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Correlating refuge attractiveness with productivity

Background

With the introduction of cotton containing the two Bollgard 1I® genes (CrylAc and
CryllAc), the need for cotton producers to spray their crops with pesticides to control
Helicoverpa spp. has been greatly reduced (Fitt, 2000). This has made cotton more suitable to
Integrated Pest Management (IPM) strategies that are an ever increasing economically and
environmentally sound approach to the control of pests (Fitt et al 2004). IPM strategies have
provided the grower with many benefits in terms of costs saved, and to the community in
terms of lower levels of insecticide in the environment (Fitt, 2000). Most notably, there has
been a marked reduction in pesticide use and a shift to using softer (target-specific)
pesticides, as well as a greater interest in the management of beneficial invertebrates such as

predators and parasitoids (Hoque et al 2000, Mansfield et al 2006).

However the major challenge to the sustainable use of Bt cotton is the risk of Helicoverpa
spp. developing resistance to the Cry toxins (Fitt, 2000). Resistance to conventional Bt sprays
has evolved in field populations of another moth (Plutella xylostella), Bt resistant strains of
H. armigera have been generated in the laboratory, and alleles that confer resistance have
been isolated from field populations (Downes et al 2010; Mahon et al 2007; Baker et al
2008). Concerns for Bt resistance are well founded, and much effort is being applied to

developing and implementing resistance management strategies.

The most notable strategy is the mandatory use of refuge crops to maintain sources of
susceptible moths in the field. The rationale is that susceptible moths from the refuges will
mate with potentially resistant individuals produced in the Bt crops, thus dampening the
development of resistance (Roush et al 1998; Baker et al 2008). Previous work has indicated
that refuges of pigeon pea are more attractive to Helicoverpa spp. moths, and produce twice
the amount of pupae and moths than cotton refuges (Baker et al 2008). Because of this

productivity, growers only need to plant half as much pigeon pea refuge as cotton refuge.

There is further pressure to reduce refuges from the development of Bollgard I1I® cotton, in
which another insecticidal toxin, coded by the vip3A gene (derived from the vegetative stage
of Bacillus thuringiensis) is added to Bollgard 1I® cotton, This is because the added vip3A
gene is expected to significantly reduce the chance of Helicoverpa spp. pests surviving on Bt

cotton (as it now has to be resistant to three toxins, rather than just two). The combination of
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vip3A and Bollgard I11® referred to as Bollgard I1I® is expected to protect cotton against
important lepidopteran pests of cotton including Helicoverpa armigera and H. punctigera
(Monsanto Australia Limited, 2010). Refuge crops will still be essential in dampening the
development resistance to the Bt genes in Helicoverpa spp., but most likely there will be
room for a reduction in the area of refuge needed to accompany the transgenic cotton

varieties.

An aim of the Cotton CRC is to deliver sustainable ecosystems with reduced impacts on
catchments. Transgenic Bt cotton reduces cotton’s impact on surrounding catchments by
drastically reducing insecticide use. Refuges maintain the viability of Bt cotton by delaying
resistance by Helicoverpa spp. to the Bt toxin. With the advent of Bollgard® 111 there will be
pressure to reduce refuges. To ensure that we have the best resistant management strategies in
place for Bollgard 11I®, we needed to confirm refuge assumptions. These include that refuge
attractiveness is correlated with refuge productivity, and that pigeon pea refuges are more
attractive and productive than cotton refuges. The aim of this project was to test these
assumptions by measuring the relationship between crop attractiveness and pupae
productivity in both cotton and pigeon pea refuges. This information will enable us to

quantify refuge productivity and to better estimate refuge requirements for Bollgard 1I®.

This project involved the sampling of 22 different fields from 20 farms in the Namoi/Gwydir
area of NSW, in the months of January and February 2011. My supervisors and | are very
grateful to the growers of these fields for allowing us to use the fields in this study. Their
direct involvement with this project will hopefully give them a sense of ownership and
receptiveness to the results. Thus the project supports the Cotton CRC’s mission to both
provide high quality collaborative research and improve adoption of the findings by the

cotton industry.
Methodology

In this project 11 Pigeon Pea fields and 11 Conventional Cotton fields were sampled to
compare the survivorship of Helicoverpa spp. These fields were matched as closely as
possible for crop management and growing conditions in the Namoi/Gwydir region (Fig. 1).
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Figure 1. Map of North West NSW illustrating key field sites. Cotton fields are shown in

blue, Pigeon Pea fields are shown in green.

Visual surveys to measure attractiveness.

