops da111J1ged by thrips recovered well and reached leaf 
areas and dry weights similar to proleded crops after about 6() to 
80 d after sowing. On average, proteded crops reached maturity 3 d 
eulier than crops damaged by thrips, but cUll'erenccs were not statisti-
cally significant. Despite large reductions iu early growth, yield reduc-
tions due to thrips were found in only two experiments. The magnitude 
of tbe rcdudion in yield in those experiJllents (11 %) contrasts with 
the magnitude or the redudioo in growth (about 40o/o) and highlights 
the ability or the cotton crop to recover after early season damage 
by thrips. 

Y OUNG corroN crops host a range of insect pests, 
including thrips (Thysanoptera) (Hearn and Fitt, 

1992). Common species of phytophagous thrips in higb-
input cotton cropping systems include Thrips tabaci and 
Frankliniella spp. (USA: Quisenberry and Rummel, 
1979; Australia: Wilson and Bauer, 1993; Israel: Atakan 
e t al., 1996). 

Leaf distortion, reduced leaf area and plant height, 
and growth delay are often observed in thrips-damaged 
cotton and, in cases of severe infestation, loss of vegeta-
tive buds and branching after release of apical domi-
nance have been reported (e.g .. Watts, 1937; Quisen-
berry and Rummel, 1979; Attique and Ahmad, 1990). 
Because of these effects, thrips have the potential to 
reduce yield and delay the maturity of cotton crops 
(e.g., Watts, 1937;Attique andAhmad, 1990). However, 
growth reduction and tissue destruction are "rarely, if 
ever, translated monotonically into a proportional re-
duction of final yield" (McNaughton, 1983). This is due 
to tolerance (sensu Belsky et al., 1993) mechanisms that 
allow plants to recover after damage has occurred. The 
mechanisms of plant tolerance to herbivory have re-

V.O. Sadras, Universidad Nacio11al de Mar del Plata, Facultad de 
Ciencias Agrarias, CC 276, Balcarce (7620), Argentina; L.J. Wilson, 
CSIRO Plant Industry, Locked Bag 59, Narrabri 2390, NSW, Austra-
lia. Received 25 Feb. 1997. •Corresponding author. 

Published in Crop Sci. 38:399-409 (1998). 
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cently been reviewed by Belsky et al. (1993), Trumble 
et al. (1993), and Rosenthal and Kotanen (1994). 

Thrips control can be achieved either by using insecti-
cide-treated seed, in-furrow treatment with systemic in-
secticides, or by foliar applications of broad spectrum 
systemic insecticides (Wilson and Bauer, 1993). How-
ever, many thrips species are opportunistic predators of 
mite (Acari: Tetranychidae) eggs (Wilson et al., 1996). 
Furthermore, experiments in the field showed that sup-
pression of T. tabaci and F schultzei with broad spec-
trum insecticides contributed to mite outbreaks in cot-
ton (Wilson et al., 1996). Wilson et al. (1996) concluded 
that "preservation of thrips for the management of spi-
der mites may be beneficial, yet they may also some-
times warrant control in their own right, which poses a 
pest management dilemma". 

To assist in solving this pest management problem, 
we assessed to what extent early reduction in growth 
due to thrips translates into yield redu_ction and/or delay 
in maturity. Emphasis has been placed on analyzing the 
effects of thrips on plant growth and the subsequent 
recovery of plants after damage. 

MATERIALS AND METIIODS 
Crops and Treatments 

Ten experiments were carried out on commercial farms in 
northwest New South Wales, Australia (Table 1). Crops were 
fully irrigated and fertilized with nitrogen (100-150 kg N ha-1) 

according to current practices in the area. Sowing dates were 
close to the recommended date (mid October) and plant densi-
ties ranged from 7 to 14 plants m-2• Cultivar 'Siokra S324' 
was used in 1993-1994, and 'Siokra V-15' in 1994-1995 and 
1995-1996. 

Two treatments were compared: unprotected crops and 
crops protected with aldicarb applied in the soil at sowing 
(0.45 kg ha-1). Each experiment used a randomized block 
design with three or four replicates; each plot was between 
0.5 and 0.8 ha. No synthetic insecticides were used before 60 d 
after sowing (DAS). During this period Heliothi.s spp. were 
controlled, when necessary, with formulations of Bacillus thur-
ingiensis var. kurstaki which are not toxic to non-lepidoptera. 
Thereafter, both treatments were managed identically for pest 
control by accepted commercial thresholds (Shaw, 1995). 

Thrlps: Species Composition and Abundance 
We monitored thrips populations during the period of thrips 

occurrence as pests. viz., from seedling emergence to about 
60 DAS (Wilson and Bauer, 1993). At weekly intervals, cotton 
shoots (n ;:,; 5) were collected from each plot and taken to the 
laboratory where insects were removed using a plant washing 
machine (Leigh et al., 1984). Numbers of adult and larval 
thrips, and all other insects present in the samples, were re-
corded. Estimates of the species composition of thrips were 
obtained by identifying subsamples of adults from each sample 

Abbreviations: DAS, days after sowing, LA:lDWf, slope of the 
regression between log. leaf area and log. leaf dry weight; 
LDWT:SDWT. slope of the regression between log. leaf dry weight 
and log. shoot d1y weight; ULR, unit leaf rate. 
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Table 1. Season, site, and sowing date of field experiments. Tune 
of maturity of protected and unprotected crops is also shown. 

M11turity 

Sowing 
(days after sowing)t 

Season Sltet date Protedcd Unproteded 

l.993-1994 Abbey Green (3)§ 11 Oct U3 162 
Norwood (4) OZ Oct 162 168 
Oakville (4) 13 Oct 156 160 
Rtdm.ill (4) OS Oct 151 151 

1994-1995 Abbey Green (3) llOd -1 
Norwood (4) 17 Oct 
Oakville (4) 10 Oct 
Reclmill (4) 060d 166 168 

1995-1996 Kooiyong (4) 24 Oct 179 181 
Merrigal (4) 16 Oct 188 189 

t Commercial flltDlS ia Iha Lower N21Doi Valley (Abbey GTeen, OakYille), 
Upper Namoi Valley (Kooiyong, Merriglll), 1111d ID the Gwydir Valley 
(Norwood, Re4mill) ol New Sooth Wale$, A11.1tralia. 

; 60% of open boll5. DiO:enn~ lletwi:eo lrullll.eots were Dot sign.iliainl 
(P > 0.0.5) la all experiments. 

§ N amber oheplicales. 
n Not measured. 

date for each site. Wilson and Bauer (1993) found that for 
the main phytophagous species, the species composition of 
larval th rips closely followed that of adults. Adult th rips were 
slide mounted and Identified by the keys of Mound (1967, 
1972), Mound and Waker (1982, 1986), Mound et al. (1976), 
Pitkin (1973), Mound and Houston (1987), and Palmer et 
al. (1989). 

Cotton Growth and Yield 
Separate samples were collected for plant growth analysis. 

In 1993-1994, shoots were cut at ground level while plants 
were pulled and shoots and attached tap roots were collected 
in 1994-1995 and 1995-1996. Samples were taken at weekly 
intervals (sample size = 0.5 m2 per replicate). Plant compo-
nents were separated and oven-dried to constant weight. 
Green leaf area of al least two whole plants was measured 
with a leaf area meter (LI-3100, LI-COR, Inc., Lincoln, NE) 
to estimate specific leaf area, and this variable used to estimate 
plant leaf area from leaf dry matter values. Sequential hand 
harvests were done to determine time of maturity (i.e., 60% 
of open bolls, Snipes and Baskin, 1994) for all sites in 1993-
1994, for Redmill only in 1994-1995 and for both sites in 1995-
1996 (sample size = 2 m2 per replicate). Cotton seed was 
machine harvested from a two or four row section through 
the complete length of each plot, and yield (seed + lint) 
determined with calibrated load cell scales. 

Data Analyses 
Response variables analyzed include (i) number of adul t 

thrips, (ii) number of larval thrips, (iii) plant leaf area, (iv) 
shoot dry matter, (v) tap root dry matter, (vi) time of maturity, 
and (vii) yield. Effects of treatments were tested with analysis 
of variance (ANOVA) for each sampling date (variables i-v) 
and each experiment (all variables). Thrips numbers were log. 
transformed before analyses. 

Shoot relative growth rate and unit leaf rate (or "net assimi-
lation rate") were calculated as in Evans (1972). Two allomet-
ric coefficients were calculated to explore relevant changes in 
partitioning due to thrips (i) LA:LDWT, the slope of the 
regression between log,. leaf area and log. leaf dry weight, and 
(ii) LDWT:SDWT, the slope of the regression between log. 
leaf dry weight and log. shoot dry weight. Details and justifica-
tion of this approach to analyze partitioning have been summa-
rized by Coleman et al. (1994). 

Table 2. Species composition of thrips on cotton crops. 
% Species 

Thrlps Franlclinidla Thrlps 
Season Site nt 1abaci scliul1td lmaginis Othert 

1993-19?4 Abbey Green 107 82.2 3..7 0 14.1 
Norwood 88 85.2 10.? 1.1 3.5 
Oakville S7 63.1 36.8 0 0 
Red.mill 66 51-5 28.8 0 19.7 

1994-1995 Abbey Green 2..5 68.0 12.0 0 20.0 
Nonvoo4 4 75.0 2..5.0 0 0 
O:ahille 26 84.6 15.4 0 0 
Redmlll 8 100.0 0 0 0 

1995-1996 Kooiyoag 24 95.8 4.2 0 0 
Merrigal 19 94.7 0 0 5.3 

t Varialioa ia number of adult thrips identified rdlccts, in part, their 
actual abundance; io 1994-1995 some sample.t wen lost aflu thrips 
coooting and before species ideoti6cafion. 

t Noo-phytophagous thrips. 

RESULTS 
Thrips Species 

Consistent with previous studies (Wilson and Bauer, 
1993), we found early-season thrips communities to be 
dominated by T. tabaci (Table 2). Averaged over all the 
sites and seasons, T. tabaci accounted for 80% of the 
total thrips species and for 89% of the phytophagous 
species. Thus, no attempt was made to separate thrips 
species in the following analyses where we use the term 
"thrips" to refer to communities dominated by T. tabaci. 

1993·1994 Experiments 
Intensity and timing of thrips infestation varied 

among sites (Fig. 1). The insecticide treatment consis-
tently reduced the number of larval thrips at aU sites but 
was less effective at reducing numbers of adult tbrips. In 
unprotected controls, the maximum number of larvae 
per plant varied between 2 (Oakville) and 24 (Nor-
wood). The time of peak larval numbers ranged from 
24 DAS (Redmill) to 44 DAS (Norwood). 

Insecticide treatments affected crop leaf area and dry 
matter accumulation (Fig. 2). Effects on leaf area nor-
mally preceded effects on dry matter. Early in the sea-
son, unprotected crops usually had less leaf area and dry 
weight than protected crops, with significant reductions 
often observed in the period from 20 to 60 DAS. After 
about 50 to 60 DAS, leaf area and dry matter of unpro-
tected crops usually recovered to the levels of pro-
tected crops. 

