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ABSTRACT

Arbuscular mycorrhizal fungi (AMFs) are responsible for a commonand long-

standing symbiosis with plants. Although thought to have a role in adapting to

waterstress, the nature of the role and potential mechanismsare unclear. This

study explored the role of AMFs in the plant response to changing soil water

potential. The study used hybrid black poplar as the test plant and Glomus

intraradices and Glomus mosseae as the test AMF species. Water use in

AMF-infected plants seemed to be more closely coupled to falling soil water

potentials. Experiments using a rhizobox, which separated AMFsinto root plus

hyphae, and hyphae only compartments, suggested that the principal

mechanisms for the AMF effect were likely to be through acting as a biosensor

for changes in soil water potential, and via some direct uptake of water. The

study indicated the importance of AMFs in plant adaptation to stress and

consequently the necessity of their not being adversely influenced by

agrochemicals in sustainable production systems.

INTRODUCTION

Arbuscular mycorrhizal fungi (AMFs) have long been known to benefit plant growth under

conditions of limited availability of mineral nutrients with low soil mobility such as

phosphorus (Harley & Smith, 1983). More recently, it has become clear that AMFsinfluence

plant performance in soils with a wider range of limitations (Van der Heijden & Sanders,

2002) and that they are critically important in low input and organic agriculture. both in respect

of nutrient supply but also to crop protection (Atkinson ef a/., 2002). With the exception of

plant genera such as the Cruciferae and the Chenopodiaceae, most plants, including crops. are

usually infected by AMFs or other mycorrhizas. The symbiosis is of substantial antiquity,

around 5M years, and was a majorfactor in the ability of plants to growon land. This suggests

that the normalstate for plants is to be mycorrhizal and that plants and crops in which a normal

AMFrelationship does not develop are at a disadvantage. This leads to a viewthat rather than

research focusing on situations where the presence of AMFsis advantageous, e.g. phosphorus

deficiency, we should be identifying situations where the absence of AMFs makescropsless

well adapted to environmental stresses than would otherwise be the case. In crop production

this is important because many current crop protection practices reduce mycorrhizal infection

(Atkinson, 1983).

Waterstress significantly limits crop production on a world-wide scale. The ability of AMFs

to increase a plant’s ability to abstract watereither directly through the hyphae or through other

mechanismshas been the subject of a numberofstudies (Safir ef a/., 1972; Miller er al., 1997).
Fewer studies have considered the influence of AMFs on water use and its regulation under

433 



conditions of water stress. The studydetailed here aimed at examining the impact of AMFs on

water use under conditions of decreasing water availability and the ways in which AMFs might

impact onthissituation.

MATERIALS AND METHODS

Twoseries of experiments were carried out. The first assessed impact of a number of AMF

species on plant growth and water use under drought conditions while the second assessed

mechanisms by which AMFs might influence plant response to water supply. Both studies

employed cuttings of hybrid black poplar (Populus x canadensis cv. ‘Robusta’) which were

planted in sterilised soil and grown in a glasshouse which provided temperaturein the range 8-

17°C andlight intensity between 243 and 548 umol/m?/s.

In Study 1, plants were grownin a Craibstoneseries soil and inoculated with a number of

AMF species. Only data for the effects of the Glomus species, G. intraradices and G. mosseae

are presented here. Eachtreatment wasreplicated 6 times. Infection was obtained through the

incorporation of infected cucumber root pieces into the soil. Water use was assessed by

weighing pots at midday and calculating daily values. Response to drought was assessed on

the basis of a 5 day drying cycle after which pots were rewatered. Root length and leaf area

were assessed by imageanalysis. Soil water potential was estimated by relating the amount of

waterin the soil to the volumetric water content and its knownrelationship to the water release

curve for a Craibstone soil (Dunsiger, 1999).

In Study 2, plants were grown in a rhizobox similar to that described by Faber ef al. (1991).

This provided two environments, one populated by both roots and hyphae and another

containing hyphae but to which roots did not have access. This study used a sterilised Corby

series soil. Plants were infected with G. iniraradices. Measurements of gas exchange and

stomatal conductance, using an ADC LCAS IRGA, began when the plants were four months

old and continued atintervals over the next 18 months. Changesin soil water potential in the

two sections of the rhizoboxes were measured with an electrical resistance meter (ELE

International).

RESULTS AND DISCUSSIONS

The effect of the AMF inoculationin the early stages of Study 1 is shown in Table 1.

Table 1. The effect of AMFinfection on the growth ofhybrid black poplar

(NS = not significant, * =P < 0.05)

 

Treatment % Leafarea Shoot dry Root dry Root length

Infection (cm’) weight (g) weight (g) (m)

Control 0 93 1.5 2.3 446

G. intraradices 31 101 1.9 2.7 447

G. mosseae 23 117 1.5 2.6 495

Significance NS * NS NS 



The analysis of variance included other AMF treatments not detailed here. The absence of
major effects of AMFs on growth, which were consequent onthe significant nutrient status of

the soil, meant direct comparison could be made of the impact of AMFs on water use without

the need to allow for the effects of plant size which have confounded a number ofearlier
studies.
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Figure 2. Relationship between AMF hyphal length in the hyphal section of

rhizoboxes and water loss from hyphalsections overfive days.

Infection with AMFsdid not change the relationship between leaf area and water use. Water

use increased with increasing leaf area under conditions of good soil water supply but was

independent under stressed conditions. Despite this, stomatal conductance was generally

higher in control plants. Over the period of measurement not all leaves within a treatment

showed the same stomatal conductance. For each treatment, conductance measurements were

classified into a range offive intervals. Treatments were compared using a Kolmogorov-
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Smirnov analysis following conversion to percentages. Plants infected with G.. intraradices

and G. mosseae showed a high proportion of stomata with low conductances, 90% and 70%

respectively compared to a control value of 45% for conductances in the 0 to 0.04 mol/m’/s

range. Differences were significant at P = 0.01.

For periods during the growth ofthe plants, total water use was related to soil water potential

in the 0 to 0.5 MPa range. Whenthe plants were young, and in summer (August), and within a

few weeks of infection being established, there were differences between the control and

inoculated plants (Figure 1). In the control plants, water use did not decrease significantly with

a decreasing soil water potential. In the AMF-infected plants, water use, although higher than

for control plants at a high water potential, decreased significantly with a declining water

potential, In the autumn (October/November), when the rate of drying was low, water use

within the above range waslittle influenced by soil water potential for any treatment. In the

summerofthe plants’ second season, water use was again well coupled and again decreased

with decreasing soil water potential.

The impact of AMFinfection on water use thus wasatits greatest in the summer months when

the rate of water loss was high, a 15 ml/d maximum compared with 10 ml/d. This reduction

was a consequence ofa higher proportion of the stomata showing relatively low conductances.

How AMFsinfluence stomatal conductance and water uptake are thus keyissues.

AMFs mayinfluence plant response to an increasing waterstress and a decreasing soil water

potential in three major ways:

a) There may be no majoreffect directly relating to the AMF hyphae. Any effects may be

due to more general changes in growth regulation. In this case, shoot response will be

independent of the conditions around external hyphae ice. variation in the hyphal

environmentwill have no impact on responseto waterpotential.

There may be direct transport of water fromthe soil via hyphae. In this case removal of

soil water should be related to hyphae length. If hyphae are removed then this should be

associated with reduced transpiration.

Hyphae may signal changing soil water potential to the plant shoot, and shoot water

potential will then be influenced by the soil water potential being sensed by the hyphaeie.

the soil water potential in the hyphal section will have a disproportionate impact on plant

water regulation.

These factors may all be operational in parallel. In Study 2, the uptake of water from the

section of the rhizobox containing hyphae only was compared with the quantity of hyphae in

that compartment. Noclear relationship between the length of hyphae, assessed using the

method of Miller ea/. (1995) and the volume of water removal from the compartment was

found although a high hyphal length was commonly associated with higher water use (Figure

2). Variation in the soil water status of the root plus hyphal, and hyphal only boxes seemed to

havelittle influence on the rate of transpiration. This suggests that at least some direct hyphal

uptake may occur.

Stomatal conductance was howeversignificantly (P < 0.01) affected by the soil water potential

in the root plus hyphal section. Severing the hyphae which connected the root plus hyphal and

hyphal sections for 4 replicate plants produced a variety of effects. Prior to severing,

conductances across the range 0 to 0.12 mol/m?/s were recorded. After severing, there was an
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increase in low conductance values and the range decreased to 0 to 0.08 mol/m’/s.

Conductance had returned to the original mean value 48 h after severing, and there was an
increase in high conductance values. Assessed with the Kolmogorov—Smirnovtest, differences
were significant (P < 0.05). The relationship between stomatal conductance and soil water

potential waspositive and significant, for both the root plus hyphal (0.47, P < 0.01) and hyphal
compartments (0.63, P < 0.01). The relationships were less strong and non-significant (P =

0.80) after severing the hyphal links between compartments. This suggests that AMF hyphae

can have an additional role as biosensors.

CONCLUSIONS

The relationships between crop plants and their stomata, and soil water potentials have always
been complex (Hsiao et al,, 1976; Jarvis & Davies, 1998). Therelationship between stomatal
function and transpiration is influenced by atmospheric conditions. Accordingly, the results
presented here do not show a simple relationship between infection with AMFs and plant

functioning under conditions of low soil water potential. The results presented suggest
however that in AMF-infected plants when transpiration stress is high that an increased

proportion of stomata will show a reduced conductance compared with the situation in control
plants. Both of these changes suggest that infection with AMFs confers a greater general
ability to manage water loss under conditions of stress. In addition, in infected plants, total
water use has a stronger negative relationship with decreasing soil water potential (Figure1).

The results presented here also suggest that the linkages between this increased ability to

regulate water use and AMFs maybecontributed to by three possible mechanisms, which may

operate in parallel. Firstly, as suggested above, AMF-infected plants seem to be generally

more robust. Secondly, while the relationship between hyphal length and soil water depletion
is inexact it suggests that higher hyphal densities can be associated with increased soil water

use. Thirdly, in addition, the changes in water use which were associated with the severing of

the hyphal network suggest that the role of the hyphae may go beyond the mere provision of

water. This suggests the possibility that they might act, at times, as biosensors. Davies &

Zang (1991) have reviewed the role of signals originating in the root system in influencing
plant growth in drying soils. They did not consider a biosensor role for AMFs. An increase in

the ability of the root system to absorb water, which would be a consequence of the second

mechanism, would not explain a reduced water use as a consequence ofan increasing soil

water deficit (decreased soil water potential). AMFs acting as biosensors and reducing water

potential more rapidly than in a control plant would be consistent with this effect, The loss of

this source of information would be expected to cause a reduced water use as a responseto a

loss of information and this was obsessed. This role for AMFs needs further exploration.

The role of AMFsin influencing water use emphasises the importance of AMFsandtheir role

as an integral part of the plant, especially when the plant is under stress. This suggests that

improved crop production, especially under the more varied conditions expected to be

consequential upon climate change will benefit from significant levels of AMF infection.

Maintaining significant levels of AMF infection and good levels of inocula in the soil will be

important. In sustainable production systems, disease control strategies which do not

adversely influence infection of crop roots with AMFs are needed as are weed control
programmes which do not adversely influence the levels of infective propagules in the soil

(Atkinson, 1983). Maintaining the crop with an effective AMF symbiosis is important to
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sustainable production systems. Such systems need crop protection programmes which do not

adversely influence the plant’s AMFstatus (Atkinsone7al., 2002).
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ABSTRACT

Manyresearchers have shownthat the numbersofpest insects found on crop plants

are reduced considerably whenthe cropis allowed to become weedy, whenthe crop

is intercropped with another plant species, or when the crop is undersown with a

living mulch. Laboratory and field-cage experiments were done to determine how

undersowingbrassica plants (Brassica oleraceaspp., cabbage, cauliflower, Brussels

sprout and Brassica chinensis) with subterannean clover (Trifolium subterraneum)

affected host plant selection by eight pest insect species of brassica crops.

Experiments were donealso to determine the effect on egg-laying by the cabbage

root fly (Delia radicum) on brassica plants surrounded with plant species other than

clover. A total of 24 ‘companion’ plant species were tested, including 1) bedding

plants, to provide a different range ofplant architectures and leaf colours; 2) weeds;

3) aromatic plants such as rosemaryand thyme and 4) companionplantspecies such

as marigold. After studying howpest insects behave in undersownbrassica crops,

We suggest it is simply the numberof green objects surroundingthe host plants that

is the major factor that prevents the pest insects from finding their host-plants.

Hence, increasing plant diversity within brassica crops should help considerably to

reduce pest insect numbers.

INTRODUCTION

The numbers ofpest insects found on crop plants are often reduced considerably when the crop

is allowed to become weedy, whenthe cropis intercropped with anotherplant species, or when

the crop is undersown with a living mulch (Andow, 1991), Examples ofthis effect in

horticultural crops include: 1) the influence of undersowing with clover on the numbersofpest

insects infesting cabbage (Theunissen ef a/., 1995); 2) the use of clover mulches to reduce

Thrips tabaci infestations in leeks (Theunissen & Schelling, 1996) and 3) the manipulation of
weeds to reduce aphid colonisation in red beet (Wnuk & Pobozniak, 1999).