Each field was sampled twice by a two person team during the season; once in early January
(5" -13"™), and again three weeks later in late January/early February (24™ Jan — 7" Feb). To
sample each field, six reps, each consisting of a metre of row, were randomly chosen within
the field (Fig. 2). The metre was carefully checked by eye, with each plant searched

individually in order to record:

e Physical plant details: number of plants, plant height, number of nodes, number of

nodes above white flower, and plant growth stage.
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e Number of Helicoverpa eggs and their growth stage
e Number of Helicoverpa larvae and their growth stage

e Any other notable caterpillars/predators

Each metre was then marked with a flag so that it could be later checked for pupae.

Figure 2. Visual sample site showing a 1 meter length of one row of cotton refuge

Pupae samples to measure productivity

Three weeks after each visual sample, the same one-metre sample was dug for pupae. A two
person team returned to the site of each visual sample to perform the pupae dig. A one metre
length of soil on either side of the row was carefully removed, to a depth of approx 10cm and
roughly a hand span away from the base of the plant, as shown in (Fig. 3). Any pupae found

were collected in specimen jars and labelled.
Each pupae dig recorded:

¢ Plant growth stage

e Number of Helicoverpa pupae and their classification (prepupae, intact, damaged,
parasitized)

o Number of emerged Helicoverpa pupae and their classification (moth emerged,

parasitoid emerged)
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Any collected pre-pupae were transferred to jars containing vermiculite and allowed to
pupate, whilst being monitored daily. The date of emergence was recorded along with

what species of moth or parasite was reared from the pupae.

Figure 3. Pupae dig site, showing 1 meter length dug for pupae.
Statistical analysis:

Because most of the data collected included many zeros and therefore was not normally
distributed, most analyses were non-parametric, including the non-parametric Kruskal-Wallis
ANOVA, Spearman's rank correlation coefficient, Mann-Whitney U test and Chi-square

goodness of fit. All analyses were conducted in Genstat version 12.
Results
Visual surveys to measure attractiveness.

The January sample included some heavy egg lay events, although there was substantial
variation between samples (range: 0 — 75 eggs/metre in cotton; 0-59 eggs/metre in pigeon
pea; Fig.4). Fewer eggs were collected in February compared with the first sample (range:
0 -14 eggs/metre in cotton, 0 — 7 eggs/metre in pigeon pea; Kruskal Wallis one-way
ANOVA: H=179.69, n =264, df = 1, P < 0.001). Nevertheless there was no difference in
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the number of eggs collected between cotton and pigeon pea crops for either January or
February (Kruskal Wallis one-way ANOVA; January: H = 0.78, n=132, df = 1, NS;
February: H =1.63, n= 132, df =1, NS).

In pigeon pea samples, the number of eggs collected in January was more strongly associated
with early and mid flowering plants than plants that had not flowered or had finished
flowering (Kruskal-Wallis one-way ANOVA: H=16.82,df=2, P<0.001; ; average rank for -
0% flowering (pre-flowering): 25, 5-50% flowering: 51, 80-100% flowering: 32).

707
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Figure 4. Relationship between percentage flowering and eggs found per metre in pigeon pea in
January showing trend line. Eqgs were more common in early flowering pigeon pea.

In cotton there was no similar association, although fields which recorded high egg lays in
January were correlated with high egg lays in February (Spearman's rank correlation
coefficient: t approximation = 3.87, df = 64, P < 0.001, Fig. 5). In pigeon pea fields, there
was no correlation between egg lays from the two samples (Spearman’s rank correlation

coefficient: t approximation = 0.86, df = 64, NS).
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Figure 5. Number of eggs per metre found in the same cotton and pigeon pea fields in
January and February. The line illustrates the correlation between January and
February egg lays in cotton. There was no such correlation in egg lays in pigeon pea.
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Pupae samples to measure productivity

The number of collected pupae and their emergences are shown in Fig. 6. The total number of
pupae collected over the two sampling periods was quite low for both cotton (38 in January,
32 in February) and pigeon pea (50 in January, 12 in February) refuges. For example, out of
the 22 fields dug for pupae during the first digs in late January, only 13 fields yielded pupae
for collection. Although the low numbers of pupae made statistical analysis difficult, overall
more moths emerged from pupae collected from cotton rather than pigeon pea fields (x* =
9.78, df = 2, P = 0.008; Fig. 6).

Cotton, January, n = 38 pupae Cotton, February, n = 32 pupae
Pigeon pea, January, n = 50 pupae Pigeon pea, February, n = 12 pupae

Hmm Parasitised pupae
mmmm Emerged moths
3 Other mortality

Figure 6. Emergence (%) of moths and parasitoids from collected pupae. More
moths were collected from cotton refuges.