Yield of protected crops ranged from 2 to 5 Mg ha- 1• 
Treatment effects on yield were only significant at one 
of the four sites, where the unprotected crop yielded 
11 % less than the protected one (Table 3). Unprotected 
crops normally reached maturity later than protected 
controls but differences were not significant (Table 1). 

1994·1995 Experiments 
As in the 1993-1994 season, the intensity and timing 

of thrips infestation varied among sites. Insecticide 
treatment consistently reduced the number of larvae at 
all sites and had a marginal effect on adult thrips (Fig. 
3). Number of larvae were negligible at Norwood, great-
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Fig. l. Dynamics or thrips populations in four oolton aops during the J.993.1994 season. Closed symbols = unprotected crops, open symbols = 

protecte• oops. Levels or signilkance, from ANOV As of log.-tr111mformed V9riables, :ue: P < 0.04l01 (0 *), P < 0.01 ( .. ), P < 0.05 (•). Bars 
are o..e s1111tdard eno1 of the mean and ue not shown wbett Rllllller titan symbols. 

est at Abbey Green and Redmill and intermediate at 
Oakville (Fig. 3). Redmill was the only site where a 
significant number of thrips developed early in the 
season. 

Insecticide treatment did not affect crop growth at 
Oakville, Abbey Green, or Norwood (not shown). Com-
parison between unprotected and protected crops at 
Redmill (Fig. 4) showed early season reductions in: leaf 
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Fig. 2. Effect of insecticide treatment ou lcJ1f area i nd shoot growth of cotton at fov sites in 1993-1994. The magnitude or treatment effect can 

be Yisuali:i:ed as the divergence between the solid line and the y = 1 (dashed) line. Levels of 5ignifiCllJlce, from ANOV As comparing protected 
and unprotected treatments, ne P < 0.0001 (•••), P < 0.01 { .. ), P < 0.05 (•). Numbers below tie plot are absolute value5 of protected 
crops in square cenlimete?S per plant (leaf area) a:nd grams per plant (shoot dry weight). 
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Table 3. Yield of cotton 
tlulps daotage. 

aops as affected by early-season 

Experiment 

Season Site 

1993-1994 Abbey Green. 
Norwood 
Oakl'ille 
Retlmill 

l994-199S Abbey Green 
Nor'!'l'ood 
Oakville 
Reclmill 

1995-1996 Koolyoog 
Menigal 

Seed collon (Mg ha- 1) 
P values from 

Protected Unproteded ANOVA 

2.23 2.20 0.71 
2.51 2.56 0.62 
3.36 3.17 o:n 
4.94 4.41 o.oz 
5.15 4.95 0.30 
6.25 6.22 0.82 
4.89 4.57 0..21 
S.46 4.88 0.05 
4.02 l.94 0.73 
3.87 3.89 0.90 

area (up to 48% at 39 DAS), shoot dry weight (up to 
43% at 48 DAS), and tap root dry weight (up to 59% 
at 53 DAS). At about 70 DAS, differences between 
protected and unprotected crops were no longer 
evident. 

Yield of protected crops ranged from 5 to 6 Mg ha-1. 

At Redmill, the unprotected crop yielded 11 % less than 
the protected one; no effect of insecticide was found 
at any other site (Table 3). At Redmill, maturity was 
unaffected (P > 0.6) by insecticide treatment (Table 1). 

1995-1996 Experiments 
Again, insecticide treatment affected number of lar-

vae markedly and number of adult thrips marginally. 
These effects were mostly evident at Merrigal, where 
thrips abundance was greater than at Kooiyong (Fig. 5). 
Insecticide treatments affected crop growth in Merrigal 
(Fig. 6) but not in Kooiyong (not shown). As in the 
previous seasons, treatments affe.cted leaf area first, and 
then dry weight (Fig. 6). Despite severe growth reduc~ 
tions early in the season, unprotected crops recovered 
to the level of protected controls by about 80 DAS. 
Treatments did not affect maturity (Table 1, P > 0.2) 
nor yield (Table 3). 

General Yield and Growth Responses 
to Insecticide Treatments 

Fig. 7 shows the relationship between growth and 
yield, both expressed as the ratio between unprotected 
and protected treatments, for the 10 experiments in this 
study. No yield reductions were observed when shoot 
growth reductions early in the season were less than 
about 40%. 

DISCUSSION 
Effects of Insecticide Treatments on Thrips 

and Other Arthropods 
Because of the high mobility of thrips, adults were 

found in both protected and unprotected crops in similar 
numbers (Fig. 1, 3, and 5). This probably reflects contin-
uous influxes of adult thrips into the cotton crops as 
nearby spring hosts of thrips senesced (Wilson and 
Bauer, 1993). However, protected crops had consis-
tently less larvae than unprotected crops (Fig. 1, 3, and 
5), indicating that the insecticide treatment effectively 

reduced the colonization of crops by thrips. Despite the 
presence of adults in the protected treatment, there 
were no signs of damage to plants, indicating that the 
thrips probably died before causing visible injury to 
the crop. 

Regular insect and mite counts in our study showed 
that aldicarb did not affect the abundance of beneficial 
arthropods or arthropod pests other than thrips (Wilson 
and Sadras, 1996, unpublished). Scott et al. (1985) in 
cotton cropping systems in the USA and Soares et al. 
(1996) in Brazil also found no effects of aldicarb on 
populations of beneficial arthropods. 

Effects of Aldicarb on Crop Growth 
Responses of crop growth (Fig. 2, 4, and 6), time of 

maturity (Table 1) and yield (Table 2) to insecticide 
treatment could be related to (i) effects of insecticide 
on arthropods other than thrips (see previous section), 
(ii) direct effects of insecticide on plant growth, and/or 
(iii) effects of insecticide on thrips. 

In the absence of insects, mites and nematodes, aldi-
carb can increase, reduce or have no effect on plant 
growth (Womack and Schuster, 1986; Barker and Pow-
ell, 1988; Barker et al., 1988). In reviewing the effects 
of aldicarb on cotton growth, Terry (1992) highlighted 
the inconsistency of the responses; genotype, soil type, 
fertility, and soil moisture are among the factors that 
can influence plant responses to aldicarb (Barker and 
Powell, 1988; Barker et al., 1988). The inconsistent re-
sponses of plant growth to aldicarb are in sharp contrast 
to the consistent pattern of plant growth of unprotected 
and aldicarb-protected plants found in our study despite 
the environmental variation derived from a combination 
of locations and seasons (Fig. 2, 4, and 6). It is worth 
emphasizing the contrast between the cooler environ-
ment of the Upper Namoi Valley (Kooiyiong, Merrigal) 
where protected crops reached maturity at 179 to 188 
DAS in comparison with the warmer Lower Namoi and 
Gwydir Valleys where crops reached maturity at 151 to 
162 DAS (Table 1). 

Thus, even though direct effects of aldicarb cannot 
be discarded, it is very unlikely that the pattern of plant 
growth in the present experiments could be due to direct 
effects of aldicarb. It is reasonable to assume, therefore, 
that the differences in growth and yield between pro-
tected and unprotected crops were mostly mediated by 
the effects of aldicarb on thrips. This premise is further 
supported by (i} the correspondence between thrips dy-
namics (Fig. 1, 3, and 5) and plant growth dynamics 
(Fig. 2, 4, and 6), and (ii) the known effects of tbrips in 
reducing leaf area (see Introduction) and the sequence 
of responses whereby unprotected crops usually bad 
reductions in leaf area preceding significant growth re· 
ductions (Fig. 2, 4, and 6). 

Effects of Thrips on Crop Growth, 
Maturity and Yield 

In six out of 10 experiments, thrips significantly af-
fected cotton leaf area (Fig. 2, 4, and 6). Reductions in 
leaf area translated into growth reductions in four of 
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the 10 experiments {Fig. 2, Norwood and Redmill, Fig. 
4 and 6). Reductions in growth translated into reduc-
tions in yield in only two cases (Fig. 7, Table 3). Thus, the 
general statement by McNaughton (1983), that tissue 
destruction is rarely translated into a proportional yield 
reduction, seems to be valid for the cotton-thrips system 
under study. 

The dynamics of leaf area, expressed as the ratio 

between unprotected and protected treatments, showed 
a biphasic pattern (Fig. 2, 4, and 6). In the first phase, 
protected crops grew faster than unprotected crops, and 
the ratio declined consistently. A minimum value of the 
ratio, ranging from 0.8 to 0.5, was usually reached by 
40 DAS. In the second phase, leaf area in crops damaged 
by thrips increased faster than in protected crops, and 
significant differences between treatments were not evi-
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dent after about 60 to 80 DAS. A similar biphasic pat-
tern, that was displaced in time by about 5 to 10 d, was 
observed for shoot and tap-root growth. This pattern is 
further illustrated by the insets of Fig. 4 and 6: a first 
phase, in which protected crops had higher relative 
growth rates than their unprotected counterparts was 
followed by a phase in which the opposite was true. The 
capacity of cotton plants to recover after substantial 
reductions in leaf area caused by thrips, found in this 
study (Fig. 2, 4, and 6), is consistent with other studies 
involving leaf area loss in this species (e.g., Lane, 1959; 
Gutierrez et al., 1975). 

Four main mechanisms could be involved in plant 
recovery after reduction in leaf area. First, changes in 
partitioning, viz., increase in leaf area ; leaf weight ratio 
and/or increase in leaf weight : shoot weight ratio could 
increase the relative growth rate of damaged plants. 
Second, new leaf addition can partially compensate for 
leaf loss due to insects (Lane, 1959; Bishop et al., 1978). 
Third, if leaves are involved in apical dominance (Top-
perwein, 1993), then enhanced branching following leaf 
damage may also be a factor in the recovery of damaged 
crops. Fourth, there may be an increase in the photosyn-
thetic rate of undamaged leaves in a damaged plant and/ 
or in undamaged areas of damaged leaves, i.e., compen-
satory photosynthesis (Trumble et al., 1993). Our data 

allowed investigation of the first and, to some extent, 
the fourth mechanism. 

Allometric analysis was used to explore relevant 
changes in partitioning during the first (i.e., growth re-
duction) and second (i.e., recovery) phases of cotton 
responses to thrips defined before. The consistent and 
substantial reduction in LA:LDWT caused by thrips in 
the first phase {Table 4) indicates that leaf expansion 
was more severely reduced than leaf dry matter accumu-
lation. Reduction in export of carbohydrates from leaves 
damaged by thrips might also have contributed to reduc-
tions in LA:LDWf. Effects of thrips on LDWT:SDWT 
in this phase were small and inconsistent (Table 4). In 
the recovery phase, both LA:LDWT and LDWT:SDWT 
were consistently higher in crops damaged by thrips 
than in their protected counterparts (Table 4 ). Although 
differences between treatments were small ( :S8 % ), 
small changes in dry matter partitioning may have a 
large impact on subsequent plant growth (Korner, 
1991 ). Thus, an increased partitioning to photosynthetic 
tissue may have contributed to the recovery of dam-
aged crops. 