It has been suggested that when diverse backgrounds ‘disrupt’ (Vandermeer, 1989) insects

from selecting otherwise acceptable host plants, the action is mediated through 1) physical

obstruction (Perrin, 1977); 2) visual camouflage (Smith, 1969; 1976); 3) ‘masking’ ofhost-

plant odours (Tahvanainen & Root, 1972); 4) ‘deterrent’ or ‘repellent’ chemicals (Uvah &

Coaker, 1984), or through 5) the non-host plants altering the physiology of the host plants

(Theunissen, 1994). Two other suggestions, involving the ‘Resource Concentration

Hypothesis’ and the ‘Enemies Hypothesis’ (Root, 1973), have also been made to explain why

fewer phytophagous insects are found on cultivated host-plants growing in diverse

backgrounds than on similar host-plants growing in bare soil. This paper summarises the

results of recent studies to determine howincreased crop diversity disrupts host-plant finding 



by pest insects of brassica crops, and uses the information to develop a theory to explain how

phytophagousinsects find their hostplants.

MATERIALS AND METHODS

The initial laboratory and field-cage experiments were done to determine how undersowing

brassica plants (cabbage, cauliflower, Brussels sprout and Chinese cabbage) with subterranean

clover (Trifolium subterraneum) affected plant colonisation by eight pest insect species of

brassica crops. In each experiment, the insects were given a choice between brassica plants

surrounded byliving clover or similar plants surrounded bybare soil. Full experimental details

are given in Finch & Kienegger (1997).

Field cage experiments were donealsoto determinethe effect on egg-laying bythe cabbage root

fly (Delia radicum)on cauliflowerplants surrounded byplant species other than clover. A total

of 24 ‘companion’ plant species were tested, including 1) bedding plants, to provide a different

range ofplant architectures and leaf colours; 2) weeds: 3) aromatic plants such as thyme

(Thymusvulgaris) and rosemary (Rosmarinus officinalis) and 4) companionplant species such

as marigold (Tagetes spp.). This was followed by laboratory experiments using large cages

where the behaviour of female flies was observed in both ‘choice’ (companionplant and host

plant) and ‘no choice’ (companionplant only) situations. Full experimental details are given in

Finche¢ al. (2003).

RESULTS

The data from the first series of experiments using clover showed that undersowing had a

similar effect onall eight of the pest species tested, even though they were from four different

insect orders (Hemiptera, Diptera, Coleoptera, Lepidoptera) (Table 1: Finch & Kienegger,

1997). However, the size of the effect varied between species, and the effect on the diamond-

back moth (Plutella xylostella) was less pronounced thanthat on the cabbage root fly and the

cabbage aphid (Brevicoryne brassicae).

In the secondseries of experiments with the cabbagerootfly, host plant finding was disruptedto

differing extents by the 24 plant species tested (Figure 1). The four least disruptive species were

(in increasing order of disruptiveness) the weed Sallopia convolvulus and the bedding plants

Cineraria maritima, Lobelia erinus and Lobularia maritima. All of these were relatively

low-growing species. The five aromatic plants tested, Thymus vulgaris, Rosmarinusofficinalis,

Helichrysum bracteatum (curry plant) and twospecies of mint, (Mentha piperita = citrata:

Mentha pulegium) were no more disruptive than the non-aromatic plants, and the three

‘companion plants’ Tagetes patula, T. tenuifolia and T. erecta came 13", 12" and 5" in the

overall rankings. The four plants that were most effective at disrupting oviposition,

Chenopodium album (weed), Daucus carota (carrot), Chamaenerion angustifolium (weed) and

Pelargonium x hortorum (bedding plant) (1% — 4"in the overall rankings), were all relatively

tall, but equally important, their foliage surrounded the complete circumference of the

cauliflower hostplant.

In the ‘choice’ and ‘no-choice’ laboratory experiments, the flies stayed 2 — 5 timesas long on

the leaves of non-host plants as on those of cauliflowerplants. 



Table 1. Percentage reduction in the numbers ofeggslaid on various types of brassica plant
surrounded by clover instead of bare soil. N.B. * data represent totals of aphids
rather than eggs.

 

Percentage reduction in egg
Insect species Insect order Hostplant numbers whenplants surrounded

by clover, compared with baresoil

 

Brevicoryne brassicae* Hemiptera Cabbage 95, 78
Delia radicum Diptera Brussels sprout 69, 85
Phaedon cochleariae Coleoptera Chinese cabbage 80, 95, 85, 81

Brussels sprout 96
Evergestisforficalis Lepidoptera Brussels sprout 65
Mamestra brassicae Lepidoptera Brussels sprout 94

Plutella xylostella Lepidoptera Brussels sprout 46, 30

Cabbage 42
Pieris brassicae Lepidoptera Brussels sprout 100, 92

Cauliflower 71

Cabbage 100
Pieris rapae Lepidoptera Brussels sprout 66, 75, 81, 55, 60, 47, 66

 

DISCUSSION

In our experiments, the numbersof pest insects found on crop plants were reduced considerably

whenplantdiversity was increased, confirmingthe results of several previous studies (Andow,

1991). The effect was produced also whenthe host plants were surrounded bysheets of green

paperor plant models made from green card, neither of which were releasing plant chemicals

(Kostal & Finch, 1994). Therefore, it seems that the disruption to host-plant selection is caused

simply by providing the insects with a greater numberof green surfaces on which to land. Our

observationslead us to develop the ‘appropriate/inappropriate landing’ theory (Finch & Collier,
2000), which is based on the fact that herbivorous insects land indiscriminately on green
surfaces and involves the following sequence ofevents:

1. The first phase of host-plant finding consists of the searching insects being stimulated to

land on green surfaces by odours that characterise the host plant. The odours do not give

the insects sufficient directional information to discriminate between host plants and

other green surfaces. However, they avoid landing on brownsurfaces such as baresoil.

Whentheinsects land on the leaf of a host plant, we describe the landing as ‘appropriate’.

When they land on any other leaf or green surface, we describe the landing as

‘inappropriate’. Those insects that make ‘inappropriate’ landings fly off the plant and
repeat the process, or simplyleave the area.

The second phaseofhost-plant finding starts as soon as an insect lands ona host plant.

Once this occurs, the insect makes short flights from leaf to leaf to assess the overall

suitability of the plant. The actual number offlights depends on the insect species

involved and the amount of chemical stimulus the insect receives when making contact

with each plant leaf. To be successful, the insect must make a certain number of 



consecutive ‘appropriate’ landings. However, if the insect makes an ‘inappropriate’

landing, the process is terminated andthe insecthasto start again.

In effect, therefore, herbivorous insects have to find and re-find their host plants. Onplants

surrounded by soil, most insects land back on the sameplant. Onplants surrounded byother

plants, someinsects land on the other plants and thenfly off.
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Figure 1. The numbers ofcabbage rootfly eggs recovered from around cauliflower plants,

each surrounded by four plants of one of 24 non-host plant species, versus the

average height of the non-host plant species. The numbers of eggs recovered are

expressed as a percentage of the numbers of eggs recovered from around

cauliflowerplants surrounded only by bare soil.

The several studies made onthe effects of intercropping on pests of brassica crops indicate

that it has a broad-spectrum effect that can reduce colonisation, although by differing

amounts, by a wide range of pest species from different insect orders. In our experiments

with the cabbagerootfly, the effect of increased plant diversity was pronounced. It is likely

that if oviposition could be reduced sufficiently when leafy brassica plants are small and

susceptible, then there would be no need for additional control measures against this pest.

The situation would be somewhat more complex on root brassica crops, such as swede,

where cabbage root fly damagesthe marketable part of the plant and where the crop may be

exposedto at least two periods of colonisation (generations), several weeks apart. The effect

of undersowing on the cabbage aphid was very pronouncedandit is likely that this technique

could be used to reduce colonisation by this pest. However, aphids can multiply directly on

the crop and maymigrate into a crop throughout the summer. Hence, supplementary means

of control may be required, particularly when the plants are large and close to harvest. The

effect of undersowing on the diamond-back moth wastheleast pronounced andit maynotbe

possible to provide adequate control ofthis pest, particularly as this moth is a migrant species

in the UK (Chapmaneral., 2002) andit is not possible, at present, to predict when migrations

will occur. Thus it maynot be feasible to use the companion planting strategy to produce the

maximumeffect against all pests, particularly if the effect of a companion plant diminishes as 



the crop grows. However, the technique could be combined with other control measures such
as host-plant resistance, trap crops, or biological control, to reduce the numbers of pest
species to acceptable levels.

These experiments give clues about the ideal characteristics of a companionplant species. It
was thought previously that herbivorous insects that landed on aromatic plants found the
surfaces distasteful and soonflewoffthe plant. This is the basis of the ‘companionplanting’
approach of organic growers in which, for example, onions and marigolds, chosen for their
pungentodourand taste, are grown interspersed with crop plants to deter pest insects. such as
the carrot fly (Psila rosae). Our results have shown, however, that plants such as onions and
marigolds disrupt host plant finding by insects simply by being green. The disruption has
nothing to do with their odouror taste. Ofthe twenty-four plant species tested, the aromatic
plants were no more disruptive than non-aromatic plants. From a practical point of view,

therefore, growers could use any non-host plant to prevent insects from finding their crop
plants. At present, there are indications that the characteristics required to reduce
colonisation of the host plant are related to companion plant architecture and factors such as
the relative heights of the companion and host plants and the proportion of the host plant
circumferencefilled (Morley, 2001). Further detailed experiments are required to determine
precisely what these characteristics are, and howbest to arrange the companionplants around
hostplants.

ACKNOWLEDGEMENTS

We thank the Department for the Environment, Food and Rural Affairs for supporting this

work. We thank also Vladimir Kostal, Manuela Kienegger, Kate Morley. Helen Billiald and

MarianElliott for their contributions to the experiments.

REFERENCES

Andow D A (1991). Vegetational diversity and arthropod population response. Annual
ReviewofEntomology36, 561-586.

Chapman J W: Reynolds D R; Smith A D; Riley J R; Pedgley D E; Woiwod I P (2002).

High-altitude migration of the diamondback moth Plutella xylostella to the UK: a study

using radar, aerial netting, and ground trapping. Ecological Entomology27, 641-650

Finch S; Collier R H (2000). Host-plant selection by insects — a theory based on

‘appropriate/inappropriate landings’ bypest insects of cruciferous plants. Entomologia
experimentalis et applicata 96, 91-102.

Finch S; Kienegger M (1997). A behavioural study to help clarify how undersowing with

clover affects host-plant selection by pest insects of brassica crops. Entomologia
Experimentalis et Applicata 84, 165-172.

Finch S; Billiald H: Collier R H (2003). Companion planting - do aromatic plants disrupt

host-plant finding by the cabbage root fly more effectively than non-aromatic plants?

Entomologia experimentalis et applicata, accepted.

Kostal V; Finch S$ (1994). Influence of background on host-plant selection and subsequent

oviposition by the cabbage root fly (Delia radicum). Entomologia Experimentalis et
Applicata 70, 153-163. 



Morley K E (2001). The effect of undersowing on host-plant finding by the cabbage root fly

(Delia radicum). PhD Thesis, Imperial College of Science, Technology & Medicine,

London, 191 pp.

Perrin R M (1977). Pest management in multiple cropping systems. Agro-ecosystems3,

93-118.
Root R B (1973). Organization of a plant-arthropod association in simple and diverse

habitats: the fauna ofcollards (Brassica oleracea). Ecological Monograph43, 95-124.

Smith J G (1969). Someeffects of crop background on the populations of aphids and their

natural enemies on Brussels sprouts. Annals ofApplied Biology 63, 326-330.

Smith J G (1976). Influence of crop backgrounds on aphids and other phytophagousinsects

on Brussels sprouts. AnnalsofApplied Biology83, 1-13.

Tahvanainen J O: Root R B (1972). The influence ofvegetational diversity on the population

ecologyofa specialized herbivore, Phyllotreta crucifera (Coleoptera: Chrysomelidae).

Oecologia 10, 321-346.

Theunissen, J (1994). Effects ofintercropping on pest populations in vegetable crops.

IOBC/WPRSBulletin 17 (8), 153-158.

Theunissen J; Booij C J H; Lotz L A P (1995). Effects of intercropping white cabbage with

clovers on pest infestation and yield. Entomologia Experimentalis et Applicata 74, 7-

16.

Theunissen J; Schelling G (1996). Undersowing crops of white cabbage with strawberry

clover and spurrey. JOBC/WPRSBulletin 19 (11). 128-135.

Uvah I 1 L: Coaker T H (1984). Effect of mixed cropping on someinsect pests of carrots and

onions. Entomologia Experimentaliset Applicata 36, 159-167.

Vandermeer J (1989). The Ecology of Intercropping. Cambridge University Press:

Cambridge, 237 pp.

Wnuk A: Pobozniak M (1999). Influence of weeds on occurrence of bean aphid (Aphisfabae

Scop.) and aphidophagous (Syrphidae) on red beet (Beta vulgaris L.). Scientific Works

ofthe LithuanianInstitute of Horticulture and Lithuanian University of Agriculture,

Horticulture and Vegetable Growing 18, 266-275.