D. J. Harris | CRC Summer Scholarship Program 2011



Parasitism rates were high in both cotton and pigeon pea for both January and February
(Cotton: 32% and 38% respectively; and Pigeon pea: 43% and 42% respectively). Also of
interest was the type of parasitoids which were reared from the collected Helicoverpa spp.
pupae. In the past there has been a tendency for a good number of parasites to be Tachinidae,
Heteropelma or Ichneumon (Baker et al. 2008). This pattern was again repeated with the
Tachnids Goniopthalmus, Carcelia and the wasp Heteropelma dominating the parasitoids

(Fig. 7).
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Figure 7. Numbers of parasites emerged according to each dig. Set 1 =
January sample, and Set 2 = February

Is attractiveness correlated with productivity?

Comparing the relationship between egg lays and pupae collected was difficult because of the
large number of samples where either no eggs or pupae or both were collected (Fig. 8).
Because of this it was not possible to test for non-linear relationships between egg lays and
pupae found. There was no linear correlation between egg lays and pupae found in cotton in
either January or February, although there was a linear correlation between egg lays and
pupae digs in pigeon pea in January only (Spearman’s rank correlation coefficient,
correlation =0.4, n=66, t approx.=3.48, P<0.001).

Nevertheless there was a difference in the relationship between egg lays and pupae found

between the January and February samples for both cotton and pigeon pea. To conduct this
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analysis, the ratio between egg and pupae was calculated by dividing the number of pupae by
the number of eggs found in each field (after first removing the zeros by adding 1 to all data).
When these ratios were compared, more pupae were associated per egg lay in February than
in January for both cotton and pigeon pea, suggesting better survival of Helicoverpa in
February in comparison to January (Mann Whitney U test for pigeon pea ratios: U=630,
February has the highest rank sum, P<0.001, n=66,57; cotton ratios: U=921, February has the
highest rank sum, P<0.001, n=66,65).

-
6 P Relationship between eggs and pupae in pigeon pea
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Figure 8. The relationship between egg lays and pupae collected in pigeon pea and

cotton. Only in pigeon pea collected in January is there a linear relationship (as
indicated by the line)
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Discussion

Current Bt resistance management strategies in the Australian cotton industry are based on
estimates of the relative production of Helicoverpa moths from different refuges compared
with unsprayed (non-Bt) cotton (Baker et al 2008). These estimates determine the required
ratio of different types of refuge crops. Under the strategy, unsprayed conventional cotton
refuge must be planted at a rate of 10ha to every 100ha of Bt cotton, while unsprayed pigeon
pea must be planted at a rate of 5ha to every 100ha of Bt cotton. This implies that unsprayed
pigeon pea refuge is 2x more productive than unsprayed conventional cotton. Our field
surveys taken over the period of Jan-Feb 2011 indicate that conventional cotton refuge was in
fact more productive than pigeon pea refuge, with conventional cotton producing more moths
from reared pupae (Fig.6). However the surveys taken are relatively focused in a small area
of space and time. Previous work by Baker, Tann & Fitt (2008) with surveys taken between
the years 1996-2003, and with a broader area of sample locations, demonstrated that pigeon
pea refuge (based on total pupae numbers) was reasonably well justified as being 2x more
productive than conventional cotton. The data supports Baker, Tann & Fitt’s (2008)
suggestion that there is considerable variability in the abundance of Helicoverpa pupae in
space and time. For example the collection of 50 total pupae in pigeon pea refuge during
January, whilst only a total of 12 pupae were collected in February. Also the total number of

collected pupae from our surveys was significantly lower than that of previous years.

The visual surveys to measure attractiveness supported this notion of variability between and
within the cotton seasons. The data shows no consistency in the attractiveness of
conventional cotton and pigeon pea refuge, with many fields attracting no eggs at all, and
others attracting upwards of 40 per metre. As well as this variability in both refuge types,
there was no difference between the attractiveness of conventional cotton and pigeon pea
refuges. However, what the data does show is a correlation between the attractiveness of
pigeon pea refuges and the plant’s growth stage (Fig. 4). In pigeon pea samples, the number
of eggs collected was more strongly associated with early and mid flowering plants than
plants that had not begun to flower or had finished flowering. This means that depending on
the sample times and the sowing times of each field, the number of recorded eggs from
visuals was affected by growth of the refuge crops. For instance if all visual samples were
conducted whilst the refuge was flowering or not flowering, the average number of egg/m

would be considerably higher or lower respectively.
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Although plant development stage in cotton did not significantly affect egg numbers, there
was a correlation between the attractiveness of conventional cotton refuges between samples.
Thus a cotton field that was attractive early in the season was likely to remain attractive
throughout the season. Maintaining consistent attractiveness throughout the season would

assist resistance management.