Unit leaf rate was reduced by thrips in the first phase 
(Table 4). Hence, thrips may have reduced dry matter 
accumulation of young cotton crops by reducing not 
only leaf area but also photosynthetic rate. Unit leaf 
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rate of crops damaged by thrips increased with respect 
to protected controls during the recovery phase in three 
out of four experiments (Table 4). Compensatory pho-
tosynthesis could therefore be a factor in the recovery 
of these crops. However, owing to limitations associated 
with the calculation of unit leaf rate (Evans, 1972; Mon-
teith, 1994) our conclusions about putative effects of 
thrips on cotton photosynthesis should be considered 
with care. Direct measurements of leaf and/or crop pho-
tosynthesis are required to further assess these effects. 

Implications for Pest Management 
Key pests are those that are persistent, occur perenni-

ally, and usually reach economically damaging levels 
(Hearn and Fitt, 1992). For cotton in Australia, thrips 
clearly meet the first two criteTia as they are often found 
in significant numbers in young crops (Fig. 1,3, 5; Wilson 
et al., 1994). Similarly, early-season thrips infestations 
are common in cotton crops in the USA (e.g., Quisenb-

erry and Rummel, 1979). The economic impact of thrips 
is less clear, however. We found yield reductions attrib-
utable to thrips in two out of 10 field experiments. Simi-
larly, ,we found significant yield reductions in one out 
of seven experiments carried out in commercial farms 
in 1991-1992 and 1992-1993 (Wilson et al., 1994). The 
same picture arises for the peanut-thrips system in 
southeastern USA: Frankliniella fusca (Hinds) cause 
early·season foliar injury which often leads to stunting of 
peanut plants, but the economic justification for thrips 
suppression remains controversial and, in general, con-
trolling thrips is not recommended (Brecke et al., 1996). 

Although thrips had only minor effects on yield and 
maturity in the present study (Tables 1 and 2) and in 
previous experiments (Wilson et al., 1994 ), they reduced 
seedling growth dramatically (Fig. 2, 4, and 6). Given 
the contrasting visual aspect of healthy protected crops 
and typically stunted crops damaged by thrips, the per-
ception of growers that thrips need to be controlled is 
understandable. The use of insecticides for "cosmetic" 
reasons has a number of side effects, however. First, it 
may reduce the number of beneficial arthropods early 
in the season, interfering with the implementation of 
integrated pest management programs. Second, it elimi-
nates "phytophagous" thrips of cotton crops that are, 
in fact, facultative predators of twospotted spider mites 
(Wilson et al., 1996). Spider mites are an important 
secondary pest of cotton crops and have the potential 
to reduce severely lint yield, oil yield, and fiber quality 
(Wilson, 1993; Sadras and Wilson, 1996, 1997). 

The quantification of thrips/yield relationships and 
development of thresholds for thrips management re-
quire experiments that cover a wider range of thrips 
densities. Our study has shown, however, the significant 
ability of cotton to recover after severe growth reduction 
caused by thrips. This observation, together with recog-
nition of the negative side effects of using insecticides 
for thrips control, could assist in the rational assessment 
of the actual need to use insecticides for their control. 
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Eqe:rimAlnl Treat.t Phase 1* 4%1 Phase 2 .6.% Phase 1 A% Phase2 A% Phase 1 .6.% Phase 2 
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Abstract 

Transgenic cotton varieties expressing Cry IA(c) insecticidal proteins from Bacillus thuringiensis ('Bt cotton') remain 
vulnerable to non-lepidopteran insects. In addition, they are susceptible to lepidopteran pests when the efficacy of Bt toxins 
falls because of ontogenetic and/or environmental factors. Hence the importance of knowing to what extent Bt cotton is 
able to tolerate damage. The degree of tolerance of Bt cotton to actual and simulated insect damage was assessed in three 
field experiments. Exp. I compared the effects of Helicouerpa spp. (Lepidoptera: Noctuidae) on the grow1h, development 
and yield of Bt cotton with those of its near isogenic non-Bt counterpart in two genetic backgrounds (Siokra Vl5, Sicala V2) 
under two regimes of chemical control of insects (S 1: nine insecticide applications during the growing cycle, S2: six 
insecticide applications). Exp. 2 compared insecticide-protected Bt crops with crops manually damaged to simulate (a) 
early-season loss of vegetative buds, (b) loss of flowerbuds, and (c) loss of both vegetative and reproductive buds. Also 
using manual damage, Exp. 3 evaluated the effect of timing of flowerbud loss on the yield and maturity time of 
insecticide-protected Bt crops. In Exp. 1, well-protected Bt crops (St) yielded 24% more than their less-protected 
counterparts (S2). The less protected crops had, however, substantially more immature fruit at the end of the season 
highlighting a considerable potential for recovery. Poor soil conditions, interacting with season length accounted for the 
difference between potential and actual compensation in crops that were exposed to almost continuous damage by 
Helicouerpa spp. Under more favourable growing conditions, maturity was delayed but yield of damaged Bt crops was 
unaffected by discrete episodes of simulated herbivory (Exps. 2 and 3). The introduction of B. thuringiensis genes into 
cotton does not seem to have reduced the considerable capacity of the crop to tolerate insect damage, and this attribute 
should be considered in the development of pest management strategies for Bt crops. © 1998 Elsevier Science B.V. 

Keywords: Herbivory: Compensation; Lepidoptera; Gossypium hirsutum; Bacillus thuringiensis; Helicoverpa spp. 

1. Introduction 

Helicoverpa armigera (Hilbner) and H. punctig-
era (Wallengren) (Lepidoptera: Noctuidae) are the 

• Corresponding author. Tel.: +61-67-991539; fax: + 61-67-
931186; e-mail: victors@mv.pi.csiro.au. 

major pests of cotton in Australia (Fiu, 1994). Lepi-
dopteran pests are also important in other cotton 
cropping systems including those of North America 
and Africa (Heam and Fitt, 1992). The chemical 
control of these insects is costly and environmentally 
disruptive (Fitt, 1994). Moreover, in some cropping 
systems the chemical control of Lepidoptera is often 

0378-4290/98/$19.00 © 1998 Elsevier Science B.V. All rights reserved. 
Pl/ S03 78-4290(97)00096-8 
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ineffective owing to their increasing resistance to 
commonly used insecticides such as endosulfan and 
pyrethroids (Forrester et al., 1993). 

Cotton varieties carrying Bacillus thuringiensis 
subsp. kurstak.i genes encoding insecticidal proteins 
(hereafter 'Bt cotton') provide a platform for crop-
ping systems that are less dependent on chemical 
control of lepidopteran pests. The overall perfor-
mance of Bt cotton has been evaluated in a series of 
field trials (Benedict et al., 1996; Fitt et al., 1994; 
Wilson et al., 1992, 1994) and commercial Bt vari-
eties have already been released in the U.S.A. and in 
Australia. The capacity of Bt crops to tolerate (sensu 
Belsky et al., 1993) insect damage has not been, 
however, explicitly examined. 

Herbivory tolerance or 'compensation' of Bt cot-
ton is important for two reasons. First, and most 
obviously, Bt crops are vulnerable to non-lepi-
dopteran pests. Second, the efficacy of Bt toxins in 
plants declines during the period of fruit maturation 
(Fitt et al., 1994) and crops can be damaged by 
lepidopteran pests during this phase. Furthermore, 
under some environmental conditions, the efficacy of 
Bt toxins can be low even in young crops, and 
commercial Bt crops have been found that have shed 
flowerbuds ('squares') and young fruits ('bolls') as 
the result of damage caused by lepidopteran larvae 
(Forrester and Pyke, 1997; Moss, 1996). 

This study assessed the tolerance of Bt cotton 
crops to damage caused by (a) naturally occurring 
populations of Helicoverpa spp., and (b) simulated 
insect damage including early season loss of vegeta-
tive buds, as caused by Lepidoptera larvae, sucking 
mirid bugs (Hemiptera: Miridae) and heavy thrips 
(Thysanoptera) infestation, and/or fruit loss, as 
caused by Lepidoptera larvae and mirids. 

2. Materials and methods 

2.1. General 

Three experiments were carried out at Narrabri 
(30°$, 150°E) in the 1996/97 season. Two experi-
ments were designed to characterise the dynamics of 
growth and development, and the yield responses of 
Bt cotton crops subjected to actual (Exp. l) or 

simulated (Exp. 2) insect damage. Damage treat-
ments in Exp. 2 included early-season loss of vegeta-
tive buds and/or loss of flowerbuds. Experiment 3, 
also using manual damage, evaluated the effect of 
the timing of flowerbud loss on crop yield and 
maturity. 

Crops were grown on grey clay soils (UgS.25) 
characterised by Northcote (1979). Nehl et al. (1996) 
funher described the variability of physical and bio-
logical properties of these soils; according to their 
classification, the soil in Exp. 1 belongs to Type 
A-B, i.e., more sodic and of lighter texture, hence 
more prone to waterlogging, and less favourable for 
mycorrhizal colonisation than the soil Type C of 
Exps. 2 and 3. 

Experiment 1 was sown on October 10 and Exps 
2 and 3 on October 14. Plant density was 9.2 plants 
m-2 in Exp. 1 and 12.5 plants m-2 in Exps 2 and 3; 
inter row space was 1 m in all three experiments. 
Crops were fertilised with 150 kg N ha- 1, treated 
with aldicarb (450 g ha- 1) to control thrips, and 
irrigated as required throughout the season. Cultivar 
Sicala V2i expressing the CryIA(c) insecticidal pro-
tein from B. thuringiensis subsp. kurstaki was used 
in Exps 2 and 3; cultivars used in Exp. 1 are 
described below. Table 1 summarises meteorological 
conditions during the trials. 

Time available for recovery is a key determinant 
of compensation in damaged crops (Sadras, 1995) 
thus the importance of defining time of harvest. 
Methods used in commercial crops were applied to 
decide time of harvest in each experiment. All crops 
in each experiment were treated with chemical defo~ 

Jiant when the most advanced treatment (treatment 

Table I 
Photosynthetically active radiation (PAR), maximum (Tmu) and 
minimum (Tm1n> temperature during field experiments at Nanabri 
in 1996/97. Values are monthly averages±s.e. 

Month Tm31 (°C) Tmin (°C) PAR 

October 
November 
December 
January 
February 
March 
April 

26.1±0.6 
30.0± l.l 
30.7±0.6 
29.8±0.S 
31.5±0.5 
30. l ±0.4 
27.7±03 

11.8 :t 0.6 
13.3±0.8 
17.8±0.5 
18.0±0.5 
20.2±0.5 
15.0±0.6 
9.7±0.5 

(MJm- 2 d- 1) 

10.7±0.6 
12.5±0.5 
12.6±0.7 
12.6±0.7 
11.2±0.6 
10.8±0.2 
9.0±0.2 
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+ BtS 1 in Exp. l, undamaged controls in Exps 2 and 
3, see below for definitfons) reached the stage of 
60% mature fruits ('open bolls') (Snipes and Baskin, 
1994). Crop yield was thus measured at 204 in Exp. 
1, and at 189 days after sowing, DAS in Exps. 2 and 
3. 