 



 

The BCPC International Congress — Crop Science & Technology 2003 5B-3

The efficacy of high temperature and diatomaceous earth combinations against adults of
the red flour beetle Tribolium castaneum (Coleoptera: Tenebrionidae) and the grain
weevil Sitophilus granarius (Coleoptera: Curculionidae)

D A Cook

Central Science Laboratory (CSL), DEFRA, Sand Hutton, York, YO41 ILZ, UK
Email: dean.cook@csl.gov.uk

ABSTRACT

Recent research has shown that diatomaceous earth (DE) can be used to augment

the effect of high temperature (48°C) to control stored product invertebrate pests in

flour mills. Laboratory bioassays were set up against adult Sitophilus granarius
and Tribolium castaneumunder conditions simulating stages of heating from 25°C
/ 70% r.h. to 40°C / 30% r.h.. Humidity was decreased for each step-wise increase

in temperature, as calculated using a psychrometric chart. The DE formulation was

applied as a dry dust to glass Petri dishes at doses of 1 — 10 g/m’, and theinsects

exposed for 48 hrs, followed by a 7-day recovery period on whole wheat. All

doses achieved 100% mortality against both species at or above 35°C, with 89%of

S. granarius surviving in untreated controls at 35°C, and the more heattolerant 7.

castaneumall surviving 35°C and 40°C. At the lower temperatures there was no

significance difference in efficacy for doses at or above 5 g/m’, suggesting this to

be a threshold for maximum DEpickup. It is proposed that DEis used totreat

crevices and voids as part of an integrated pest management (IPM)strategy for
flour mills.

INTRODUCTION

Diatomaceousearth (DE)is a naturally occurring substance, mined from geological deposits of
fossilised diatoms. Diatoms are water-borne, single celled chrysophyte phytoplankton, of

whichthere are 5000 species. DE dust is composed of over 90% silica and has a wide range of

applications, including use asa filtration agent, tooth-paste ingredient and in invertebrate pest
control.

The DEs marketed for invertebrate pest control in the UK are composed of amorphous, rather
thancrystalline silica (<1%). The formeris safer to the operator, and is only classed as a lung
irritant, with protection ensured by use of a dust mask. DEs contain no chemical insecticide or
knock-downagents, work by physical action, have low mammaliantoxicity, are persistent but

do not leave harmful residues, are effective against chemical-resistant species, and are stable at

high and low temperatures (Subramanyame/ a/., 1994; McLaughlin, 1994). The mode of

action is through gentle abrasion and sorptionofcuticular waxes, stripping away theinsects’

water-proofing and resulting in desiccation when insects crawl among dust-coated kernels

(Ebeling, 1971). DEs can be admixedto stored grain or applied to storage structures to control

a wide range of invertebrate pests (Golob, 1997), and despite being less effective at high

humidities, previous CSL research has shownefficacy under damp UK conditions (Cook &

Armitage, 2002). Three DE products are available in the UK and have beenactively marketed
since autumn 2001. 



In addition to protecting the stored crop, DE can be used to augment the effect of high

temperature (>48°C) to control stored product invertebrate pests in flour mills as an alternative

to fumigating using methyl bromide (Fields er al, 1997). DE treatments are targeted at

inaccessible areas such as crevices and voids, where the high temperature may not penetrate as

easily. This research has shown that dry dust treatments offer better efficacy than slurry

applications and treatments need to be effective within 48 hours to meet industry expectations.

A recent LINK study has considered the suitability of heat disinfestation for UK flour mills.

Aspart ofthis larger study, the laboratory bioassays reported on here provide efficacy data for

the UK DE product‘Silico Sec’ against two species of stored product insects, under simulated

conditions of heating. These heating scenarios aimed to represent areas ofa mill where a high

target temperature of >48°C may not have been achieved. An additional combination at high

temperature and elevated humidity simulated the presence of local free water.

MATERIALS AND METHOD

For each heat scenario, bioassays were run in controlled environment rooms at exposure

conditions of either 25°C / 70% r.h., 30°C / 50%r.h., 35°C / 40% rh. or 40°C / 30% r.h..

These were decided upon by using increasing temperature increments of +5°C, from the

assumed ambient of 25°C (Bell, pers. comm.). The corresponding dropin r-h. with increasing

temperature was calculated from a psychrometric chart. A higher rh. of 40°C / 50% r-h.,

simulated the nearby presenceof free water.

The dry dust treatments were achieved by sieving sufficient quantity of DE through a 250j1m

wire sieve to give an even coating on 14 cm diameter glass Petri dishes. The DE was applied

at doses of 1, 5, 7.5 and 10 g/m? (n=5). Untreated dishes were used to show the effect of

heating alone. For each temperature / humidity combination, an additional set of untreated

dishes at 25°C / 70% were set up as controls. The dishes were held overnight in controlled

environment rooms at each condition before exposureof the pest species. Batches of 25 two to

four week old adults of Sitophilus granarius and Tribolium castaneum were added to each

separate dish. These had been conditioned overnight by moving cultures to 30°C and 70% r.h.

for the tests at 30°C and above. Mortality was assessed 24 and 48 hrsafter treatment. After

the final assessment, the insects were transferred to jars containing wheat at 15.5% moisture

content and recovery wasassessed after a further 7 days.

There was no needto correct the data for control mortality since less than 5% died in all cases.

There was a broad range ofproportions in the data sets, due to one or two insects escaping

from the bioassays, therefore comparisons were made on the % mortalities, the data having

been subjected to angular transformation (sin! Vp). The data was thenstatistically compared

using analysis of variance (ANOVA)at the 5% probability level, with individual comparisons

made using Tukey’s pair wise comparisons.

RESULTS AND DISCUSSION

Efficacy against S. granarius adults after 24 and 48 hrs

Heating alone for 48 hrs, only achieved 100% mortality against S. granarius at the highest

temperature scenario of 40°C (Table 1). For the lower temperature scenarios, the DE
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treatments significantly enhanced the effects of heating alone (P > 0.05). At 25°C / 70% rh.,
mortality was <S0% for all DE doses after 48 hrs, but rose to over 90% for all doses when
heating took place. Although there weresignificant differences between the doses at 25°C,
there was nosignificant difference at the higher temperatures (P < 0.05).

Table 1. Mean % mortality for S. granarius after exposure to DE at 5 temperature
/humidity combinations, simulating mill conditions during heating (range
in parenthesis; n=5; * n=25).

 

Dose 24 hrs exposure 48 hrs exposure

25°C 30°C «635°C

—

40°C 40°C" 25°C =—30°C

=

335°C. «40°C 40°C
70% 50% 40% 30% 50% 70% 50% 40% 30% 50%

NoDE O*a Oa Oa 80a T4a 0*a Oa 2la 100a100a

(0) (0) (0) (60-92) (64-84) (0) (0) (16-28) (100) (100)

lgim 0a 6b 50b 1006 1006 166 94b 1006 100a100a
(0) (0-8) (28-84) (100) (100) (4-24) (88-100) (100) (100) (100)

Sem Oa 14h 9le 1006 1006 40c 99b 1006 10041004

(0) (8-16) (84-100) (100) (100) (36-44) (96-100) (100) (100) (100)

75gim Oa 135 94c¢ 100b 1006 39¢ 996 1006 100a100a
(0) (4-20) (84-100) (100) (100) (20-48) (96-100) (100) (100) (100)

l0gm Oa 116 94¢ 100b 1006 33¢ ©6986 ©1006 100a100a
(0) (0-16) (84-100) (100) (100) (20-44) (92-100) (100) (100) (100)

Proportions in the same column followed by the sameletter are not significantly different at
P<0.05,

 

Efficacy against T. castaneumadults after 24 and 48 hrs

I. castaneum adults were shownto be far more tolerant to heat alone than S. granarius, since
no mean mortality was observedin anyofthe heating scenarios after 48 hrs (Table 2). Despite
this, the DE treatments were very effective against this species. At 25°C, mean mortality was
>87%, with no significant difference betweenany ofthe doses (P < 0.05). Complete mortality
occurred, at every dose, for every other heating scenario after 48 hrs.

Efficacy after seven day recovery, both species

After the seven-day recovery period on food, mortality rose to 100% for all DE doses against
both species, for all heating scenarios > 25°C (Table 3). Even at the assumed ambient

condition of 25°C, with no heating, mortality rose to >95%, with the exception ofthe lowest
DE dose against S. granarius. 



Table 2.

|

Mean % mortality for 7. castaneumafter exposure to DE at 5 temperature/humidity

combinations, simulating mill conditions during heating (range in parenthesis; n=5; * n=25).

 

Dose 24 hrs exposure 48 hrs exposure

25°C ~930°C «635°C 40°C 40°C 25°C 30°C 35°C 40°C 40°C

10% 50% 40% 30% 50% 70% 50% 40% 30% 50%

O*a Oa Oa Oa Oa O*a Oa Oa Oa Oa

(0) (0) (0) (0) (0) (0) (0) (0) (0-4) (©)

1 g/m? 346 88b 1006 1006 996 89b 1006 10061006 1006

(20-52) (80-92) (100) (100) (96-100) (76-96) (100) (100) (100) (100)

5gm 20bc 90b 996 1006 100 b 87b 1006 1006 1006 100

(4-29) (84-96) (96-100) (100) (100) (78-96) (100) (100) (100) (100)

7.5g/m° 19bc 856 1006 1006 100 b 90b 1006 10061006 1006

(12-24) (80-88) (100) (100) (100) (80-96) (100) (100) (100) (100)

1l0g/m 16c 826 1006 1006 1005 87b 1006 10061006 1005

(8-20) (76-96) (100) (190) (100) (77-96) (100) (100) (100) (100)

Proportions in the same columnfollowed by the sameletter are not significantly different at

P<0.05,

Table 3. Mean %mortality for both species after 7 days recovery on wheat at 25°C

and 70% r.h. (range in parenthesis; n=5; * n=25).

 

Dose

_

S. granarius T.eastaneum

25°C =30°C 35°C 40°C 40°C 25°C 30°C 35°C 40°C 40°C

70% 50% 40% 30% 50% 10% 50% 40% 30% 50%

l*a 2a 42a 100a100a O*a Oa 4a 19a 9a

(0-4) (0-4) (28-64) (100) (100) (0-4) (0) (0-8) (8-40) (0-16)

1 g/m? 826 1006 1006 100a100a 99b 10051006 1006 1006

(72-96) (100) (100) (100) (100) (96-100) (100) (100) (100) (100)

5 g/m 96 be 1006 1006 100a100a 986 100651006 1006 1005

(92-100) (100) (100) (100) (100) (96-100) (100) (100) (100) (100)

7.5 g/m 97¢ 1006 1006 100a100a 1006 10061006 1006 1006

(92-100) (100) (100) (100) (100) (100) (100) (100) (100) (100)

10g/m 94c 1006 1006 100a100a 98b 10061006 1006 1006

(88-100) (100) (100) (100) (100) (96-100) (100) (100) (100) (100)

Proportions in the same columnfollowed bythe same letter are not significantly different at

P<0.05. 



Implications for integrated pest management (IPM) in flour mills

DE hasthe potential to be an excellent subsidiary treatment to the heating of mills. A high

level of control was achieved for each of the simulated heating scenarios after 48 hrs. Inall

cases, mortality for heat + DE was greater than additive, compared to the mortalities for heat

alone and for DE treatments at 25°C. This suggests the combined treatments had a synergistic

effect, which has also been found by other workers. Dowdy (1999), exposed 7. castaneum

adults on glass Petri dishes to temperatures of 34 or 50°C, with and without DE. Inthese tests,
adults were exposed to four different DE products at 0 or 5 g/m? for 15 or 30 minutes and

mortality assessed after recovery periods of 24 and 7 days. He suggested “as the DE absorbs

cuticular lipids from the insect’s cuticle, water regulation is compromised which results in an

increased rate of desiccation due to the heating”. DE can therefore be used to supplement heat

disinfestation to give control in the cooler areas where the target temperature of >48 °Ccannot

be achieved. These are most likely to be voids and crevices in the mill structure. The

increased mortalities in the recovery data. compared with the 24 and 48 hr data suggests, even

if the adult insects move away from DEtreated harbourages after the 48 hr heat treatment has

finished, they are unable to recover. The higher mortalities in the recovery data also gives a

truer picture of the success of the treatment, and suggests complete contro] of these two species

can be achieved at a dose as lowas | g/m’, providing the temperature can be raised to 30°C:
this concurs with other published work. In trial in Canada, a mill was heated to c. 50°C and

DE treatments were evaluated on the floor surfaces (Dowdy & Fields, 2002). A DEdose of

0.31 g/m? was considered to give no advantage over heating alone. in contrast to a dose of | —

2 g/m’, which wasconsidered appropriate in their previoustrial. Given that DEs are known to

provide long periods ofprotection and since good control was shown at 25°C, these treatments

would also give added value by continuing to prevent large populations building up in these

hidden pockets after the heat treatment.

Concurrent work within the larger LINK project also compared the suitability of different

dusters for this application. Initially, three different dust applicators were evaluated when used

to treat a steel structure (Cook ef a/., 2003). An electric powered duster proved too powerful

for targeted treatment and the hand-operated model was very flexible since the speed of

treatment could be easily adjusted to aid gentler application to vertical sides. The smaller gas

powered applicator was deemed best suited for treating small areas and the narrow nozzle and

extendable lance made it useful for treating less accessible “dead-spaces’. This latter device.

the ‘GPS Gaspot’ CO, powered duster (Killgerm Chemicals Ltd, West Yorkshire. UK) was

further evaluated in two subsequent mill treatments, as a proof-of-principle validation. In the

first trial (2002). DE was applied to the dead space under 3 rows offlour rollers that had a

history of infestation from beetles and moths. Holes were pre-drilled into the woodenplinths

at c. 2.5 m intervals. DE was applied at either 5, 10 or 20 g/m’. Heating was only to 24.6 °C,

since the main form of disinfestation in this trial was by the novel fumigant. sulphuryl

difluoride. The gas powered duster. proved easy to use and penetrated into the space readily.