Even though the pupae samples conducted to measure productivity were affected by low
numbers of pupae collected and highly variable moth productivity, they did yield some
interesting results. The rate of parasitism was very high (Cotton: 32% and 38% respectively;
and Pigeon pea: 43% and 42% respectively) with the types and ratios of parasites emerging
from reared pupae consistent with previous work by Baker, Tann & Fitt (2008) indicating no
change over time in parasitoid composition and a stable parasitoid community over many
years. Conventional cotton refuges produced more moths than pigeon pea refuges, especially
in February (Fig. 5). This indicates that the conventional cotton refuges in this study were

more reliable than the pigeon pea refuges.

The relationship between attractiveness and productivity of conventional cotton and pigeon
pea refuge is not evident from our data. High egg lays in January did not correlate with high
pupae numbers (Fig. 8) and from the pupae that were collected from these lays, there was a
low production of moths. Last year’s study (Whitehouse unpublished data) showed very few
pupae were produced from egg lays in early January (as was the case here) but that there
could be a correlation between eggs lays and pupae production in late January/early February.
In the current study no strong linear relationship between egg lays and pupae was observed.
These results suggest that egg lays cannot be indicative of moth production from a field, as

the relationship is weak at best.

Nevertheless, Helicoverpa survival to pupae was higher in February than January. This is
consistent with last year’s results (Whitehouse unpublished data) indicating that egg and
larval survival increased from January to February. Thus we may expect greater survival of
Helicoverpa from eggs laid in early February compared to early January. This has

ramifications for resistance management.

The large variability in attractiveness and moth productivity shown by our data has potential
to impact on the ability of refuge crops to serve their purpose. For a refuge to be successful it
must produce susceptible moths consistently to dilute the resistant moths emerging from the

Bt cotton. If the attractiveness and productivity of refuges are so variable, then it is possible
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that within and between seasons some farms may produce more resistant moths than non-
resistant, and tolerance to the Bt toxin may accumulate. Down at the field level our data
shows that a conventional cotton field that is attractive in January will be also attractive in
February. The other side of that result is that initially unattractive fields remained unattractive
for the entire sampling period, which could compromise moth production, even though the
link between egg and pupae production was weak in our study. As such it is possible that
those fields which were unproductive produced an insufficient number of susceptible moths
to dilute the resistant moths emerging from Bt cotton in their area. Maintaining the

productivity of refuges is key to their success at managing resistance to Bt in Helicoverpa.
Conclusion

Overall the attractiveness and productivity of both conventional cotton and pigeon pea was
highly variable. Pigeon pea was more attractive for oviposition when flowering but this did
not necessarily translate into more moths, and Pigeon pea fields did not maintain their
attractiveness. Cotton fields which were attractive maintained their attractiveness and so were
more reliable, but there were many fields which were consistently unattractive. However,
attractiveness, as indicated by egg lay, was a very poor indicator of pupae production in this
study. Pigeon pea fields were not twice as productive as cotton fields at producing pupae, and

indeed cotton fields produced more moths.

Helicoverpa survived to pupae better in February compared to January. This change in

survivorship will affect refuge productivity during the season.
Acknowledgments

I would like to thank the management and staff of the farms: Bengerang, Telleraga, Keytah,
St Elmo, Baroma Park, Redbank, Redmill, Santis, Tarcoola, Caroale, Avondale, Moomin,
Dundee, Iffley, Windella, Wirrillah, Auscott, Krui, Glenroy, Federation Farm, and Cardale
for allowing us to sample their fields. Without their participation there would be no project.
In particular 1 would like to thank Andrew Bullard, Joe Robinson, Nick Gillingham, Simon
Upton, Gary Tauton, Ray Fox, Nick Schneebeli, Chris Humphries, Ken and Peter Harris,
Bernie Behoff, Michael Josh, Ken and Judy Stump, Rowan Bennett, Gary Coulton, and Mike
Carberry. 1 would also like to thank James Guinn and Yvette Cunningham who connected
many of these farms with this project. For technical support | thank Norm Winters, Alan

Thompson, Dominic Cross, Gemma Tann, and Finihika Saafi; and | would like to thank the

D. J. Harris | CRC Summer Scholarship Program 2011



cotton CRDC for funding this support. Without technical support the study would not have
been possible. Finally I would like to thank my supervisors, Mary Whitehouse and Sarah

Mansfield for help at all stages of this work.