2.2. Experiment I 

Eight treatments resulted from the factorial com-
bination of (1) two varieties (Sicala V2, a nonnal 
leaf variety, and Siokra VIS, an okra leaf variety) (2) 
with ( + Bt) or without ( - Bt) CrylA(c) insecticidal 
protein genes, and (3) two regimes of insecticide 
application (Sl vs. S2, see below). A split-plot d~ 
sign with three replicates was used; insecticide regime 
was applied to main plots and cultivar X Bt combina-
tions to subplots. Each subplot included 6 rows 630 
m long. The whole experimental area was 82 ha and 
buffers between Sl and S2 blocks were 3.1 ha (50 
rows). Although the possibility of insecticide drift 
between S 1 and S2 plots cannot be discounted, 
detailed monitoring of insects allowed for the growth 
and yield of cotton in each individual plot to be 
related to the actual density of insects measured in 
the same plot. 

Key arthropod pests, as summarised by Fitt (1994), 
were monitored weekly; these included thrips, mirids, 
spider mites (Acari: Tetranychidae), H. annigera 
and H. punctigera. Special attention was paid to 
populations of Helicoverpa spp., the main pest in 
our cropping system and the main target of Bt 
cotton. Data were recorded for each of six life stages 
of Helicouerpa spp: white (newly laid) eggs, brown 
(developing) eggs, very small larvae ( < 3 mm), 
small (3- 7 mm), medium (8- 20 mm) and large 
( > 20 mm) larvae~ further details of sampling proce-
dures can be found in Dillon and Fitt (1995). 

Current recommendations for pest management in 
Australian cotton fanns are based on twice-weekly 
insect counts. Thus, in addition to the weekly assess-
ment of arthropod pests described before, indepen-
dent scouting of Helicoverpa spp. was done twice 
weekly; these data and recommended thresholds were 
used to define two regimes of insecticide application 
(Sl, S2). Thresholds for the SI regime were as 
recommended for non-Bt crops and thresholds for 

the S2 regime were as recommended for Bt crops; 
for details see Shaw (1996). Ugjng these thresholds 
and actual insect counts, S 1 plots were treated with 
insecticides nine times and S2 plots six times during 
the season (Fig. la). 

Shoots were sampled 13 times between 36 and 
166 DAS (sample size= 0.5 m2 ) . Plant components 
were separated and dried to constant weight. Green 
leaf area of whole plants (n 2: 2) was measured with 
a leaf area meter (LI-3100, LICOR, Lincoln, NE, 
USA) to estimate specific leaf area, and this variable 
used to estimate leaf area index (LAI) of the crop 
from green laminae biomass values. Reproductive 
organs (flowerbuds, immature and mature fruit) were 
counted in these samples and, in addition, marure 
fruits were counted weekly between 144 and 204 
DAS in 2 m- 2 samples. 

At approximately weekly intervals, the fraction of 
photosynthetically active radiation (PAR, 0.4-0.7 
µ.m) intercepted by the canopy at noon (Qn) was 
calculated from measurements with a ceptometer 
(AccuPAR, Decagon Devices, Pullman, WA, USA) 

2.3. Experiment 2 

Five treatments were compared, C: undamaged 
control, V: early vegetative damage, involving the 
manual removal of the mainstem apex at 36 DAS, 
Rl: reproductive damage involving the removal of 
all the flowerbuds longer than 1 cm at 64 DAS (total 
removed: 25 flowerbuds m- 2 ), R2: removal of ran-
domly chosen 25 flowerbuds m-2 at 7 l DAS, and 
the combination of V + R2. The rationale of these 
treatments is as follows. Treatment V simulates 
early-season vegetative damage as can be caused by 
mirids, thrips or Lepidoptera while treatment Rt 
simulates a single episode of severe flowerbud shed~ 
ding as nonnally induced by mirids or Lepidoptera. 
In some cases, crops are exposed to both vegetative 
and reproductive damage. Due to the delay in squar-
ing associated with vegetative damage (Sadras, 
1996c), a second treatment of reproductive damage 
was included one week later (R2) that simulated the 
shedding of the same number of flowerbuds removed 
in RI. Treatment R2 and V were combined to evalu-
ate the responses of crops exposed to both vegetative 
and reproductive damage. 
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Treatments were arranged in a randomised block 
design with four replicates. Each block comprised 20 
rows 30 m long, and the trial was in the centre of a 
6.7 ha cotton field. Insects were monitored twice a 
week and controlled with insecticides when required 
according to thresholds for non-Bt crops (Shaw, 
1996); insecticides were applied at 56, 73, 81, 95, 
113, 116, 134 and 144 DAS. 

Crop growth and development was assessed in a 
similar way to that described for Exp. 1. In addition, 
phenological development of crops was assessed by 
twice-weekly observation of ten plants per plot and 
calculation of the proportion of plants with tlower-
buds, immature and mature fruit. 

2.4. Experiment 3 

Gibb (1995) showed that 50-60% fruit retention in 
the first fruit position maximises yield of non~Bt 
cotton crops in our region. The proportional retention 
of fruit necessary to maximise yield, however, may 
change during the growing season and the relation-
ship between retention and yield for Bt cottons may 
differ from that of non-Bt crops. The responses of Bt 
cotton to timing of flowerbud shedding was assessed 
in an experiment in which 50% of randomly chosen 
flowerbuds were removed at fl ve stages between 
early and peak squaring (Table 2). Treatments were 
laid out in a randomised block design with four 
replicates in the same field as Exp. 2. Each plot was 
3 rows 2 m long. Mature fruits were counted and 
seed cotton harvested at weekly intervals between 
140 and 189 DAS to evaluate the effects of treat-
ments on time of maturity and yield. 

Fig. l. (a) Changes with time in the density of Helicoverpa spp. 
eggs and (b) average TLD before fruit set (29-99 DAS) and 
during active fruit growth (106-162 DAS). In (a) data were 
pooled across cultivar, Bt and insecticide treatments after ANOV A 
of square root transfonncd data showed these factors and interac-
tions between them did not affect egg density ( P > 0.05); back 
transfocmcd data are presented for easier interpretation. Arrows 
indicate the timing of insecticide application in the SI and S2 
treatments. In (b) data are also averages across varieties. Error 
bars are one s.c.m. and are not shown when smaller than symbols. 
Data from Exp. l. 
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Table 2 
Treabnents in Experiment 3 

Treatment Time of 
code flowerbud 

WI 
W2 
W3 
W4 
W5 
Control (C) 

removal 
(DAS) 

58 
64 
73 
80 
85 

2.5. Data analysis 

No. flowerbuds 
removed± 
s.e. (rn-2 ) 

4±0.5 
15±3 
25±1 
50±7 
46±7 
0 

In Exp. l, insect numbers were square root trans-
formed before statistical analyses. For each sampling 
date, an index of total larval density (TLD, mm 
m-2 ) was calculated weighting the density of each 
larval class (defined in Section 2.2) by the middle 
size of each class, i.e., 

i=4 
TLD = E larval density; X size;. 

i~ l 
(I) 

In Exps. I and 2, the daily fraction of PAR 
intercepted by the crop (Q) was calculated according 
to Charles-Edwards and Lawn (1984): Q = 2Qn/(1 
+ Qn). Previous tests with cotton showed that this 
equation yields estimates of daily light interception 
that are statistically indistinguishable from estimates 
based on continuous measurements of light intercep-
tion obtained with tube solarimeters (Sadras, 1994, 
unpublished). The amount of PAR intercepted by the 
canopy (IP AR) was estimated using daily values of 
solar radiation, measured in a meteorological station 
0.5 km from the experimental site, and Q. Quadratic 
polynomials were used to describe the progression of 
Q with time (Sadler and Karlen, 1994; Trapani et al., 
1992). Least squares linear regression between dry 
matter and cumulative IP AR was used to estimate 
RUE in the period from 71 to 161 DAS (Exp. 1) and 
between 49 and 155 DAS (Exp. 2). Intra-seasonal 
changes in RUE were explored by assessing the 
significance of quadratic terms in the regressions 
(Sadras and Wilson, 1997; Steer et al., 1993). Statis-
tical comparison of fitted curves was done with the 
F-test described by Potvin et al. (1990). 

3. Results and discussion 

3.1. Experiment I 

The density of Helicoverpa spp. eggs was unaf-
fected by treatments (P > 0.05). Across treatments, 
it averaged 1 ± 0.2 m-2 before fruit set ( < 100 
DAS) and 5.3 ± 1.4 m-2 afterwards (Fig. la). Sea-
sonal analysis of TLD indicated that survival of 
larvae was significantly lower in + Bt than in - Bt 
crops (P < 0.02) and it was also lower in crops more 
frequently treated with insecticide (S 1 vs. S2, P < 
0.05). Before 100 DAS, average TLD decreased with 
increasing protection from 3.6 mm m-2 in - BtS2 
crops to 0.72 mm m-2 in +BtSl crops (Fig. lb), 
with a significant effect of Bt ( P < 0.02) and a 
marginal effect of insecticide ( P = 0.06); effects of 
Bt and insecticide treatments were additive (interac-
tion: P > 0.20). After 100 DAS, the ranking of TLD 
for the four treatments remained the same as before 
100 DAS, but differences among treatments were not 
significant (Fig. lb). 

The effects of cultivar and interactions between 
cultivar and other experimental sources of variation 
were normally non-significant for all the crop vari-
ables measured in this experiment. Thus, results are 

1200 P<0.05 
3 

~ 
I e ~ 
~ 900 

J~ -.. 
Q> .... -(U 600 2.5 J e +Bt ·Bt 
;;>, J .. ,, 
.... 300 ···-··•-·- +Bt 0 
0 ,l'' .d --l:J.-- -Bt en , 

0 
0 50 100 150 200 

Days after sowing 
Fig. 2. Dynamics of shoot dry matter in + Bt and - Bt cotton 
crops. Inset shows shoot dry matter at the first sampling date (36 
DAS). Error bars are one s.e.m. and are not shown when smaller 
than symbols. Data from Exp. l. 
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presented as averages across cultivars. None of the 
treatments affected LAI, which reached a maximum 
of 2. 1 ± 0.11 at 138 DAS, or fractional PAR inter-
ception, which reached a maximum of 0.92 ± 0.01 at 
154 DAS. 