The effect of the DE could not be quantified since no before and after assessments were made

on the populations. Howevera year later, the mill owner has confirmedthat these areas have

not beenre-infested, suggesting the DE is giving good residual protection. In the secondtrial

(2003), a flour mill was heated to a target temperature of 48°C. This time. the dead space was

much more difficult to reach, consisting of a 5 mm gap between a 36m” chimneybreast shaped

wall lining and the woodenstorage bin behind. Holes were again drilled at 2-3 mintervals and

the dust injected as before. Despite the large area. and such a thin gap, the DE gave good

penetration and was seen to blow out from injection points up to 3 m away. 



In conclusion. the use of targeted DE treatments to supplement heat for UK mills is showing

promise. Future studies need to include a wider range of insect species and investigate effects

against different stages. Since there can be variation in efficacy between different DEs

(Dowdy. 1999), these studies should also include other DE products. Finally, further

laboratorystudies should also be supported by more detailed quantitative field evaluations.
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ABSTRACT

Preferences and consumption rates in polyphagous ground beetles (Coleoptera:

Carabidae) feeding on seeds of herbaceous plants were investigated in laboratory

and field-based studies. The seeds were mountedinto plasticine in small tin trays

and exposed to beetle ‘predation’ at the ground surface. In laboratory studies,

feeding preferences for the seeds of 64 species of herbaceous plants were

influenced by ground beetle body size. The small Harpalus affinis (body mass 13

mg) preferred smaller seeds than the large Pseudoophonus (=Harpalus) rufipes

(29 mg). In the field, seeds were exposed in stands of different crops. Vertebrate

predation was excluded by using wire mesh cages and arthropodactivity-density

was assessed by pitfall trapping. Ground beetles were the only seed-eating

predators captured, of which H.affinis and P.rufipes comprised an average of

78%. Within crop, rates of seed removal of six weed species varied with crop

type, season, seed species and site. The field preferences (established in 43

species of seed) were subsequently correlated with the laboratory preferences. In

the two ground beetle species studied, consumption of seeds on the ground in

arable fields was estimated to be as high as 1000 seeds/m’/day and may

selectively influence the quantity of seed of particular herbaceous species that

enter the soil seedbank. Therefore, seed ‘predation’ by seed-eating ground beetles

maybe an effective component of weed control on arable land, particularly at low

densities of weed seed.

INTRODUCTION

Small seeds of herbaceousplants are eaten by both vertebrate and invertebrate predators(e.g.

Westermanef al., 2003). After ants, probably the most important seed eaters in the temperate

zone, are ground beetles (Carabidae: Coleoptera). Although most species of field ground

beetle accept animal prey, the adults and larvae of some species also eat plant materials

(Johnson & Cameron, 1969).

Observations on ground beetle diet made in the field and laboratory have distinguished two

categories of phytophagous ground beetles, those that are normally carnivorous but

supplement their diets with the vegetative parts of plants, and those that mainly eat seeds

(Brandmayr, 1990).

Although eating of seeds by ground beetles (granivory) was recorded more than 100 years ago

(Forbes, 1883) and confirmed for adults (e.g. Goldschmidt & Toft, 1997) and larvae (Hurka,

1998), there are few studies of seed consumption in the field. Here we report parallel studies

of seed preferences in laboratory andfield tests, and seed consumption underfield conditions. 



MATERIAL AND METHODS

Seeds of broad-leaved herbaceous species, particularly weeds of agricultural crops, were

collected in 1996 and stored at 24 — 26 °C and 40%relative humidity until required.

Harpalus affinis and Pseudoophonus (= Harpalus) rufipes were collected in the field using

pitfall traps (plastic cups 7 cm in diameter and 8 cm deep). Following collection, the ground

beetles were stored at 5 — 7 °C for | — 4 days, then used in laboratory-based feeding

preference experiments with seeds of 64 species of plant (Honek er al., in press). The tests

were made in Petri dishes (250 mm diameter; 50 mm deep) containing a 2 cm layer of sieved

soil, a piece of moist cotton wool and 10 seed trays, each tray containing the seed of a

different species. The trays and the arrangement of seed were identical to those described in

the field experimentation below. In the laboratory experiments using P. rufipes, one of the 10

trays contained the seeds of Cirsium arvenseas a ‘reference species’. The other seed species

were presented in seven groups, each group consisting of nine seed species. Each seed

combination wasreplicated three times. The removal of seed from each tray was recorded

daily, for seven days, without replacing seed. In laboratory tests with H. affinis, the reference

weed species was Capsella bursa-pastoris. We subsequently calculated the time taken in

removal of 50% ofthe offered seeds (CTs0).

Field experiments on seed removal were made at Praha-Ruzyne (50° 06° N; 14° 16’E; 350 m

altitude), in crops of winter wheat, winter oilseed rape, soybean, maize, millet and in

abandoned arable land. To assess field ‘predation’ by groundbeetles, the seedsvere exposed

in tin trays (28 mmdiameter; 6 mm deep)filled with white plasticine (JOVI®, Barcelona).

Each tray contained 15 or 30 seeds. The trays were placed on the groundsothatthe plasticine

surface and seeds were level with the soil and exposed to ‘predation’ by beetles walking

across the surface. The trays were exposedin groups of six and each group wascovered with

a 18 x 18 x 9 cmwire mesh cage (9 mm mesh), whosesides were let into the soil. Seasonal

and between-crop variation in seed removal rates were studied by exposing seeds of

C. bursa-pastoris, C.arvense, Descurainia sophia, Lepidium ruderale, Sisymbrium loeselii

and Taraxacumofficinale. Four, six or eight cage assemblies were placed simultaneously in a

crop and exposed to seed ‘predation’ for different periods of time. Nine such assemblies were

exposed during July 19 — September 14, 1999 and 32 assemblies were exposed during April

18 — October 11, 2000. The length of exposure was 3 — 20 days, depending on the intensity of

seed removal. In the seed preference experiments, seeds of 46 species of herbaceous plants

were exposed during July 14 — 22, 1999 in a crop of winter wheat; during August 5 — 18,

1999 in a crop ofmillet, and during July 30 — August 10, 2000 in a crop of soybeans (Honek

et al., in press).

Ground beetles were collected in the seed exposure field experiments to reveal their

activity-density around the cages where seeds were exposed. One ortwopitfall traps were

placed within 1 m distance of each cage. The traps were emptied at two or three day

intervals. The beetles were determined to species, counted and immediately released in the

same vicinity.

In the field experiments, we calculated the rates of seed removal (no. seeds/day/trap).

Differences in seed removal rate were related to seed species or position of the exposed seeds

within the crop. The differences were tested using one-way analysis of variance (ANOVA).

The combined effects of seed species and cage position were tested by analysis of covariance

(ANCOVA), with cage and seed species as factors, average seed consumption in each 



particular period of seed exposure as covariate (to compensate for changes of ‘predation’ in

time), and seed removal from particular trays as the response variable.

To compare the field and laboratory preferences, the field results of different experiments

were expressed as a fraction of the difference between the rejected (the least consumed) and

preferred (the most consumed) of the seeds. Laboratory preferences were calculated as

arithmetic means of the CTs9 values for P. rufipes and H. affinis. The preference for each

kind of seed was expressed as a fraction of the difference between the most rejected (longest

CTs) and the most preferred (shortest CTs9) seed species. The standardised preferences,

calculated from seed consumption rate and CTso, then fell between 0 (rejected) and |

(preferred).

RESULTS

In the laboratory experiments, both ground beetle species preferred particular species of seed.

A large proportion of the variation in ground beetle preferences was explained by variation in

seed size. P. rufipes readily consumed mediumsized seeds (calculated preferred seed size was

1.00 mg) but was more reluctant to eat the smaller and larger seeds. H. affinis preferred

smaller seeds (0.32 mg) than P. rufipes.

Table 1. The effect of the position of the experimental seed in the crop (‘cage’), and seed

species, on the rate of seed removal in crops of winter wheat (June 2 ~ July 28,

2000) and soybean (Aug. 8 — Oct. 11, 2000).

 
Effect Error

df MS df MS
 

 

Winter wheat
cage 215 0.0228

species 215 0.0399
cage * species s 215 0.9977

Soybean
cage 2.82 0.0054

species .823 0.0000
cage x species 2.823 0.9685

 

Table 2. The differences in overall weed (C. bursa-pastoris, Lamium amplexicaule, Stellaria

media, Veronica arvensis, Viola arvensis) density (plants/m7); overall seed-eating

ground beetle (Amara aenea, A. aulica, A, familiaris, A. littorea, A. similata,

Calathus ambiguus, H. affinis, H. atratus, H. distinguendus, H. signaticornis, H.

tardus, Ophonus azureus, P. rufipes) activity-density (individuals/trap/day) and

average seed removalrate (seeds/day) in crops of rape and wheat.

 

Winteroilseed rape Winter wheat

Mean+SE Mean+SE
 

Weeddensity 92.9+14.7 0.0+0.0

Groundbeetle activity-density 3.7540.87 0.27+0.07

Seed removalrate 0.7140.09 3.8140.51
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Figure 1. The average rate of seed removal (seeds/day/tray) from field

cages containing seed of six herbaceous species of plant,

placed in different crops (MAIZ — maize; MIL — millet, RAPE

— winter oilseed rape; SOY — soybean; WHT — winter wheat)

and a fallow field (FAL), in 1999 (99) and 2000 (00). Each

point represents a mean value for a series of cages exposed for

a period of 3 — 20 days. On the abscissa, the points are placed

in the middle of the exposure period.

0.4 0.6

Laboratory

The relationship between standardised field preferences and

standardised laboratory preferences for seeds of 42 weed

species (some species are shown more than once because of

their repeated exposure inthefield). R? = 34.85 %, d.f.=58, P<

0.001. 



In the field, the rates of removal of six test species of seed from the ground under different

crops varied with season, crop, cage location within the crop, and seed species. There was. a

marked seasonal variation in the overall rate of seed removal (Figure 1). It was low

(1.140.2 seeds/day) before Julian day 150 (May 29) and after Julian day 250 (September 6).

In between these dates, the average rate of seed removal was significantly greater (2.5+0.3

seeds/day). The annual average wassignificantly greater in 2000 (3.2+0.4 seeds/day) than in

1999 (0.6+0.2 seeds/day). The seeds of different species were removedat different rates. The

differences between rates of removal of different seeds werestatistically significant in two of

the three cases analysed (Table 1), where seed removal rates were high. Location of a cage

within a field significantly affected seed removal rates. There were thus statistically

significant differences in rates of seed removal between the microsites within crops.

Differences in seed removal rates parallel to the availability of naturally occurring seed were

established during June 2 — 26, 2000 in adjacent crops of winter oilseed rape and winter wheat

(Table 2). Weeds that produced seed at this time were present in winter rape but virtually

absent in winter wheat. The seed eating ground beetles were accordingly more abundant in

the winter rape than in the winter wheat. Despite the high activity-density of ground beetles

in the winter rape, the rate of seed removal was lower than in the wheat, probably because the

naturally occurring seedin the rape stand satiated the groundbeetles.

Differences in removal ofparticular seed species were statistically significant despite the

different times and crops where the experiments were replicated. The field and laboratory

preferences for the seeds of particular herbaceous species were significantly (P<0.001)

correlated (Figure 2). The scatter in the data increased with increasing preference. The

increase in scatter means that seeds ofspecies rejected in the laboratory were also rejected in

the field but consumptionof preferred seeds in the field and in the laboratory varied largely.

DISCUSSION

In the two harpaline species of ground beetle studied, the most important character

determining the consumption ofa particular kind of seed was its mass, which explained 25%

of the variance in seed consumption by P. rufipes and 33 % variance in H. affinis. The high

residual variation may be due to morphological and/or biochemical differences between the

seeds, e.g. the thickness and/or consistency of the seed testa and the hardness of a seed’s

contents (cotyledons).

This study revealed that a high proportion of the small seed of herbaceous plants present on

the ground in arable fields in central Europe may be eaten by invertebrates, specifically

ground beetles. Pitfall traps revealed the activity-density of the arthropod fauna in the vicinity

of the cages containing seed. Of the arthropods caught in the pitfall traps, only the ground

beetles are likely to eat seed. Of other established seed-eating predators, ants (Lasius spp.)

were scarce (<1% of the catches of adult ground beetles) and crickets were not present.

Millipedes (Blaniulus spp.; Polydesmus spp.) and beetles (Si/pha spp.), abundantly present in

pitfall catches, did not eat seed (Honek, unpubl.). The importance of granivory for

polyphagous ground beetles may be greater than previously assumed (Thiele, 1977). It was

not possible to decide what proportion of the seeds was removed by groundbeetle larvae. The

larvae were rare in pitfall catches but these traps underestimate their densities (Adis, 1979).

However, in parallel laboratory experiments, larvae of several Amara species were unable to

455 



remove the seeds mounted onplasticine (Pavel Saska, pers. comm.). However, there were

significant correlations between the rates of adult ground beetles trapped and seed removal

rates (Honeket a/., in press), and between adult preferences for certain seeds in the laboratory

and in the field. The preferences were similar because H. affinis and P. rufipes were the

dominant species and represented, at the time of field preference experiments, 56 — 99 percent

of all seed eating ground beetles.