Presentations and Public Relations

This work will be presented as part of the IPM forum discussions in winter, and will be sent
to the participating growers. It will also be discussed at other industry meetings by MW. DH
will submit a report on this project as part of the professional experience program for his

BScAgr degree.

References

Baker, G. H., Tann, C. R., & Fitt, G. P. (2008). Production of Helicoverpa spp. (Lepidoptera,
Noctuidae) from different refuge crops to accompany transgenic cotton in eastern Australia.

Australian Journal of Agricultural Research , 59, 723-732.

Barnett, M. C., & Whitehouse, M. E. (2005). The Effectiveness of Lynx Spiders (Oxyopes
amoenes) and Damsel Bugs (Nabis kinbergii) at controlling green mirids (Creontiades
dilutus) in Cotton. CSIRO Publishing.

Downes, S., Mahon, R. J., Rossiter, L., Kauter, G., Leven, T., Fitt, G., Baker, G. (2010).
Adaptive management of pest resistance by Helicoverpa species (Noctuidae) in Australia to
the Cry2Ab Bt toxin in Bollgard 11® cotton. Evolutionary Applications, 5-6, 574-584.

Farrell, T. (2006). Cotton Pest Management Guide. NSW Department of Primary Industries,
Orange.

Fitt, G. P. (2000). An Australian Approach to IPM in Cotton: integrating new technologies to

minimise insecticide dependence. Crop Protection , 19, 783-800.

Fitt, G. P., Mensah, R., & Daly, J. (2004). Advances with Integrated Pest Management as a
component of sustainable agriculture: the case of the Australian cotton industry. 4th

International Crop Science Congress. The Regional Institute Ltd.

D. J. Harris | CRC Summer Scholarship Program 2011



Hoque, Z., Farquharson, B., Dillon, M., & Kauter, G. (2000). Soft options can reduce and
increase cotton profits. Australian Cottongrower , 21, 33-37.

Mahon R J., Olsen, K. M., Downes, S., Addison, S.(2007). Frequency of Alleles Conferring
Resistance to the Bt toxins Cry1lAc and Cry2Ab in Australian Populations of Helicoverpa

armigera (Lepidoptera: Noctuidae). Journal of Economic Entomology , 1844-1853.

Mansfield, S., Dillon, M. L. & Whitehouse, M. E. A. (2006). Are arthropod communities in
cotton really disrupted? An assessment of insecticide regimes and evaluation of the beneficial

disruption index. Agriculture, Ecosystems and Environment, 113, 326-335.

Monsanto Australia Limited. (2010, February 8). Application for licence for intentional
release of GMOs into the environment: Application No. DIR101. Limited and controlled
release of cotton genetically modified for insect resistance and herbicide tolerance .

Australia: Department of Health and Ageing Office of the Gene Technology Regulator.

Roush, R. T., Fitt, G. P., Forrester, N. W., & Daly, J. C. (1998). Resistance management for
insectiscidal transgenic crops: theory and practice. Sixth Australian Applied Entomological

Research Conference, (pp. 247-257).

Whitehouse, M. E., Wilson, L. J., Fitt, G. P., & Constable, G. A. (2009). Integrated Pest
Management and the effects of transgenic cotton on insect communities in australia: Lessons
from the past and future directions. Proceedings of the 3rd International Symposium on
Biological Control of Arthropods, (pp. 161-172). Christchurch, New Zealand.

D. J. Harris | CRC Summer Scholarship Program 2011



Executive Summary

Refuge crops are used in the cotton industry to dampen the expression of resistance in
Helicoverpa moths, and are an integral part in the use of transgenic cotton varieties; as such it
is important to confirm refuge assumptions. This experiment sampled 11 Conventional
Cotton and 11 Pigeon Pea fields in January and February to compare the survivorship of
Helicoverpa spp. It was found that both the attractiveness and productivity of Pigeon Pea and
Conventional Cotton refuges were highly variable. Pigeon pea was more attractive for egg
lays when flowering, but this attractiveness did not translate into more moths. Conventional
Cotton Fields which were attractive in January, remained attractive throughout the sampling
period, and were more reliable at producing moths than other fields; however there were
many fields that were consistently unattractive. Overall there was no difference in
Helicoverpa productivity between Conventional Cotton and Pigeon Pea refuges, contrary to
the established notion that Pigeon Pea is twice as effective as unsprayed conventional cotton.
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