Shoot growth was unaffected by insecticide treat-
ment ( P > 0.05). Shortly after emergence (36 DAS) 
+ Bt crops were lighter than their -Bt counterparts, 
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differences between + Bt and - Bt were not signifi-
cant between 43 and 151 DAS, and + Bt crops were 
heavier than - Bt crops on the last sampling date, 
166 DAS (Fig. 2). Recovery of Bt crops after ini-
tially slow growth was in part due to a greater 
specific leaf area; at 50 DAS it was 87 ± 1.8 cm2 

g - 1 in + Bt crops compared with 80 ± 2 cm2 g- 1 m 
- Bt crops { P < 0.05). 

-M 
' a ......... 200 (b) 

.... ·-c6 
150 Q,I ... 

:! 
~ 

B e .... 
100 

co.. 
~ 

... 50 
Q,I 
~ s 
= 0 z 

50 100 150 200 

..= .... .... 
~ 

0.9 

(/) ........ 
e= ·a .s ... 0.6 j:l.,CM 

c.... Q,I 
0 ... = 
§ ~ :::: a 0.3 
""' 0 
i:i.. 
0 .... 
~ 0 

150 170 190 210 

after sowing 
Fig. 3. Fruiting dynamics of cotton crops as affected by Bt and insecticide treatments. Production of (a) flowerbuds, (b) immature fruit, and 
(c) mature fruit, and (d) proportion of plants in the crop with mature fruit. Values are averages across two cultivars that had similar fruiting 
dynamics and responded similarly to Bt and insecticide treatments. Brror bars are one s.e.m. and are not shown when smaller than symbols. 
In (d) fitted curves are 3rd degree polynomials (r1 > 0.97, P < 0.0002) that were significantly different according to the F-test described in 
Potvin et al. (1990) (F16•1s = 8.09. P < 0.005). Data from Exp. I. 
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of plants had flowerbuds was delayed from 57 DAS 
in controls to 63 DAS in V crops (Fig. Sa). At 65 

---------- -------- - - DAS, crops with early reproductive damage (Rl) had 

Table 3 
Seed cotton per fruit in three experiments at Narrabri. Values are 
averages across treatments±s.e. 

.Experi- Seed cotton per fruit (g) Effect of 60% less flowerbuds than controls and crops with 
------------ ------- vegetative damage (V and V + R2) had 78% less 
ment Maximum Minimum treatment 

8.5 ± 0.5 (158)' 3.7 ±0.1 (204) 
2 7.6±0.2 (154) 3.1 ± 0.2 (189) 

3 

not significant 
crops with 
reproductive 
damage had 
14% more seed 
per fruit than 
controls at 
154DAS 
(P <0.05) 

flowerbuds than controls (P < 0.001, Fig. 5b). Com-
pensatory responses were observed at 100 and 114 
DAS when damaged crops had significantly more 
flowerbuds than controls (P < 0.05, Fig. 5b); this is 
a common response of cotton to reproductive dam-
age (e.g., Dale, 1962). The treatment that combined 
vegetative and reproductive damage (V + R2) 
reached the stage at which 50% of plants had imma-

----------- - -------- ture fruit at 95 DAS, 10 days later than control 
8. L ± 0.3 (154) 3.3±0.1 (189) not significant 

'Time when maximum or minimum was attained (DAS). 

and the importance of time available for recovery as 
a key determinant of actual compensation (Sadras, 
1995; Sadras, 1996a,b,c).These issues are discussed 
further in Section 4. 

3.2. Experiment 2 

Damage treatments did not affect LAI (P > 0.13; 
maximum: 2.0 ± 0.08 at 127 DAS) or shoot dry 
matter (P > 0.07; maximum: 892 ± 40 g m-2 at 155 
DAS). The intensity of reproductive damage was not 
enough to increase vegetative growth (Sadras, 1995) 
except for a significant (P < 0.05) but transient 20% 
increase in stem biomass of Rl crops with respect to 
controls at 78 DAS. In the period from 52 to 66 
DAS, V crops tended to intercept less light than 
undamaged controls. Differences in fractional PAR 
interception were significant at 58 DAS (control: 
0.19 ± 0.006, V: 0.14 ± 0.018; P < 0.05) and 
marginal at 52 and 66 DAS (both P = 0.06). Similar 
reductions in PAR interception associated with the 
loss of vegetative buds have been found before, and 
were related to changes in canopy structure rather to 
changes in LAI (Sadras, 1996c). Fractional PAR 
interception was unaffected by treatments after 66 
DAS; its maximum was 0.91 ± 0.01 at 132 DAS. 
Treatments did not affect RUE which averaged 0.98 
± 0.03 g Mr 1• 

Damage treatments had marked effects on repro-
ductive development (Fig. 5). Loss of vegetative 
buds delayed the production of flowerbuds, as found 
previously (Sadras, I 996c); the stage at which 50% 

crops; delays caused by Rt, R2 and V treatments 
were 4, 5, and 7 days, respectively (Fig. Sc). Despite 
de4tys in reproduction caused by damage treatments 
(Fig. 5a-e), all crops had the same final number of 
mature fruit (P > 0.30, Fig. Sf). This attenuation of 
differences in development through the crop cycle 
resembles the phenomenon of phenological conver-
gence described for wheat (Hay and Kirby, 1991). 

Owing to the delay in reproductive development, 
accumulation of dry matter in reproductive organs 
was initially slower in damaged crops than in con-
trols (Fig. 6a). Differences in reproductive dry matter 
were significant at 65 DAS (P < 0.01), reached. a 
maximum at IOO DAS(P < 0.0001) and disappeared 
at 155 DAS (P > 0.98). Yield was unaffected by 
damage treatments (Fig. 6b) but time of maturity was 
significantly delayed (Fig. 6c). Seed cotton per fruit 
ranged from 3.1 to 7.6 g, and it was greater in crops 
that had reproductive damage than in controls at 154 
DAS (Table 3). 

Analysis of fruiting dynamics and yield compo-
nents highlight two of the compensatory mechanisms 
described by Brook et al. (l992b): (a) removal of 
fruit simulating insect-induced shedding substituted 
for fruit that would have been shed physiologically, 
as indicated by the large difference between peak 
fruit number and peak flowerbud number in undam-
aged crops (Fig. 5d vs. b), and to a lesser extent (b) 
increased fruit mass (Table 3). 

3.3. Experiment 3 

Removing 50% of the flowerbuds present in the 
crop had dramatic but transient effects on cotton 
development (Fig. 7). At 140 DAS, the proportion of 
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plants with mature fruit in Wl-W3 treatments was 
only 0.02 to 0.06 in comparison with the controls 
were this proportion was 0.2 (Fig. 7a). Crops that 
were damaged earlier recovered faster, e.g., mature 
fruit number in the Wl treatment recovered to the 
level of control crops at 161 DAS while WS crops 
reached the level of controls at 189 DAS (Fig. 7b). 
The mass of seed cotton per fruit was unaffected by 
treatments (P > 0.10, Table 3). At the end of the 
growing cycle, all treatments had similar yield (Fig. 

120 • c (b) 
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7c), and negligible (2 m - 2
) and similar (P > 0.25) 

number of immature fruit. Damaged crops tended to 
reach maturity later than the undamaged control but 
differences were not significant (Fig. 7d). 

4. General discussion: implications for pest man-
agement 

Bt cotton provides a basis to reduce the use of 
insecticides aimed at lepidopteran pests. Previous 
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D 

0 
0 

a 

0 
[ 

V.O. Sadras / Field Crops Research 56 ( 1998) 287-299 293 

D mature fruit 

(a) • mature + immature fruit (b) 
~ 900 100 • e 

bJ) ,_, 
~ 
Q,) --~ E! 

50 R • 
600 a 

bJ) ,_, 

400 

t' 
'd 

Q,) 

> .... -CJ = "C 

0 = ~ 
80 100 t: 

0 

300 
(,,) 

"C 
Q,) 
Q,) 

00 

200 

0 
~ 
~ 
Q,) 

i:z:: O+c:r-aq~.....,..~~~--.~~~----. 

80 110 140 
0 

170 +BtSl +BtS2 -BtSl -BtS2 

Days after sowing Treatment 
Fig. 4. Effects of Bt and insecticide treatments on (a) the accumulation of dcy matter in reproductive organs (symbols as in Fig. 3), and (b) 
seed cotton yjeld; seed cotton in mature fruit is the actual (harvest.able) yield whereas seed cotton in mature and immature (not harvestable) 
fruit is taken as a measure of yield 'potential'. Error bars are one s.e.m. and are not shown when smaller than symbols. Data from Exp. I. 

Radiation-use efficiency was unaffected by insec-
ticide treatment; average RUE in the period from 71 
to 161 DAS was 1.32 ± 0.02g Mr 1 for + Bt crops 
and 1.21 ± 0.04 g MJ- 1 for - Bt, values that are 
comparable to those previously reported for repro-
ductive cotton (Rosenthal and Gerik, 1991; Sadras, 
1996b). A conservative conclusion from this compar-
ison is that Bt genes did not reduce cotton RUE, 
hence standard RUE values can be applied in mod-
elling the growth of Bt cotton. 

Reproductive growth was substantially affected 
by both Bt and insecticide treatments (Figs. 3 and 4). 
Between 56 and 99 DAS, + BtSl crops had a net 
rate of flowerbud production of 3.96 ± 0.49 flower-
buds per day, about twice the rate measured in the 
other treatments (Fig. 3a). The rate of fruit set was 
greatest in the more protected crops ( + BtSl), lowest ,-
in the least protected ( - BtS2) and intermediate in 
the + BtS2 and - BtS 1 treatments (Fig. 3b). Fruit 
maturity was increasingly delayed with decreasing 
protection (Fig. 3c,d). For instance, the stage at 
which 50% of plants had mature fruit was attained at 
156 DAS in + BtSl and at 185 DAS in - BtS2 (Fig. 
3d). Accumulation of dry matter in reproductive 

organs (Fig. 4a) paralleled the differences in fruiting 
dynamics depicted in Fig. 3b. Seed cotton per fruit 
was unaffected by treatments (Table 3). 

Yield of + Bt crops was 17% greater than that of 
-Bt crops (P < 0.05), and it was 28% greater in Sl 
than in S2 crops (P < 0.001); the effects of Bt and 
insecticide treatment were additive (interaction: P > 
0.70) (Fig. 4b). The ranking of treatments based on 
yield measured in 2 m- 2 samples (Fig. 4b) agreed 
with the ranking based on lint yield measured in 0.11 
ha samples (S. Deutscher, unpublished data). The 
number of immature fruit per m2 remaining in the 
crops at the end of the growing season (204 DAS) 
was: 7 ± 2 in +BtSI , 15 ± 2 in + BtS2, 15 ± 3 in 
- BtSl , and 24 ± 8 in -BtS2; effects of Bt and 
insecticide treatments were significant (both P < 
0.05) and additive (interaction: P > 0.78). Taking 
seed cotton of mature and immature fruit together as 
a measure of yield potential, no differences were 
found between + Bt and - Bt treatments (P > 0.72) 
and the effect of insecticide treatment was less (13% 
difference between S 1 and S2) but still significant 
(P < 0.05; Fig. 4b). This highlights the potential 
ability of cotton crops to compensate for damage, 
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studies showed a consistent decline of Bt efficacy 
during the last part of the growing season, and some 
cases of reduced efficacy early in the season have 
also been observed in commercial Bt crops (Intro-
duction). This, together with the obvious need to 
protect the crops against non-lepidopteran pests, 
means that information on crop tolerance to damage 
is important to devise effective pest management 
strategies for Bt crops. 