Our data may be used to estimate seed removalin the field. A minimumestimate is that

obtained for the winter rape crop in 2000, where seeds produced by natural weed stands were

available in excess. In this case, the ground beetles were satiated, so finding experimental

seeds wasas easy as finding naturally occurring seeds and both kinds of seed were probably

removed at similar rates. From the area ofthe trays (6.2 cm’) andthe daily removalrates (0.7

seeds/tray) the daily removal rate can be calculated and is c. 1150 seeds/m*. This figure may

decrease when the activity-density of seed eating ground beetles decreases; in our case it was

rather high at 3.7 individuals/trap/day. On the other hand, consumption rates may increase

along with increase in ground beetle hunger.

ACKNOWLEDGEMENTS

The authors wish to thank the Ministry of Agriculture of the Czech Republic (grant M 01-01-

03 to A. Honek) and the Grant Agency of the Czech Republic (grant 521/03/0171 to Z.

Martinkova) for funding this work,

REFERENCES

Adis J (1979). Problemsofinterpreting arthropod sampling with pitfall traps. Zoologischer

Anzeiger 20, 177-184.
Brandmayr T Z (1990). Spermophagous(seed eating) ground beetles: First comparisonof the

diet and ecology of the Harpaline genera Harpalus and Ophonus (Col., Carabidae). The

Role of GroundBeetles in Ecological and Environmental Studies, ed. NE Stork, pp.

307-316. Intercept: Andover.
Forbes S A (1883). The foodrelationships of the Carabidae and Coccinellidae. //linois State

LababoratoryofNatural History Bulletin 1, 33-64.

Goldschmidt H; Toft S (1997). Variable degrees of granivory and phytophagy in

insectivorous carabid beetles. Pedobiologia 41, 521-525.

Hurka K (1998). Larval taxonomy, development and diet of Amara (Amara) famelica, A.

(A.) littorea and A. (A.) proxima (Coleoptera: Carabidae: Amarina). Acta Societatis

Zoologicae Bohemohemicae 62, 195-113.
Johnson N & Cameron RS (1969). Phytophagous ground beetles. Annals ofthe

Entomolomological Society ofAmerica 62, 909-914.
Thiele H U (1977). Carabid Beetles in Their Environments. Springer: Berlin.

Westerman P; Hofman A; Vet L E M; van der WerfW (2003). Relative importance of

vertebrates and invertebrates in epigaeic weed seed predation in organic cereal field.

Agriculture Ecosystosystems and Environment 95, 417-425. 



The BCPC International Congress — Crop Science & Technology 2003
 

Reduction of invertebrate contamination of salad crops using directed airstreams

M J Lole

ADASConsulting Lid. Woodthorne, Wergs Road, Wolverhampton, WV6 8TQ, UK

Email: mike.lole(@adas.co.uk

ABSTRACT

Directed airstreams, at velocities up to 50 m/sec, may remove up to 61%of

potential contaminant invertebrates from baby-leafsalad crops inthe field at the

point of harvest without damaging the crop. Crop type has an influence on

efficiency. invertebrates being most difficult to remove from densely-sown crops

with a convoluted leaf form.

INTRODUCTION

Processed ‘ready-to-eat’ bagged fresh salad products continue to increase in popularity with

consumers. The quality standard required of such products byretailers and consumers is

very high, but there is a consistent problem with foreign body contaminants, including stones,

twigs. weed leaves and invertebrates, which results in a significant number of customer

complaints (50 contaminants in 1.000.000 packs ofsalad is considered unacceptable). Many

of the invertebrate contaminants are not strictly pests in that they do not feed on the crop

plants — but they are commonin the field environment. These have come to be knownas

‘casual intruders” or “vagrants’.

Management of casual intruders is problematic because of the very wide range of

invertebrates involved andtheir transient nature in the crop. Nonetheless, they only become

a problem when they become ensnared in the harvested produce. Manyare probably

removed during the washing, sorting and packing process but a few remain to act as a source

of complaints. Contamination rates can only be reduced by ensuring that fewer foreign

bodies are harvested with the produce and/or by improving the efficiency with whichtheyare

removed during processing.

Insecticides can be important tools in the management of pest species, but are less

appropriate for the managementofcasual intruders. This work was done in order totest the

hypothesis that mechanical removal of invertebrates from a crop at the point of harvest could

significantly reduce the number of potential contaminants in the harvested produce.

Machines have previously been devised that were intended to remove and destroypests from

crops (Boiteau ef a/., 1992; Khelifi et al, 1995; Pickel ef al, 1994; Walklate. 1994;

Weintraub ef al., 1996: Weintraub er a/., 1999), but none have previously been intended

simply to flush invertebrates whilst harvesting takes place. 



MATERIALS AND METHODS

There were twophases to the work.

1. Design and construction ofa test-rig capable of producing airstreams that could be

directed at or through baby-leafsalad crops growing inthe field.

2. Field-testing ofthe rig in commercial crops.

Rig design & construction

The basis of the rig was a frame welded from rectangular-section steel tubing. This was

supported on two pneumatic-tyred, 200mmdiameter. implement wheels and was guided by a

pair of castor wheels, also pneumatic-tyred but smaller. Both sets of wheels were adjustable

along stub axles sothat the rig could be made compatible with the wheeling widths used on

different commercial farms, which do not use standardised widths for the beds on which they

growtheir baby-leaf salad crops. Two T-handles were fitted so that the machine could be

pushed and steered simultaneously by twooperators walking in the wheelings.

Airflowwas supplied bya pair of garden leaf-blower machines (McCulloch Ltd) powered by

two-stroke petrol engines. The outputs from these machines were both taken into a

fabricated steel manifold that had eleven 38 mm cylindrical outlets. Baffle plates were

introduced into the manifold in such a waythat the airflowin all of the outlets was as far as

possible equalised. From the outlets the air was directed to a pulsing device via 38 mm

diameter reinforced flexible plastic ducting. This pulsing device consisted of a box

containing a vane rotated at approximately 60 rev/min byanelectric motor. Rotation of this

vane temporarilyinterrupted the flowofair fromthe outlets at each revolution, producing a

pulsed airflow through each of the eleven outlets. This airflow was then taken via more

ducting to final output jets made from plumbers’ copper fittings. A variety of

interchangeablefinal outlets was designed — 22 mmcircular, 15 mmcircular andflat fan, the

latter made frompartially-flattened 15 mm copper tube. These were adjustable for height,

angle and separation.

Airflow through these outlets was measured using a vane anemometer and was found to

reach speedsof up to 50 m/second (112 m.p.h.), depending on nozzle configuration.

Field testing in commercial crops

The rig was usedtotest the effect of airstreams on invertebrates in six experiments on four

commercial holdings in the south and east of England (Table 1). Work was done exclusively

in baby-leaf salad crops, including spinach, red chard, lollo rosso lettuce and red oak-leaf

lettuce. These crops are typically grown in multiple close rows (between 18 and 22 rows,

with as little as 60 mmseparation, on raised beds 1.2 — 1.6 m wide) and are normally only4 —

6 weeks old whencut. so lack the structure of more mature plants.

The same methodology was used in each experiment. The wheels ofthe rig were first

adjusted onthe stub axles so that they would run downthe centre of the wheelingsat the test

site. The selected nozzles were then fitted to the outlets and their separation adjusted so that

they would pass between the rows of crop. The height and angle ofthe nozzles were then

adjusted. Preliminarytrials had shownthat the best set-up was to position the nozzles below

crop height and angledslightly upwards, so that the airstreams from them wouldtendtolift 



invertebrates (and other debris) up and out of the crop. In spinach, red chard and oak-leaf

lettuce this was appropriate, since the airstreams tended to part the crop and allowthe nozzles

to pass through without causing crop damage. Lollo rosso lettuce howeverhasto be drilled

densely, otherwise it tends to have a sprawling habit which makesit difficult to harvest. In

the tests on this crop the nozzles had to be positioned just above crop height in order to avoid

unacceptable levels of crop damage.

Table 1. Location of experiments onthe efficacy ofthe blower.

  
Trialref. Date Site Crop Nozzle type Plot length No. of

- (m) blocks

25/06/02 Deal, Kent Spinach 22 mm 10 12
round

26/06/02 Deal, Kent Spinach 22 mm
round

16/07/02 NewAlresford, Hants Lollo rosso 15mm

round
16/07/02 NewAlresford, Hants Lollo rosso Flat fan

17/07/02 Pallington, Dorset Red chard 15 mm
round

12/09/02 Shouldham Thorpe. Red oak-leaf lettuce 15 mm
Norfolk round

 

  

Experiment design

Each experiment was donein a single babyleaf salad bed. There were onlytwo treatments in

each experiment:

Pushing the blowerthe length of the plot with the motors running and therefore producing

an airstreamthroughthe crop.

Pushing the blowerthe length of the plot with the motors switched off.

To ensure sufficient degrees of freedom to facilitate viable statistical analysis of the data, a

minimumof 12 blocks, each consisting of two randomised treatments, was used. The bed of

salad crop chosen for an experiment was marked out into 24 (12 blocks) or 26 (13 blocks)

equal-length plots. The length of a single plot varied at different sites depending on total

length of a bed. The longest used was 10 m, the shortest 5 m. All plots in any one

experiment were the samelength.

Assessments

In each experiment. the insect fauna present in the salad crop immediately after the passage

of the blower was sampled using a D-vac vacuumdevice (Dietrick, 1961). This consists of a

knapsack-mounted two-stroke engine driving an impeller that removes air from a large-

diameter hose, producing a suction effect at the nozzle (which is approximately 35 cm

diameter). A net stretched over the nozzle intercepts items picked up bythe airstream

entering the hose. In use, the nozzle is briefly pressed downoverthe crop before lifting and

moving on. At least 10 such ‘dabs’ were used in sampling each plot and the number used per

plot in each experiment was consistent. D-vac catches were transferred from the net to

labelled plastic bags to be returned to the laboratory. There they were frozen to kill the

invertebrates present before identifying, counting and recording them. 



RESULTS AND DISCUSSION

The invertebrates found most commonly in the D-vac samples in the majority of the

experiments were small flies (Diptera) under 3 mm long. In all of the experiments but one,

these flies formed more than 90% ofthe catch, with spiders comprising the majority ofthe

remainder. The exception was Experiment F, where small flies formed 70% ofthe catch, the

bulk of the remainder being (in descending order) spiders, springtails and parasitic wasps.

For the purposeofanalysis,the total numberofall invertebrates caught in the D-vac has been

included.

The results of the six experiments with the blowerfall into two distinct categories (Table 2).

In three experiments (A, B and E), the numberof potential contaminant invertebrates was

reduced by 45 — 61% when the blower was in operation, compared to the number present

whenit was switched off. Inthe other three experiments (C, D and F) there was no reduction

in the numberofinvertebrates when the blower was operating compared to when it was not.

Since the blower machine andthe techniques used inall six experiments were the same,it is

mostlikelythat the explanation for the observed differencesin efficacy of the method are due

to the nature of the crops on which the machine wasoperating.

Table 2. Mean numberof invertebrates in D-vac samples at six experimentalsites.

 

Site & crop

A B Cc D E F

Spinach Spinach Lollo Rosso __Lollo Rosso Red Chard Red Oak Leaf

Blower on 42.3 78.9 22.5 81.1 31.3 79.7

Bloweroff 104.3 142.9 25.4 67.5 81. 90.2

F ratio 5.14 42.67 0.63 1.52 30.90 2.10

12df I 12 12 12 12

P <0.001 <0.001 n.s ns. <0.001 ns.

37.27 42.06 38.68

P <0.001 <0.001 <0.001

The three crops on which useful reductions in invertebrate contaminants were observed

consisted of spinach (two crops) and red chard. Both ofthese crops are in the plant family

Chenopodiaceae. These haverelatively smooth,flat leaves on moderately longpetioles. The

young plants grownforsalad leaf production have an upright and loose habit. These features

of the plants seem to make them suitable for efficient operation of the blower. The nozzles of

the machine can be set very low in these crops yet do not cause physical damage to the

harvestable produce because the individual leaves are readily parted bythe airstream coming

from the nozzles. Airstreams produced by low-set, upward-angled nozzles seem to be

particularly efficient in removing invertebrates and other debris (loose leaves, feathers,

wind-blown downyseedsetc.) from the crop.

The crops in which the blower did not demonstrate a decontaminating effect were lollo rosso

lettuce (two crops) and red oak-leaflettuce. Lollo rossolettuce, if left to grow normally, has

a low, rosette-type growing habit. This would make it a difficult subject for mechanical

harvest as a baby-leaf crop. The tendency, therefore, is to sow the rowsoflollo rosso very

closelyso that adjacent plants crowd together and are therebyforced to growverticallyrather

than horizontally. Mechanical harvesting becomes a morepractical proposition as a result of 



this. However. when the blower was deployed in such a crop it was found that the plants

were so densely packed that the airstreams could not part the crop and allowpassage ofthe

nozzles. Therefore, the nozzles could not be set low down without causing unacceptable

levels of crop damage and theyhad to be set at crop height. In this position, the airstreams

produced bythe nozzles failed to penetrate the densely-packed plants very effectively and

tended to knock escaping invertebrates back into the crop. Lollo rosso is also a curly-leaved

lettuce whose form seems to “hold* invertebrates when compared to spinach and chard. The

red oak-leaflettuce was neither as densely-sown as the lollo rosso nor as curly-leaved. but it

had already been harvested twice and had been allowed to regrow bythe time that it was used

for the experiment and this had modified its habit, producing a relatively dense crop that was

again difficult for the airstreams to penetrate and which was more prone to physical damage

if the outlet nozzles ofthe test rig were set at a lowlevel.

Althoughthis did not specifically form part of the experimental work, it was possible to make

some subjective assessments of the relative efficiency of the airstreams in removing certain

types of insect from the crop. For instance, there was a small number of seven-spot ladybirds

(Coccinella septempunctata) present in the spinach crops used for experiments A and B.

There were too few of these to form a statistically viable sample, but it was possible to

observe individuals as the blower passed through the area of crop on which they weresitting.

and this confirmed that these insects were relatively difficult to remove using airstreams.

Conversely, some other insects such as crane flies (Tipulidae), moths (Lepidoptera) and

lacewings (Neuroptera), which were also present only in low numbers, seemed to be readily

picked up by the airstreams and removed from the crop. The difference in susceptibility to

airstream removal between ladybirds and the other insects may be the result of differences in

their aerodynamic drag factors. Ladybirds are compact. smooth, shiny insects. flat on the

underside and with appendages that are either relatively short (e.g. antennae) or can be

hidden(e.g. legs. hind wings), Whilst sitting on a leaf their drag factor is relatively low and
this gives them a reduced susceptibility to being entrained and transported by airstreams.

Crane flies, moths and lacewings. however, have relatively long. exposed appendagesthat

give them a high drag factor compared to ladybirds and this makes them much more

susceptible to removal by airstreams. These latter insects are important contaminants

because their long appendages become tangled with harvested produce and this makes them

relatively difficult to remove during post-harvest processing.

CONCLUSIONS

This work has demonstrated that directed airstreams are capable of temporarily removing a

large proportion ofinvertebrates from baby-leaf salad crops prior to harvest without causing

physical damage to the marketable produce. However, crops with an upright habit andflat

leaf form are much more suited to this approach than those with a recumbent habit and/ora

convoluted leaf form. It may also be the case that some invertebrates are more readily

removed from growing plant material by airstreams than others, as a result of differences in

aerodynamic drag factors.

Whilst the blower machine used in these experiments was test rig rather than a prototype,it

should be relatively easy to develop a commercial machine to perform a similar task. Used

in approprate crops. significant reductions in invertebrate contaminants in the harvested
produce shouldresult. 
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ABSTRACT

Twenty genotypes of willow (Sa/ix) were grown in mono-plots and as part of

five, ten, fifteen and twenty-way mixtures. Rust (Melampsora_ epitea)

development was recorded on each genotype, whether growing in mono-plots or

as a component ofa mixture, throughout six growing seasons, 1996-2001. Three

genotypes, 8. schwerinii x viminalis x dasyclados ‘V7531, S. schwerinii x

aquatica ‘*V7533° and S. viminalis ‘Gigantea’ remained virtually rust free every

year. When rust susceptible genotypes were included in mixtures the general

trend wasfor the first appearance ofrust to be delayed and for the cumulative rust

score towards the end of the growing seasonto be significantly reduced. Diverse

willow mixtures offer the greatest opportunity to reduce the impact of rust

disease on short rotation coppice (SRC) willow and maintain the sustainability of

the plantation over its 25- to 30-yearlife.

INTRODUCTION

Many ofthe willow (Sa/ix) genotypes grownin short rotation coppice (SRC), for biomass, as

a renewable energy source, are susceptible to rust caused by Melampsora epitea. Rust

reduces the growth and consequently the yield of infected plants. On some occasions,

particularly when grownin mono-plots, infections may be so severe and occurso early in the

season that they result in heavy premature leaffall, followed by infections of the stems by

secondary pathogens, resulting in major stool death and almost total crop loss (McCracken &

Dawson, 1992). A number of new Salix genotypes become commercially available each

year, from breeding programmesin Sweden and the UK. These tend to have relatively high

level of rust resistance. However, experience in N. Ireland, where the disease pressures are

particularly high, has shown that previously resistant genotypes have becomesusceptible

after eight to ten years, especially when they have been grown in mono-plots (Dawson &

McCracken, 1994). The predicted life of a SRC willow plantation for biomass is up to thirty

years.

SRC willow rust can be controlled by the intensive use of fungicides (Dawson & McCracken,

1994). Application of chemicals is, however, not a viable disease control strategy.

Chemicals represent high cost, relative to the low return from the crop. Furthermore, the

intensive use of agrochemicals on a crop, which is being grown as a ‘green’ source of

renewable energy, is unacceptable. It was therefore essential to develop a lost cost, but

effective disease control strategy that protected the crop from the effects of rust and ensured
the sustainability of plantations over their thirty-year life. 



Varietal mixtures have been used successfully to control rust and powdery mildewin cereals

(Wolfe, 1985). It is vital that the components of a cereals mixture are compatible in terms of

factors such as maturation date, end use etc. No such characteristics affect willow where the

end product is wood. Thetrials described in this paper investigate the effectiveness of

genotype mixtures containing different numbers of willow components, in reducing the

impactof rust

MATERIALS AND METHODS

Twenty Salix genotypes (Table 1) were planted in large mono-plots or incorporated into

randomintimate mixtures containing five, ten, fifteen or twenty components. All plots were

cut back at the end of their establishment year and hence in 1996 werein their first year of

regrowth after coppicing. The planting and design of the trial are described in detail

elsewhere (McCrackenefal., 2001). In each growing season, leaf samples were taken from

all genotypes growing in mono-plots or from where they appeared in a mixture. Sampling

began in mid-May and continued at fortnightly intervals until mid-September. Leaves were

assessed for rust, a cumulative rust score calculated (McCracken & Dawson, 1992) and

disease progress curves constructed. This wascarried out in each of the six years 1996—

2001.

Table 1. Twenty Salix genotypes planted in mono-plots and incorporated intofive, ten,

fifteen or twenty-way randomintimate mixtures.

 

Included in 5, 10, 15, 20-way mixtures Included in 15, 20-way mixtures

 

S. burjatica ‘Germany’ S. viminalis * caprea ‘V789°

S. mollissima-undulata *SQ83°* S. viminalis ‘77683

S. dasyclados* aquatica *V751" S. viminalis “78101?

S. viminalis *77082’ S. viminalis ‘78195’

S. dasyclados * caprea *V794’ S. schwerinii x aquatica *V7534¥

Included in 10, 15, 20-way mixtures Included in 20-way mixture

 

S. viminalis * aquatica ‘V7503° S. viminalis ‘77699’

S. viminalis ‘78118° S. viminalis *Gigantea’

S. viminalis *78183° S. viminalis ‘Gustav’

S. schwerinii * viminalis * dasyclados *V7531" S. schwerinii * aquatica *V7533°

S. viminalis ‘870146 ULV’ S. viminalis ‘870082 ORM’
 

Comparisons were made betweenthe levels ofrust, on the sampling date closest to 14”

September, on individual Salix genotypes grown in mono-plots and when they were

incorporated into a mixture, although only the differences from the 20-way mixture are

presented. These differences were subjected to Analysis of Variance within each year,

making it impossible to makestatistical comparisons between years, The numberof days,

from 1“ January, until the first record of rust was also calculated. The differences between

daystill first rust on genotypes growing in mixtures and monoplots were calculated. These

were meanedacrossall six years, and analysed using years as replicates.
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RESULTS

Rust development in mono-plots

Three genotypes, S. schwerinii < viminalis x dasyclados ‘V7531’, S. schwerinii x aquatica

*V7533’ and S. viminalis ‘Gigantea’ remainedvirtually free of rust throughout the six years

of the trial. At most, only a few pustules were observed, usually towards the end of the

growing season. In contrast, the level of rust on S. dasyclados x caprea ‘V794’, S.

dasyclados * aquatica ‘V7511’, S. viminalis ‘Gustav’ and S. burjatica ‘Germany’ was
relatively high in each of the six years. By comparing the rust scores on genotypes growing

in mono-plots in each of the six years it was possible to construct a list of the relative

susceptibilities of the twenty genotypesincludedin the trial (Table 2).

Table 2. Relative susceptibility to rust of the twenty Salix genotypes growing in mono-

plots

 
Rank Genotype

V7531 Mostresistant

Gigantea

V7533

V7534

78195
77683
ORM
V7503
77699
ULV
78101
77082

78118

78183

V789

SQ83
Germany

Gustav

V7511 v

V794 Most susceptible

 

—

2

3
4

5

6
7

8

9

 
 

Effect of mixtures on daysto first observation of rust

When meanedacrossthe six years, in most cases the time to thefirst appearance of rust was

delayed when genotypes were incorporated into the twenty-way mixture (Figure 1). The

differences were significant for genotypes, S. mollissima-undulata ‘SQ83’, S. viminalis ~

aquatica ‘V7503’ and S. viminalis x caprea ‘V789°. For genotypes, S. schwerinii =

viminalis x dasyclados ‘V7531’, S. viminalis ‘Gigantea’, S. viminalis ‘78101 and S.

viminalis ‘78195’ the first appearance of rust was apparently later in mono-plots 1.e. positive

figure (Figure 1). It should be noted however that in these genotypes, in particular, the levels 



ofrust were very low. Similar trends were observed whenSalix genotypes were incorporated

into mixtures containing fewer components(data not presented).

 4

v
a
q
u
v
s
i
y

Figure 1. Differences in the daysto first record of rust, meaned across six years, 1996—

2001, on twenty Salix genotypes when grown in mono-plots or incorporated

into twenty-way mixtures. NB a negative bar indicates a delay. The line

represents the Least Significant Difference at P = 0.05.

Effect of mixtures on rust development

For six genotypes, S. schwerinii  viminalis x dasyclados ‘V7531’, S. viminalis ‘77683’, S.

viminalis ‘78195’, S. schwerinii x aquatica ‘V7534’, S. viminalis ‘Gigantea’ and S.

schwerinii x aquatica ‘V7533’ the level of rust was so low throughout the season that no

significant differences were observed between rust score in mono-plots or any of the

mixtures. Inclusion of rust susceptible genotypes in the twenty-way mixture consistently

resulted in reduced rust scores towards the end of the season (14" September). Of those

genotypes included in the five, ten, fifteen and twenty way mixtures only S. viminalis

‘77082’ had higher levels of rust in two years, when growing in any of the mixtures

compared to the mono-plots (Figure 2). For the remaining eleven genotypes the effect of

inclusion in mixtures was variable. However for most there was less rust on plants in

mixtures compared to mono-plots the years following coppicing, 1996 and 1999 (Table 3).

In general, with the exception ofthe five-way mixture, these trends of reduced rust scores

were observedin all of the mixtures (data not presented). 



a Germany ee SQ83 Z visi [Es 77082

 100 -
1998 1999 2000

Figure 2. Percentage reduction in cumulative rust scores on S. burjatica ‘Germany’, S.

mollissima-undulata ‘SQ83’, S. dasyclados * aquatica ‘V7511", S. viminalis

‘77082’ and S. dasyclados * caprea ‘V794 when incorporated into twenty-

way mixture, compared to mono-plots. (Bars represent LSD: P = 0.05, within

years)

Table 3. Percentage reduction in cumulative rust scores on eleven Salix genotypes

growing in 20-way mixture compared to growing in mono-plots.

 

Genotype 1996 1997 1998 1999 2000 2001

Year

S. viminalis « aquatica *V7503° -56 -94 -49 -99 -72

S. viminalis *78118° -42 10 5 44 103 18

S. viminalis *78183° -58 5] -62 -17 -20

S. viminalis *870146 ULV’ -56 -21 3 -5] -20 157

S. viminalis * caprea “V789"° -80 -56 -84 -94 -57

S. viminalis *78101° -67 175 254 15 -46

S. viminalis *77699° -21 175 -34 -21 180

S. viminalis ‘Gustav’ -63 10] 4 -26 -1 -51

S. viminalis “870082 ORM” -52 267 95 -34 135 6

LSD (P = 0.05) 69.7 208.9 52.3 108.6 131.8 197.5

DISCUSSION

When SRC willow is grown in mixtures, the impact of Melampsora epitea rust is

dramatically reduced. The onset of rust on moderately to highly susceptible genotypes

incorporated into mixtures is delayed, often by two to three weeks. In addition, the

cumulative rust score towards the end of the growing season on such genotypesis similarly

significantly reduced. The yield from genotypes included in mixtures was normally higher

than when they were grown in monoculture (McCrackenef a/., 2001). This was due,at least

in part, to the delay in onset ofdisease, along with reduced disease levels. In some cases
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however, when disease pressure was high on individual genotypes e.g. S. burjatica

‘Germany’, S. dasyclados = aquatica ‘V7511° and S. dasyclados x caprea ‘V794they have

largely died out of mixtures and madelittle contribution to the final three year harvest yield

(McCracken & Dawson, 2001).

Diverse mixtures of predominantly rust resistant Salix genotypes provide the best opportunity

for sustainability of SRC plantations over 25-30 years. Where individual components of

mixtures have been severely affected by rust the remaining components within a mixture

compensate for their loss (McCracken & Dawson, 2001), In a mixture, the selection

pressures on resistant genotypes should be significantly lessened, to the extent that resistance

should not breakdown,as has happened in genotypes growing in monoculture (McCracken &

Dawson, 1994). Concern has been expressed that in multiclonal plantations where there may

be increased diversity of Melampsora epitea there is the potential for the development of

‘super-races’ or ‘super-pathotypes’ which may attack a wider range of Salix genotypes.

Recent work carried outin N. Ireland has indicated that in the cool maritime climate typically

found in western Ireland the sexual phase of the pathogen’s life cycle was not obligatory and

that populations were morestable thanin other parts of Europe (Samilset a/., 2003).