Studies of tolerance to damage in non-Bt cotton 
demonstrated (see references in Table 4): (a) that 
crop yield is unlikely to be reduced by losses of 
vegetative buds similar in timing and intensity to 
those investigated in Exp. 2, (b) a substantial capac-
ity of the crop to recover after reproductive damage 
similar to that in Exps. 1- 3, and (c) important 
influences of growing conditions on the actual de-
gree of compensation. Morphological and physio-
logical mechanisms underlying these responses have 
been discussed in detail by Brook et al. (1992b) and 
Sadras (1995). Experiments 2 and 3 indicate that the 
degree of tolerance to early-season loss of vegetative 

Table 4 
Comparative tolerance to vegetative and reproductive damage of 
Bt ( +) and non-Bt (-) cotton. The ratio between the yield of 
manually damaged crops and that of undisturbed controls is taken 
as an approximate measure of tolerance 

Bt Damage• Yield ratio Source 

+ 

+ 
+ 

+ 

v 
v 
v 
v 
v 
R 
R 
R 
R 
R 
R 
R 
R 
R 
R 
R 

VandR 
VandR 

0.86 
0.72 to 1.06 
1.0 to 1.10 
0.96 to 0.98 
0.92 to 1.29 

0.81 to 0.94 
0.86 to 1.11 
0.59 to 1.12 
0.80 to 1.03 
0.20 to l.24 
0.64 to 1.12 
0.99 to 1.27 
0.97 to 1.03 
0.81 to0.92 
0.56 to l.13 
0.82 to l.21 

0.76 
0.97 to 1.05 

Exp. 2 
Bishop et al. (1977) 
Brook et al. (1992b) 
Evenson (1969) 
Sadras (I996c) 

Exp.2 
Exp. 3 
Brook et al. (1992b) 
Evenson (1969) 
Kennedy et al. (1986) 
Klncadc et al. (1970) 
Kletter and Wallach (1982) 
Pettigrew et al. (1992) 
Sadras (1996a) 
Ungar el al. (1987) 
Wilson and Bishop (1982) 

Exp. 2 
Brook et al. (1992b) 

•v: removal of vegetative buds, R: removal of reproductive buds 
and/or fruit. 

buds and to the loss of reproductive buds in Bt crops 
is comparable to that usually observed in non-Bt 
crops (Table 4). 

The recovery of damaged crops in Exps. 2 and 3 
seem to contrast with the results of Exp. I, in which 
Bt crops with 6 insecticide applications yielded 24% 
less than their counterparts with 9 insecticides. There 
are three possible reasons for these contrasting re-
sults. First, crops in Exp. 1 were damaged by Heli· 
couerpa spp. larvae while crops in the other experi-
ments were manually damaged. Although differences 
in plant responses to insect and simulated damage 
cannot be disregarded, the key cotton responses to 
Helicoverpa spp. can be reproduced realistically with 
the methods used in this study, as demonstrated by 
Brook and colleagues in comparative studies of cot-
ton responses to insect and manual damage (Brook et 
al., 1992a,b). The validity of using manual bud 
removal to simulate insect damage is further sup-
ported by the similar patterns of fruiting dynamics 
and accumulation of reproductive dry matter of crops 
damaged manually (Figs. 5, 6a, 7) and those dam-
aged by Helicoverpa spp. (Figs. 3 and 4a). Second, 
crops in Exp. 1 grew in poorer soil than crops in 
Exps. 2 and 3, i.e., soil in Exp. 1 was more sodic and 
of lighter texture, hence more prone to waterlogging, 
and less favourable for mycorrhizal colonisation (see 
Section 2.1). Although the yield of the best protected 
crops was similar in all experiments (Figs. 4, 6 and 
7) crops in Exp. 1 took two weeks longer than crops 
in the other experiments to achieve this yield, an 
indication of poorer growing conditions. Third, less 
protected treatments in Exp. 1 were exposed to 
continuous insect damage during most of the grow-
ing season (Fig. 1) in contrast to Exps. 2 and 3 in 
which damage treatments were well defined and 
restricted in time. The second and third propositions 
are the most relevant from the viewpoint of the 
physiology of the crop and its implications for pest 
management. 

Growing conditions are known to affect the ca-
pacity of plants and crops to recover after episodes 
of herbivory. Depending on the kind of factor/ s that 
restrict growth, cotton compensates better under 
'poor' (Brook et al., 1992a) or 'favourable' (Sadras, 
1996a) growing conditions (see interpretation of con-
flicting results in Sadras, 1995). Under the poorer 
growing conditions of Exp. 1, damaged crops had a 
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substantial mass of immature fruit at the end of the 
growing cycle. The magnitude of unrealised yield, 
i.e., the difference between harvestable and potential 
yield (Fig. 4b) highlights the importance of the 
interaction between growing conditions and time 
available for recovery in the outcome of compen-
satory responses in cotton (Sadras, 1995, 1996a). 
Pest management decisions could thus be improved 
if practical means are developed to account for the 
influence of growing conditions and season length 
on cotton compensation. 

The contrasting responses between experiments 
could also be due to the continuous insect pressure to 
which crops were exposed in Exp. I compared to the 
discrete damage episodes of Exps. 2 and 3. If so, 
single cohorts of insects that escape the effects of Bt 
toxins and cause up to 50% flowerbud shedding 
should not be of great concern unless this situation 
persists through the growing season and/or other 
non-lepidopteran pests, such as mirids, also damage 
the crop. 

This is the first study of tolerance to damage in Bt 
cotton and certainly the responses of the crop to 
damage could be expected to be influenced by fac-
tors such as nitrogen supply, water availability, tem-
perature and radiation. Studies specifically designed 
to investigate the interactions between these factors, 
the crop and its pests are required. In principle, this 
study indicates that the introduction of B. 
thuringiensis genes into cotton did not reduce the 
considerable capacity of the crop to tolerate insect 
damage. 
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Compensation in cotton following pest damage: 
potential and limitations 

Tom Lei 
CSIRO Cotton Research Unit and Australian Cotton Cooperative Research Centre, PO Box 59, Narrabri 

NSW2390 

Key words: compensation, yield, cultivar, pest damage, Helicoverpa, fruiting dynamics, tip damage, canopy 
development 

Abstract 
Damage caused by chewing and sucking pests does not necessarily lead to a yield loss in cotton. There is 
ample evidence indicating that cotton can fully recover from levels of vegetative and fruit damage above the 
current industry threshold. The ability to compensate for tissue loss in cotton is attributed to an improved 
canopy development stimulated by pre-squaring tip damage, and to fruit substitution for damage and 
increased fruit production during the reproductive stage. However, cotton's ability to compensate for fruit 
loss declines dramatically as boll development accelerates (3-4 weeks after first square), therefore, a more 
cautious pest management is necessary for about 2 months (until cut-out) to avoid yield loss. A look-up table 
of the estimated fruit damage caused by Helicoverpa larvae at different fruiting stages is provided to allow 
assessment of a crop's ability to tolerate fruit loss. To ensure full compensation, it is important to maintain a 
healthy crop canopy (i.e., keeping mite damage under control) but not one with excessive leaf area (which 
leads to yield loss), particularly during the boll forming stage. Excessive growth response to pest damage 
may be minimised by selecting okra leaf cultivars and by managing nitrogen and irrigation properly. A well 
managed crop may even respond to damage such as early season tipping out with yield gain over an 
undamaged crop. Clearly, the potential for reduced pesticide use in early and mid-season clearly exists and so 
do the attendant benefits of that. Harnessing the compensatory capacity of cotton is a key component of 
Integrated Pest Management and sustainable cotton cropping. This research continues the effort to ascertain 
ways of fully utilising the compensation potential of cotton for future incorporation into decision support 
systems for pest management. 

Why is compensation important? 
"It will become increasingly rare for farmers to use pesticides when the damage is not of economic 
importance" Wilson (1986). This observation has taken on a greater imperative in the current cotton cropping 
system in Australia. Knowing the full capacity of a cotton crop to recover from pest damage means we can 
raise the threshold for Helicoverpa and other pests without suffering economic penally. Moreover, there are 
important benefits to reducing pesticide use: 

• reduced cost 
• less impact on the environmental 
• slow the development of insect resistance 
• encourage beneficial arthropods 
• minimise flaring of secondary pests 
• possible yield gain 

While the introduction of transgenic cotton represents a significant advance in cotton pest management, 
compensation remains important. The current Bt cottons do not protect the crop throughout the season and 
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even with the forthcoming 2-gene lines, non-lepidopteran pests remain a threat. Given that different cultivars 
have different sensitivities and recovery patterns to pest damage, the key question is at what level would pest 
damage become "economically important"? Of equal importance is the question of how compensation varies 
under different agronomic conditions and in different cropping regions. Information from this study can help 
us to develop guidelines for pest management which take full advantage of the compensation capacity of 
cotton. 

How tolerant is cotton to damage? 
As early as the 1930s, cotton researchers had begun to assess the tolerance of cotton plants to pest damage 
(e.g., Eaton, 1931). Since then, a substantial number of studies have found full or over- compensation of 
yield in crops even after fairly heavy damage to leaves, terminals and fruit. Sadras (1995) presented a review 
of the evidence supporting the case that damage episodes at levels above the current threshold do not 
necessarily reduce yield. In our own field trials in the last two years, we simulated more realistic damage by 
imposing multiple damage events including both pre-squaring tip damage and fruit removal. We also used 
several levels of artificial pest damage ranging from no additional damage to 8 larvae per metre (Fig. 1). The 
results of the two-year trial demonstrate two key points. Firstly, cotton can compensate from repeated 
damage at levels as high as 8 Helicoverpa larvae per metre without significant yield loss (note that 
histograms in Fig. 1 have a break which accentuates the differences among treatments). Secondly, even 
though the yield potential may have differed considerably (Yr 2 was twice that of Yr 1), the ability to 
compensate was not strongly affected. 
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Figure 1. A two-year field trial conducted at Narrabri examining the ability of cotton to compensate from 
repeated damage simulating 0-8 Helicoverpa larvae per metre. The damage imposed consisted of two tip 
damage events before first square (80% of plants tipped out) and 2 fruit removal events (last event was about 
130 DAS). Sicala V2 (Yr l) and Sicala V2i (Yr 2) were grown using standard N and irrigation management 
and plant stand at 10 plants per metre. The number of fruit removed for each simulated larval level was 
calculated using actual fruit count and the Helicoverpa Feeding model (see Table 1), fruit were removed in a 
random fashion by hand. 