Much of the new SRC willow planting material becoming available from European breeding

programmes are S. viminalis or S. viminalis hybrids. It is not clear therefore, whether a

mixture comprised entirely of S. viminalis or S. viminalis hybrids would behave in a similar

way to more diverse mixtures. Preliminary results from a trial at the Northern Ireland

Horticulture and Plant Breeding Station haveindicated that these more uniform mixturesare

still effective in reducing the impact of rust (McCracken & Dawson, 2001).
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ABSTRACT

Powdery mildew of cucumber caused by Sphaerotheca fusca and grey mould
(Botrytis cinerea) of tomato, two important diseases of greenhouse crops, were
tested for suppression ofdisease using integrated biological control. Brevibacillus
brevis wild type (WT), a bacterial spore-former and well established biological
control agent (BCA) with broad spectrum activity, was used as the main BCA for
both disease systems. All agents were tested singly and in combination and also
included: i) a plant extract of Reynoutria sachalinensis that induces resistance

mainly against powdery mildew and ii) Pseudomonas antimicrobica, a non spore-
forming bacterial BCAactive against B. cinerea. B. brevis WT reduced disease by
both fungal plant pathogens. Moreover, significant and heightened control of S.
Jusca was achieved using the B. brevis WT/R. sachalinensis combination in whole
plant systems. Ps. antimicrobica also reduced disease incidence whentested using
a detached tomato leaf bioassay system which was further enhanced, again

significantly, when combined with B. brevis WT. These studies indicated that B.
brevis is well suited to combination with other biological disease control agents to
offer increased efficacy for integrated biological control.

INTRODUCTION

Sphaerotheca fusca (formerly S. fuliginea), the causative organism of powdery mildewof
cucurbits and Botrytis cinerea (the causative agent of grey mould disease) are two of the most
important aerial pathogens of cucumber and tomato respectively and are of particular
importance in Mediterranean countries. Both pathogens cause severe yield reduction and
serious economic losses (Elad et al., 1996) and hence have been a target for alternative

methods of disease control including biological control. Control of both pathogens has been
achieved using individual biological control agents (BCAs) often characterised by a single

mode ofaction (Seddonef al., 1997). Single BCAsare limited by the possibility of resistance

development in the pathogen, the range of environments in which they are active and lower
efficacy of disease control. Integrated biological control against plant pathogensis a strategy
which combines different BCAs and/or natural products with different modes of action, thus

aiming at higher levels of disease suppression over a wider range of environmental conditions
with reduced risk ofresistance development (Seddoner al., 2000).
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Brevibacillus brevis wild type (WT), a well established BCA against a range of pathogens

(Seddon e? al., 1997; Walker ef al., 1998) has been well characterised for the control ofB.

cinerea (Edwardset al., 1994). It has two modesofaction againstthis pathogen. It producesi)

gramicidin § (GS), an antifungal metabolite which inhibits conidial germination and hyphal

growth (Edwards & Seddon, 2001) and ii) a biosurfactant which reduces periods of leaf

wetness that are supportive ofinfection by B. cinerea (Edwardset al., 1994). Recent in vitro

studies have shownthat GS inhibited conidial germination ofS. fuscato a level of 80-90 %and

when B. brevis WT sporulating cultures (known to contain GS) were applied to young

cucumberplants a 40 % reduction ofdisease intensity was achieved (Schmitt ef al., 1999).

In the work presented here, B. brevis WT was used in combination with i) a plant extract of

Reynoutria sachalinensis against S. fusca of cucumber and ii) Ps. antimicrobica against B.

cinerea on tomato. R. sachalinensis plant extract acts indirectly by inducing resistance in the

plant against the invasive stage of powderymildew(Daayfer al., 1995) whereas B. brevis WT

acts directly by inhibiting conidial germination (Edwards & Seddon, 2001) prior to invasion.

Since two different stages ofthe life cycle of the pathogenare affected bythis combination, a

higher level of disease suppression is expected than when individual components are used.

Similarly, for the control of B. cinerea on tomato plants, B. brevis WT was combined with Ps.

antimicrobica which is known to inhibit B. cinerea conidial germination and germ tube

extension (Walker ef al., 2001).

MATERIALS AND METHODS

Powdery mildew of cucumber

Cucumberplants cv. Chinesische Schlange were grown in multi-purpose compost (Levington,

UK) in 10 cm diameterpots in a growth cabinet (23°C, 70 % r.h., 16h light). A total of 24

plants was used with 4 plants pertreatment. The third true leaf of each plant was cut off after

its development (approximately 25 d after sowing) to enhance the growthofthe remaining two

leaves, and one daylater the plants were transferred to a growth room (25°C, 70 % r.h., 16h

light). S, fusca conidia were harvested from two diseasedplants with powdery mildew. The

plants were dusted off, using an air compressor (Millipore®, XX5522050, U.S.A), in orderthat

older, non-viable, conidia were removed. Twoleaves fromeach plant were excised 24 h later

and put in a beaker with 200 ml sterile distilled water (SDW)containing 0.0125 % (v/v) Tween

80 (Koch-Light Ltd, England) for 10-15 min. The suspended conidia, adjusted to a

concentration of 1 x 10*/ml, were sprayed onto the upper surface of 28 day old plants with an

atomiser until total coverage of leaf surface was achieved (day0 ofinfection). The BCA B.

brevis WT and R. sachalinensis plant extract (Milsana VP 2002, Dr. Schaette AG, Germany)

(0.05 % v/v aqueous solution) (Schuld er al., 2002) were applied singly and in combination to

the upper surfaces ofthe leaves until run off. R. sachalimensis plant extract was applied 3 d

before inoculation with S. fusca to allow induced resistance to occur. B. brevis WT was

cultivated in Tryptic Soy Broth [TSB (Sigma, UK)] at 37°C in an orbital incubator at 150

rev/min for 48 h. The culture was diluted 1:3 (final concentration 1.2 x 10° cfu/ml) with SDW

and applied as above at 1, 8 and 15 d after the application ofthe pathogen or onlyonce at 1 d

after inoculation with the pathogen. On thefirst signs of disease (8 d after inoculation with the

pathogen) measurements ofthe percentageleaf area covered by the pathogen were madeat 2/3

d intervals until the 20" d after treatment. Data were analysed by Analysis of Variance

(ANOVA)and Bonferroni Post hoc test [SPSS for WindowsRelease 11.0.1 (15 Nov 2001)]. 



Grey mould of tomato

For experiments with B. cinerea, leaves from tomato plants cv. Moneymaker grown for 25 d
under the same conditions as described above for cucumber, were used in a detached tomato
leaf bioassay (Tsomlexoglouet al., 2000).

B. brevis WT and Ps. antimicrobica were cultivated as described above except that Ps.
antimicrobica was grown at 28°C. The bacterial suspensions were diluted 1:100 with SDW
(final concentrations: B. brevis WT, 5 x 10° cfu/ml; Ps. antimicrobica, 3 x 10’ cfu/ml) prior to

inoculation. The upper surfaces of freshly detached leaves were inoculated with 50 ul drops
(Gilson pipetteman) containing bacterial suspension (B. brevis WT and Ps, antimicrobica
individually and in combination), B. cinerea conidia (5 x 10°/ml) and double strength glucose

peptone broth [2 GPB (Oxoid, UK)] in the ratio 1:2:1. In all cases the two youngest leaves
from each plant were taken and 6 replicates were made for each treatment (3-5 dropsperleaf).
Disease symptoms were evaluated daily for 7 d according to an 8-score index of symptoms
from 0 = no symptomto 7 = rot exceeding droplet diameter by more than 3 mm (Tsomlexoglou
et al., 2000). Data from the detached tomato leaf bioassay were analysed using the Kruskal-
Wallis H Test for more than two independent samples and the Mann-Whitney U Test for
treatments in pairs [SPSS for WindowsRelease 11.0.1 (15 Nov 2001)].

RESULTS

Powdery mildew of cucumber

In the powdery mildew experiments, all the treatments resulted in a much lower percentage
leaf area infected than those that were not treated (Figure 1). Indeed, significant differences
were observed between the control and all other treatments (P < 0.001). When applied

separately, both the R. sachalinensis plant extract, applied once before inoculation, and a single
application of B. brevis WT, applied after inoculation, gave significant disease suppression of

about 40-50 %. This level was further enhanced, to give 73 % disease control, when B. brevis

WT was applied weekly. The combination of R. sachalinensis plant extract and B. brevis WT

gave even better disease control than the above treatments especially when R. sachalinensis
plant extract was combined with weekly applications of B. brevis WT where disease control

approached 97 %. The single treatments of R. sachalinensis plant extract and that of B. brevis
WT(1 application) differed significantly from all other treatments (P < 0.001) but not from

each other (P = 0.073). There was no significant difference between the two combination

treatments (P > 0.999). Also, the combination of R. sachalinensis plant extract and B. brevis
WT (1 application of B. brevis WT) did not give significantly greater control than the treatment
of B. brevis WT (weekly applications) (P = 0.270) although there was significant difference
between R. sachalinensis plant extract combined with weekly applications of B. brevis WT and
the treatment of B. brevis WT (weekly applications) (P = 0.002).

Grey mould of tomato

There was a significant difference (P < 0.002; Kruskal-Wallis H test) between all data values
(which included control) from day 2 of the bioassay, with the control treatment having much
higher median disease indices than any of those treated with BCAs (Figure 2). A significant
difference in disease control was also found between the individual BCAs and their 



combination at 6d (P = 0.004, 0.015) (B. brevis WT and Ps. antimicrobica respectively) and at
7d (P = 0.002, 0.002) (Mann-Whitney U test). No significant difference was found between

single treatments.
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—#— R. sachalinensis plant extract

—a— B. brevis WT. One application

—<— B. brevis WT. Weekly application
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Figure 2. Effect of B. brevis WT, Ps. antimicrobica and combinations against

grey mould disease on detached tomato leaves. 



DISCUSSION

The economic losses caused byS. fusca and B. cinerea have led to the overuse of chemical
fungicidesresulting in environmental pollution as well as the developmentofresistance in the
pathogens (Seddon ef a/., 2000). Biological control is an alternative to chemical control with
the main advantage being low/no impact on the environment henceoffering sustainability. B.
brevis WT is considered to be an important BCA against B. cinerea (Edwardset al., 1994:
Walker er al., 1998) and S. fusca (Schmitt er al., 1999) although lowefficacyis occasionally
observed when used alone. Since B. brevis WT has broad-spectrum activity (Seddon er al..
2000) the potential exists for its combination with other BCAs with different modes ofaction
in a range of crops for increased efficacy of biological disease control. Combination of B.
brevis WT with R. sachalinensis plant extract was based on the different modesofaction of
each componentwith the objective of lowering the concentrationof the individual BCAsused,
yet still achieving high levels of disease control, thus lowering environmental impact. Indeed,
in the work presented here, the two BCAsi.e. B. brevis WT and R. sachalinensis gave higher
disease control against S. fusca when combined than when used singly. It maytherefore be
possible to reduce their concentration even moreandstill maintain good disease control. It is
also ofinterest that the combined treatment gave a high level of disease contro! that was not
significantly different when B. brevis WT wasapplied either onceorat weekly intervals. With
similar reasoning, the combination of Ps, antimicrobica with B. brevis WT used against B,
cinerea also increased efficacy. This combination may also reduce the possibility of such a
ubiquitous plant pathogen developing resistance to one of the BCAs as combined protection is
afforded by more than one antifungal component. This study now needs to be extended to
whole plants and, as with the powdery mildew work,to glasshousetrials.

Recentstudies have shownB. brevis and R. sachalinesis plant extracts to be safe and harmless
against beneficial insects (Schuld e¢ al., 2002) and their extended use for integrated pest
management with insect biocontrol systems looks promising for use in glasshouses. There is
concern over the use of Ps. antimicrobica since it has recently been reclassified as
Burkholderia gladioli, some strains of which have been implicated in secondary infections in
patients with cystic fibrosis and chronic granulomatuous disease (Coenye er al, 2000).
Consequently, the organism will not be used for further studies unless it can be clearly
differentiated from these pathogenic strains with no potential harmful effects.

Results clearly show that an integrated approach to biological control using different
combinations of agents is worthwhile as it offers advantages of increased disease protection
and reduced usage of biocontrol agents. Further work is needed to explore whether, as
predicted, this strategy will reduce resistance development and broaden the efficacy of
biocontrol over a wider range of environmental conditions and plant pathogens. It would at
least seem possible that §. fusca and B. cinerea mayin the future both be controlled by suitable
combination ofB. brevis with other BCAsin a systemofintegrated biocontrol.
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ABSTRACT

Eleven brassica species/tissues were screened for control of four fungal
pathogens; Rhizoctonia solani, Fusarium solani, Phoma  exigua and

Gaeumannomyces graminis. Different brassica species/tissues controlled
individual pathogens. Thetissues differed in their fungicidal activity, with root

tissue, blanched and non-blanched rapeseed meal the most active, controlling
pathogens by 40-85%. G. graminis was the most sensitive of the pathogens.
Very high levels of brassica tissue were calculated as required (0.59-535 t) to

give biofumigationin the field equivalent to that of commercial products.