How does cotton recover from damage? 
Cotton plants respond to different types of pest damage in different ways. Early season tip damage induces a 
strong response for lateral branch growth. We will look at this more closely later. When leaf area is reduced 
either by defoliation or through mite infestation, the plant experiences reduced vegetative growth and fruit 
development. Moderate levels of leaf loss may not have an economic effect on yield (see below). Loss of 
fruit can lead to an increase in vegetative or reproductive growth depending on the number of fruit remaining 
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on the plant. If there is a sufficient number of fruit remaining, then substitution of lost fruit can maintain the 
carbon demand by fruit without resuming vegetative growth. If few fruit remain, then the surplus carbon will 
be used for a spurt of vegetative growth until fruit numbers build up again. In the later case, because fruit 
development is temporarily interrupted, there may be a delay in boll maturation. 

Structural changes resulting from tip damage or reduced leaf area 
When early season pests damage the terminal of a young cotton plant, the plant is stimulated to produce 
lateral branches from main stem leaf nodes below the terminal. The number and position of lateral branches 
produced differs between cultivars and may be related to their degree of apical dominance (Sadras and Fitt, 
1997). Figure 2 shows a significant increase in the number of branches produced from manual tip damage 
prior to squaring. With the development of lateral branches, the cotton canopy usually becomes more 
efficient in intercepting light and therefore could accumulate more carbon. More branches also means more 
potential fruiting sites and a larger square production. Since plants with more fruit can tolerate more damage 
(through substitution of lost fruit), we believe tip damage could also help cotton to resist fruit damage later in 
the season. 
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Figure 2. This graph shows the increase in the number of 
vegetative branches resulting from manuaJly imposed tip 
and fruit damage across the 1998-99 season. The vegetative 
branching index represents the number of branches per 0.5 
m row of cotton standardised to plant height. The variety 
planted in this trial was Sicala V2i with 60 kg NI ha applied 
and at I 0 plants per metre. 

Relative to tip damage, early season defoliation appears to have a greater impact on the subsequent growth of 
the cotton plant. In a series of field trials conducted by CRC Industry Development Officers in 1999, tip 
damage showed little influence on (or even a slight boost to) yield while I 00% defoliation of true leaves had 
a larger negative effect (Fig. 3). These results highlight the difference between depriving a plant of its current 
growing tip and of its carbon source. The former involves little tissue mass and can be readily replaced by 
dormant buds while the latter requires major re-establishment of canopy by a carbon-impoverished plant 
Such drastic loss of leaves is clearly undesirable but rare (such as a result of hail). 01her studies found no 
yield effect with as much as 80% of leaf area removed (Wilson and Sadras 1998). This shows that when 
plants are young, they have sufficient time to recover fully from only a small amount of leaf area left 
Another issue Fig. 3 raises is the effect of climate on compensation. Because of a lower mean temperature 
and a shorter season, cotton grown in cooler regions have a reduced ability to compensate and a greater risk 
of delays in maturity from both tip and leaf damage. Therefore, a full account of the safety margin for full 
recovery for various cropping regions is essential and is key part of the continuing compensation research. 

Cotton response to fruit removal 
Damage to cotton fruit is a great concern to growers since it is generally perceived as having a direct impact 
on final yield. This perception, however, is not always true. In the extreme case, cotton can lose all its fruit 
without yield loss if the loss occurred early (Sadras, 1996b). In a realistic situation, pests cause damage to a 
portion of the fruit on the plant and if there is sufficient fruit remaining to replace the lost fruit, there may 
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Figure 3. Yield and maturity (numbers above bars) of various tip damage and defoliation treatments 
conducted in warm (central Queensland) and cool (upper Namoi) cotton cropping regions by CRC Industry 
Development Officers. Early or delay (in days) in maturity to the control was indicated by - and + numbers 
respectively. Treatment codes: Control- (no damage), T04, TOIO and T04+ 10- tipped out at main stem 
node 4, IO and both, respectively, Def3- 100% defoliation (excpet for cotyledons) at node 3. 

not be a yield consequence. Tal<lng an average crop as an example, within a metre row, 300 squares may be 
initiated. However, the crop will lose 2/3 of them through physiological shedding, and will mature typically 
120 bolls/mat the end of the season. Physiological shedding occurs because cotton produces more squares 
than its carbon supply can support. But if a portion of squares was shed through pest damage, then a similar 
number of remaining squares will be retained to maintain a balance in carbon supply to fruit. Therefore, so 
long as there are sufficient fruit left on the plant to substitute for that lost to pests and to maintain a fruit load 
at the plant's carrying capacity (e.g., 120 fruit per metre), then no significant yield Joss should occur. How 
many damaged fruit can cotton substitute? Table 1 gives some idea of the number. This table is derived from 
the larval feeding model developed by Wilson and Gutierrez (1980) and tested in Australia by Wilson and 
Waite (1982). Given the developmental stage of the crop (i.e., early squaring with only squares and flowers), 
we can estimate the number of fruit taken by a cohort of Helicoverpa larvae over a 2-week period (from first 
instar to pupation). Clearly, a healthy crop has enough fruit to substitute for losses caused by 6 or 8 larvae per 
meter more than once. However, as boll development progresses, there will be fewer squares and more 
feeding on bolls (lower part of Table 1). Replacing damaged bolls is more energetically demanding than 
replacing squares. Because there is less time for recovery as the season progresses, boll damage could result 
in no loss of yield but a significant delay in maturity, or in a yield loss if the damage occurred very late in the 
season. The limit to compensation late in the season means it is prudent to protect the boll load against 
damage starting about peak flowering until cut out. Thereafter, without small squares and young terminals on 
the plants after cut out, first instar Helicoverpa larvae will not survive to the next stage. In addition, the 
combined effect of less attractive maturing bolls (Table 1 - compare LB with other fruit classes when all fruit 
classes are present) and feeding on young but economically inconsequential bolls means control will not be 
necessary, particularly after about 15% of bolls have opened (Gibb 1999). 

Associated with compensation, first position boll retention is an issue of concern for growers. Currently, a 
first position fruit retention rate of 50-60% is considered ideal while excessively high rates (above 80%) 
could incur a yield penalty (ENTOpak, Cotton CRC). With fruit damage, our concern is whether a lower 
level of retention relates directly to a decrease in yield? This appears not to be the case in the example given 
in Figure 4. This graph shows no direct relationship between first position boll retention and yield for both 
transgenic and conventional cotton trialed in the Upper Namoi in 1999. Another key point in this graph is 
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that the two low yielding trials (open circles) were unsprayed but they have retention rates similar to the 
sprayed trials suggesting that more sprays do not necessarily increase fruit retention. While retention of fruit 
is important to good yield in general, this can be achieved through larger and more second position bolls. 
This is one fonn of compensation where yield is maintained through the substitution of higher position fruit. 
In cropping areas such as Kununurra WA where the season warms up as fruiting progressed, late forming 
bolls make up a large portion of the yield (Kay 1998, S. Yeates personal communication). In this situation, 
the loss of first position bolls lower in the stem will have even less effect on yield. 
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Figure 4. Relationship between fruit retention and yield 
taken from field trial results conducted by Industry 
Development Officers in the upper Namoi Valley in 1999. 
These trials included conventional and INGARD cotton 
managed under various pest control regimes. 

How to harness the compensation potential of cotton? 
To be successful in achieving compensation, it is critical to maintain a safety margin between potential pest 
damage and the crop's ability to tolerate and recover at any given time during the season. Because agronomic 
and environmental factors vary with time of the season and location, spray decisions should not always be 
based on static pest thresholds but on the risk of yield loss given the status of the crop and likely weather 
ahead. The concept of a sliding scale of pest threshold depending on canopy development and fruiting 
dynamics has been proposed by Hearn and Room ( 1979) and Wilson (1986). Because we are not yet able to 
forecast the yield impact at different pest levels and crop conditions, a truly dynamic threshold for pest 
management has not been widely implemented. Achieving good compensation involves a multitude of 
interacting factors, the following are a few key points warrant consideration. 

Any factor involved in regulating cotton growth may influence how cotton recovers from pest damage. 
Conditions favourable for rank growth (e .g., irrigated cotton under high soil N) may exacerbate the response 
to pest damage such as excessive leaf production following tip damage. To reduce the risk of under 
compensation due to excessive growth, appropriately managing N and irrigation and choosing the right 
cultivar will help. Okra leaf cultivars with their higher light penetration and better resistance to mites and 
Helicoverpa, may both incur less damage and suffer less impact from responses to pest damage resulting in 
excessive leaf production. 

Good accounting of the time required to recover lost fruit is essential. If fruit damage exceeds the level where 
substitution can occur (cf. Table 1), then the plant will initiate more fruit development. This could lead 
initially to a resumption of vegetative growth which may improve the radiation use efficiency (Sadras, 
1996a) and a faster recovery of the crop but it could also delay fruit development resulting in a late crop. 
Therefore it is important to monitor damage during the early fruiting stage to ensure it does not exceed the 
level of sufficient substitution. For Helicoverpa, one way to do this is by comparing the potential fruit 
damage of larval number per meter (using Table 1) with actual fruit count. The current fruit retention 
guidelines given in ENTOpak and the Australian Cotton Industry Best Management Practices Manual 
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(Integrated Pest Management section) should also be consulted. In the future, we will make available a 
decision support system for the assessment of compensation potential (see Future work below). 

There is strong evidence suggesting that most cotton crops can tolerate or even benefit from some tip damage 
as this can lead to an improvement in canopy structure and resource utilisation. However, there is a risk that 
high input crops may respond to tip damage by excessive leaf growth. This could increase self-shading and 
respiratory cost, reduce carbon gain, spray penetration and boll number through boll rot Therefore, 
maximising compensation must include measures (e.g., cultivar selection, planting density or growth 
regulator application) to minimise excessive growth. 

Encourage the establishment of beneficial insects to reduce secondary pests such as mites and aphids. Crops 
with fewer sprays or sprayed with softer chemicals could maintain healthier predator populations and inherit 
fewer problems with secondary pests later in the season. Other options to increase beneficial insects such as 
adding refuge crops and food supplements such as Envirofeast should also be considered (e.g., Mensah, 
1997). 

The use transgenic cultivars will significantly alter future pest management strategies. The current one-gene 
cultivars offer an enhanced early season protection against lepidopleran pests but the efficacy declines with 
the start of fruiting. Notwithstanding the potential increase in non-Lepidopteran pests (e.g., mirids), the early 
season Helicoverpa protection alone should be used to its full advantage through the promotion of predator I 
parasitoid populations. Mid- to late season fruit protection of current INGARD cultivars should follow that 
proposed for conventional cotton. 

Future work 
The implementation of compensation potential in decision making on pest control is the nex:t major step in 
our research. To do so, we must make good predictions on the safety margin between crop tolerance and 
potential pest damage at any stage of the crop development. This involves a large number of variables (e.g., 
weather, cultivar, fruiting dynamic, damage history) which can only be processed with a computer simulation 
model. Based on a substantial amount of existing information, we have begun to describe the processes 
involved in compensation in a cotton growth model (OZCOT, Heam, 1994). We are currently incorporating 
into this model response parameters of cotton to vegetative and fruit damage by Helicoverpa, mites and other 
major pests. The value of such a model lies not only in making spray decisions based on its projected yield 
for a given pest damage event through simulation, but also in finding the best agronomic options such as 
cultivar, N application, and planting density prior to planting lo maximise compensation. 
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Table 1. This is a look-up table of the number of fruit that will be damaged when fed upon by a given 
number of Helicovupa larvae. The number of damaged fruit varies according to the developmental stage 
and the availability of fruit types on the plant. It can be used to assess the ability of a crop to replace lost 
fruit given the number of fru it currently on the plants. This table was generated using the Heliothis 
feeding model developed by Wilson and Gutierrez (1980) and Wilson and Waite (1982). Fruiting classes 
are: SS=small squares <0.5 cm, MS=medium squares 0.5 - I cm, LS= large squares > 1 cm, FL=flowers, 
SB=small bolls <2.5 cm, MB= maturing bolls >2.5 cm but with soft boll wall, and LB=late bolls >2.5 
cm with hard boll walls. 

Fruit development I larvae per metre I SS I MS I LS I FL I SB I MB I LB I Total 
Only small to large squares 

0.5 0.1 1.0 2.5 0.0 0.0 0.0 0.0 3.7 
1 0.3 2.0 5 .1 o.o o.o 0.0 0 .0 7.4 
2 0.5 4.1 10.1 0.0 0.0 0.0 0 .0 14.8 
4 1.1 8.1 20.3 0.0 0.0 0.0 0.0 29.5 
6 1.6 12.2 30.4 0.0 0.0 0.0 0.0 44.3 
8 2.2 16.3 40.6 0.0 0.0 0.0 0.0 59.1 

Squares and !towers 
0.5 0.1 0.7 1.1 1.3 0.0 0.0 0.0 3.2 
1 0.3 1.4 2.1 2.6 0.0 0.0 0.0 6.4 
2 0.5 2.8 4.3 5.2 0.0 0.0 0.0 12.9 
4 1.1 5.7 8.6 10.4 0.0 0 .0 0.0 25.7 
6 1.6 8.5 12.8 15.7 0.0 0 .0 0.0 38.6 
8 2.1 11.4 17.1 20.9 o.o 0 .0 0.0 51.5 

Squares, flowers and smali bolls 
0.5 0.1 0.7 0.9 1.0 0.6 0.0 0.0 3.3 
1 0.3 1.4 1.8 2.0 1.2 0.0 0.0 6.6 
2 0.5 2.7 3.5 3.9 2.4 0.0 0.0 13.1 
4 1.0 5.4 7.0 7.9 4.9 0.0 0.0 26.2 
6 1.6 8.1 10.5 11 .8 7.3 0.0 0.0 39.3 
8 2.1 10.8 14.0 15.7 9.7 0.0 0.0 52.4 

All except hard bolls 
0.5 0.1 0 .7 0.7 0.7 0.4 0 .2 0.0 2.9 
1 0.3 1.3 1.5 1.5 0.8 0.5 0.0 5.9 
2 0 .5 2.6 2.9 2.9 1.7 1.0 0.0 11.7 
4 1.0 5.3 5.9 5.9 3.4 1.9 0.0 23.4 
6 1.6 7.9 8.8 8.8 5.1 2.9 0.0 35 .1 
8 2.1 10.6 11.8 11.7 6.7 3 .9 0.0 46.9 

AK fruit classes present 
0.5 0.1 0.7 0.7 0.7 0.4 0.2 0.0 2.8 
1 0.3 1.3 1.4 1.4 0.8 0.4 0.1 5.6 
2 0.5 2.6 2.8 2.7 1.5 0.8 0.2 11.2 
4 1.0 5.3 5.6 5.4 3.0 1.7 0.4 22.4 
6 1.6 7.9 8.5 8.1 4.5 2 .5 o.s 33.7 
8 2.1 10.6 11.3 10.8 6.0 3.4 0.7 44.9 
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Recovery of cotton in growth and yield after repeated damage 

T.T. Lei 
CSIRO Cotton Research Unit, Locked Bag 59. Narrabri NSW 2390 Australia 

Introduction 
The issue of compensatory growth in cotton is central to IPM. Cotton has been shown to 
produce more leaf area and more fruiting sites after early and mid-season pest damage (e.g., 
Sadras 1996). Therefore it is possible for cotton to recover from infestations by pests such as 
Helicoverpa without a loss of yield. The potential for full or over-compensation in growth and 
yield parameters exists for cotton and is well documented (e.g., Brook, Heam and Kelly 1992a, 
b; Sadras 1996). For example, in 13 out of 14 trials conducted by Brook et al. (1992b) where the 
control crop yield was between 5 and 7 bales ha·1, the yield of the corresponding damaged crop 
was 97 - 112% that of the control. Brook et al. have also shown a high recovery potential under 
intermediate resource availability but the ability to fully recover declines at very high and very 
low resource levels. The mechanism for the observed patterns of recovery remains unclear. 
However, we suspect that adjustments in canopy structure and photosynthesis are important. To 
examine these possible mechanisms of compensation, we conducted field trials where plant 
responses were monitored after shoot terminals, squares and bolls were manually removed. 

Methodology 
A field trial was conducted at ACRI in 1998-99. We examined the responses in plant 
architecture and leaf level physiology following simulated Helicoverpa damage at 0 (Control) 
and 6 small larvae m·1 (Damage, Figure l). Plants were given three levels of soil nitrogen: 0 
(LN), 60 (MN) and 120 (HN) kg ha·1 to assess the pattern of recovery under different resource 
availability. Seed of Sicala V2i were sown in mid-October and thinned to 10 plants per meter. 
Standard irrigation and pest management were applied. We made five sequential harvests where 
the biomass of above- and below-ground tissue and the number of vegetative branches and 
reproductive structures were recorded for each treatment combination. There were four replicate 
plots per treatment combination. 
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Figure 1. The increase in aboveground dry matter was clearly affected by soil N. The dates and 
duration of simulated damage during the growing season are indicated by the arrows. 

To mimic realistic levels of Helicoverpa damage, we imposed repeated (4 times) damage to 
cotton plants during both the pre-squaring and the reproductive stages (Figure 1). For this 
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experi~ent, we simulated the effect of 6 small larvae m·1• The first damage event was at the pre-
squaring stage where plants were tipped out. Pre-squaring tipping out has significant 
physiological consequences on the because it stimulates the production of lateral vegetative 
branches and so alters the crop's canopy structure. Subsequent damages involved the removal of 
reproductive structures simulating the realistic preferences and feeding rates of Helicoverpa. We 
used the actual number of fruiting structures of various sizes on the plant as the input for the 
Predation Model developed by LT Wilson (Table 1; Wilson and Gutierrez 1980). This model 
generates the number of squares, flowers and bolls to be removed over a 2-week period which 
simulates the developmental progression of a cohort of feeding larvae. 

Table 1. Using the actual number of reproductive structures, we calculated how many of those 
structures 6 larvae will remove over a 2-week period. Note that the amount of damage to the 
large plants grown in high N was relatively small as a proportion of the total number of fruit 
present when compared with those in moderate and low N. These values were from the fourth 
damage event (see Figure 1). 

Nitrogen Ssq Msq Lsq flower Sbolls Lbolls 

Actual number of fruitina structures oer m 
HN 105.7 84.0 170.5 8.2 8.7 0.0 
MN 58.3 58.7 125.3 4.7 6.7 0.0 
LN 39.3 47.8 58.8 0.0 0.8 0.8 

Fruiting structures removed oer m 
HN 1.5 7.6 30.2 2.0 1.4 0.0 
MN 1.2 7.5 31.0 1.6 1.5 0.0 
LN 1.3 10.9 30.6 0.0 0.4 0.3 

Abbreviations: S sq - small squares ( <0.5 cm), M sq - medium squares (0.5-1.0 cm), L sq -
large squares (>1.0 cm), S bolls - small bolls (<2.5 cm), and L bolls-large bolls (>2.5 cm, soft) 

Findings of last year's experiment . 
Our results support the expected trend of yield recovery under different resource situations. 
Table 1 shows an overcompensation at moderate N, full compensation at low N and incomplete 
compensation at high N. There was a slight delay associated with damaged plots grown in 
moderate and low N, but a greater delay for those in high N. Clearly, even after repeated 
damages simulating 6 larvae per meter, cotton plants can recover fully under certain growth 
conditions. 

Table 2. Lint yield and maturity date of Sicala V2i grown under 3 nitrogen regimes and 2 
damage levels. 

Nitrogen Damage lint (kg/ha) 60% boll open (DAS) Delay (days) 
HN Control 2334 165±4 
HN Damage 1893 177±6 12 
MN Control 1355 158±2 
MN Damage 1825 164±5 6 
LN Control 1400 157±3 
LN Damaoe 1399 163:t:3 6 
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The manner in which full compensation is achieved appears to be related to plant architecture. 
When the cotton plant loses its terminal, lateral branching is induced (Sadras and Fitt 1997). In 
our experiment, damaged plants of all three nitrogen treatments had significantly more lateral 
branches than their control counterpart (Figure 2, left panel). Not only did the lateral branch 
growth changed the canopy shape, it also maintained a number of fruiting sites above or equal to 
the control from early squaring onward (Figure 2, right panel). 
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Figure 2. Two indices of how simulated damage changed the growth form of cotton during the 
growing season. The vegetative branching index represents the number of lateral branches per 
meter row of cotton corrected for the height of the plants. The reproductive branching index was 
similarly calculated using the number of fruiting branches. 

The development of lateral branches following damage improved light interception in low and 
medium N treatments. Figure 3 shows the medium N results where the total amount of light 
intercepted at mid-canopy and at the ground level was greater for damaged plants, particularly 
later in the season. We believe this allowed damaged plants to produce more carbon for the 
maturing bolls and led to a higher yield. 
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Figure 3. These are the patterns of light interception at mid-canopy and at the ground level 
across season for the moderate N treatment only. 
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Conclusions 
Results from this and previous studies suggest that the response of cotton to early season tip 
damage can play an important role in the compensation capacity later in the season. In a sense, 
the stimulation of lateral branch growth increased the compensation capacity of cotton and 
makes them more tolerant of later season fruit damage. 

But the recovery is resource-dependent: high in mid-resource situations and low at both the high 
and low resource extremes. The lack of full compensation in high resource-grown plants may be 
due to high self shading from their vigorous growth which nullifies the improvement in canopy 
structure of damaged plants. In low resource-grown plant an insufficient nutrient supply to 
maintain boll development is the likely cause of a lower compensation. We plan to carry out 
further experiments to confirm these inferences, and to explore differences in the compensation 
potential of a wider range of modem cotton varieties. 
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