INTRODUCTION

Incorporating of brassica tissues into the soil as green manures is known to reduce soil-borne
diseases such as Gaeumannomyces graminis, the causal organism of take-all in cereals
(Kirkegaard et al., 1998). Control is achieved by hydrolysis of glucosinolates in the plant
tissue by the enzyme myrosinase, to give toxic breakdown products including a number of

isothiocyanates, many of which have fungicidal andinsecticidal activity and can act as natural
biofumigants. Brassica tissues used as green manures have primarily been from mustard
plants although oilseed rape has been used. The aim ofthis paper is to report on the use of

tissues from a numberofbrassica species, selected for their different glucosinolate profiles, to
control soil-borne and tuber-borne diseases in vitro.

MATERIALS AND METHODS

Three brassica species, (Brassica juncea (brown mustard), Sinapis alba (white mustard) and

winter oilseed rape (cv. Synergy and cv. Debut)) were grownin John Innes No. 2 compost. six

plants per 50 cm diameter pot, in a polytunnel under ambient temperature and watered

regularly. Pre-flowering (GS 3.5-4.0), the above and below ground parts of plants were

removed, washed, frozen, freeze-dried, milled using a hand blender and the milled material

stored at -4°C prior to use. Oilseed rape meal, cv. Express, was obtained from CETIOM,

France. The meal was produced by three oil extraction methods: 1) direct, cold pressed

extraction (non-blanched), 2) blanched and extracted, and 3) extruded extracted (Burghart &
Evrard, 1999),

The fungal pathogens Rhizoctonia solani (black scurf/stem canker of potatoes), Phoma exigua

var. foveata (gangrene of potatoes), Fusarium solani (dry rot of potatoes) and

Gaeumannomyces graminis(take-all of cereals) were isolated from infected plant material and 



maintained on potato dextrose agar (PDA), 39 g/litre at 16-18°C. Isolates of all four fungi

were inoculated onto fresh PDA and grown at 16-18°C for several days prior to use in

experiments.

PDAwasautoclaved at 121°C for 15 minutes, cooled to hand-hot, poured into sterile 9 cm

diameter,triple vent, plastic petri-dishes and allowed to set. Isolates were removed from 4-7

day old fungal colonies using a 10 mm sterile cork borer and placed in the centre of agar

plates, 1 isolate per plate. Brassica tissue was weighed out into small vials (5.5 x 3.7 x 0.5

mm), the vials placed into the invertedlid of the petri-dishes (Figure 1) and sterile water added

to the brassica tissue at a rate of 6 pl/mgtissue (Kirkegaard er al., 1996). The bases of plates

were inverted over the lids, plates double sealed with parafilm and incubatedat 18°C for

several days. The diameter of each colony was measured; two measurements were taken at

right angles and the average taken. Control was calculated as the percent reduction in mean

colony diameter by comparison with the untreated. This method was used to screen all

brassica tissues at a rate of 500 mg/plate to determine the mosteffective dose of brassica tissue

and to compare the brassica tissues against the soil fumigant dazomet (97% w/w). For F:

solani and P. exigua the commercial fungicide imazalil + thiabendazole (100:300 g a.i./litre)

was used. PDA wasprepared as described above, with the fungicide added to the hand hot

agar at rates of 1, 10, 50 and 100 ppm imazalil prior to pouring into sterile petri- dishes. The

brassica tissues were applied as per Figure 1.
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Figure 1. System for testing fungicidal activity of brassica tissue.

RESULTS

Brassica tissues varied in their levels of control of fungal pathogens (Table 1). Seven of the 11

tissues tested significantly reduced growth ofR. solani, with Synergy root and Debut root

giving in excess of 90% control of the fungus. Synergyshoot material, however, significantly

encouraged growth of R. solani. Three tissues, Synergy roots, Debut roots and blanched

rapeseed meal gave 100% control of G. graminis. All but one ofthe tissues tested gave some

control of F. solani, with the mosteffective the non-blanched andblanchedoilseed rape meals

(69.7 & 77.8% control) followed by the B. juncea and S. alba root tissues (46.6 & 53.8%

control), Growth of P. exigua was reduced to some extent by all of the brassica tissues, but

the greatest control was achieved with the blanched rapeseed meal, extruded rapeseed meal

and Debut shoots (50-80% control).

Ofthe pathogens tested, G. graminis was the most sensitive to the brassica tissues, with an

average 89% control (Table 1). The average control of the other three pathogens was < 50%.

The two brassica tissues giving the best and most consistent control of the four pathogens were

the blanchedoilseed rape meal (85.5%) and the non-blanched oilseed rape meal (67.7%). Two

of the most promising brassica tissues were tested against each pathogen to determine the rate

of material required to give the greatest control in vitro. In all cases, as the rate of tissue

increased from nil to 1000 mg/plate control of the pathogen improved (Figure 2). 



Table 1. Effect of brassica tissues on control of four fungal pathogensin vitro.

 

Treatment % Control
 

R. solani

3 days

(500 mg/plate) F. solani

12 days

P. exigua

7 days
G. graminis

8 days
 

Untreated 0

B. juncea- shoots 55.0

B. juncea - roots 70.5

S. alba - shoots 37.5

S. alba - roots 7.4

Synergy- shoot -50.7

Synergy- roots 99.5

Debut — shoots 10.9

Debut — roots 90.5

Non-blanched meal 64.5

Blanched meal 84.5

Extruded meal -4.6

LSD (P < 0.05) 34.15

0

-6.0

46.6

24.4

53.8

11.1

12.4

43.6

17.1

69.7

77.8

19.2

17.07

0 0

7.0 79.3

38.8 98.9

8.8 71.1

8.6 90.7

26.4 54.1

36.1 100.0

50.1 93.0

28.4 100.0

38.8 97.8

79.6 100.0

50.1 96.7

19.32 11.01
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Figure 2. Effect of rate of Synergy root (¢), Debut root (a), B. juncea root (m) and S. albaroot
(©) tissues, blanched rapeseed meal (4) and non-blanched rapeseed meal (©) on
control of fungal pathogensin vitro (bars represent LSDforall points on a figure). 



R. solani and G. graminis were the pathogens mostsensitive to the brassica tissues, both were

controlled 100% with 1000 mg/plate of Synergy and Debut roots. Control of less than 60%

was achieved with F. solani and P. exigua, even with the highest rate of brassica tissue used.

Results suggest that if more than 1000 mg/plate of tissue was used, greater control of F. solani

and P. exigua may have been achieve. However, 1000 mg tissue was the maximum that was

practical to use in the test system. Results also suggest that at very lowrates ofbrassicatissue,

growth offungal pathogenscould be encouraged.

The efficacy of brassica root tissues and rapeseed meal applied at 1000 mg/plate was

compared with a standard fumigant/fungicide. The soil fumigant dazomet gave good control

of R. solaniafter 3 days, with 50 mg a.i./plate giving 98.6% control (Figure 3). The effective

dose of dazometto give 50% control (EDs) was calculatedat 1.2 mg/plate (Table 2). Synergy

and Debutroot tissue controlled R. solani by an average of 51% (Figure 3), equivalent to 1.35

mg dazomet. Dazomet is applied in Scotland at a field rate of 570 kg/ha. The amount of

brassica tissue required to give similar soil fumigation to that of dazomet wascalculated as

422 t/ha (Table 2).
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Figure 3. Effect of fungicides dazomet (@) and imazalil + thiabendazole (m) on control of

fungal pathogensin vitro compared with 1000 mg/plate of Synergy & Debut root

(a) and B. juncea & S. alba root (0) tissues, and blanched & non-blanched

rapeseed meal(A) (bars represent LSD forall points on a figure). 



G. graminis was controlled by low levels of dazomet (Figure 3), the EDso calculated as 0.53
mg a.i. (Table 2). 1000mg Synergy and Debut root tissue gave similar control to that of 1.06
mg dazomet and the amountofroot material required to control G. graminis in the field was
calculated as 538 t/ha (Table 2).

F. solani and P. exigua were both controlled by low levels of imazalil + thiabendazole
(imaz:thiab), the EDso was calculated as 0.56:1.68 ppm imaz:thiab and 0.52:1.56 ppm
imaz:thiab respectively (Table 2). 1000 mgofbrassica tissue was equivalent to 0.69:2.07 ppm
imaz:thiab for F. solani and 0.66:1.98 ppm imaz:thiab for P. exigua. The quantity of brassica
tissue required to fumigate potato tubers and control these two diseases compared with the
fungicide spray was calculated at 0.59 t root tissue/t potatoes for F. solani and 0.61 t meal/t
potatoes for control ofP. exigua.

Table 2. Amount ofbrassica tissue required for biofumigation compared with a standard
fumigant/fungicide.

 

R. solani G. graminis F. solani P. exigua
 

EDs» dazomet (mg) 1.2 0.53 “ -

EDso imazalil:thiabendazole (ppm) - - 0.56:1.68 0.52:1.56

Amount offungicide equivalent to 1.35m 1.06 mg 0.69:2.07 ppm —_(0.66:1.98 ppm
1000 mg brassica tissue
Field rate of brassica tissue required 422 tha 538 vha 0.59 tt 0.61 wt
Field rates: dazomet = 570 kg/ha, imazalil + thiabendazole = 10:30 g/t potato tubers.

DISCUSSION

Incorporation offresh brassica tissues into soils has been shown to improveyield and control
soil-borne diseases in cereal crops such as winter wheat (Kirkegaard etal., 1999). The present
study showed that freeze-dried brassica root tissue of brown and white mustard and oilseed
rape and also blanched and non-blanched rapeseed meal had promising fungicidal activity
against the fungal pathogensR. solani, F. solani, P. exigua and G. graminis. Shoot material
had poorer fungicidal activity in most cases. This is in contrast to work carried out by
Kirkegaard ef al. (1996) where brown mustard shoots gave the best control of a similar set of
pathogens, with root tissues of brown mustard and oilseed rape less effective. Results
confirmed the findings of Kirkegaard er al. (1996) that G. graminis was consistently sensitive
to all brassica tissues. R. solani and G. graminisare important pathogensthat are difficult to
control in the soil, although seed treatments are available. F. solani is a field/storage disease
and P. exigua a storage disease of potatoes, both of which are reduced by conventional
agrochemicals applied to tubers in-store. Ifthe activity of brassica tissues against these fungal
pathogens can be transferred to a field situation these natural fungicides could benefit both
conventional and organic growers.

Kirkegaard ef al. (1996) found rapeseed mealapplied at 500 mg/plate reduced fungal growth
of Rhizoctonia, Fusarium and Gaeumannomyces by <20% whereas brown mustard meal
reduced growth by >90%. Results from the present study showed blanched rapeseed meal
gave the most consistent control over the four pathogen species tested, with an average control
of >85%, suggesting this product could be taken forward to develop as a commercial biocide. 



Biocidal activity of rapemeal is the result of breakdown of glucosinolates, by the enzyme

myrosinase, releasing isothiocyanates and other products that fumigate the soil, so controlling

fungi. However, blanching through heat treatment destroys most of the myrosinase activity

within the meal and isothiocyanates are not released. It is suggested that other biochemical

processes, ones not destroyed by heating, are active within the rapeseed meal and that it is by-

products of these processes that are providing much of the biocidal activity rather than the

glucosinolate/myrosinase system. This would need investigating before the meal could be

developed furtheras a biocide.

The quantities of brassica tissues required (0.59-535t) to give equivalent control of pathogens

were >1000 times higher than the quantities required of commercially available fungicides.

This could prevent the development ofbrassica tissues as biocides at present. Such large

volumes oftissue applied to soil could influence the nutritional status of soil, affect soil

structure and influence crop growth. Indeed, previous work showedthat incorporation of large

quantities of rapeseed meal to R. solani infected soil prevented emergence ofpotatoes by

causing shoots to rot and producing a physical hard barrier in the soil (Sutherland ef al., 2003).

This would not be acceptable to growers.

In conclusion, a number ofbrassica tissues investigated had potential as biocides against

fungal pathogens, in particular G. graminis. However, further investigations and field studies

are required to determinesuitable application rates.
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ABSTRACT

On a 10 ha long-term organic farming experiment at the Institute for Weed
Research, Federal Biological Research Centre for Agriculture and Forestry
(BBA), Cirsium arvense spread in only six years across almost the whole area,

although in some patches shoot density decreased. Seed production was not
correlated with vegetative growth in the first 4 years and remained low, but

increased in the fifth year. Neither yearly ploughing nor intense stubble tillage
reduced the rate of spread. The reasons are typical for the situation on organic
farms in Germany and other European countries. Spread is enhanced by low crop

competition due to a high proportion of spring-sown crops in the rotation and a

lack of competition in autumn, post-harvest. Harrowing in growing crops was
ineffective against C. arvense. The results show that only a long-term andsite-
specific combination of tillage and crop rotation measures will achieve a
sustainable control effect.

INTRODUCTION

In organic farming systems, a significant increase in Cirsium arvense is often a problem,

especially during the conversion period from conventional to organic. C. arvense is
characterised by a high competitiveness based on high adaptability, a dense and expanding

root system and an ability to regenerate (Mitchell & Davis, 1996). This encourages spread,
especially in situations with low or no crop competition, e.g. during a retarded early crop

development or after harvest. Also, mechanical control measures are often ineffective (Hani

& Zircher, 2002). Therefore, development of improved measures to control C. arvense are

aimed at crop rotation, crop management andsoil tillage in order to disrupt vegetative growth

and nutrient storage in the roots. A long-term control strategy, however, depends on theideal
combination of these measures and must take into accountthe specific conditions of the farm

and the site. This paper reports the rate of spread of C. arvense on a long-term organic
farming experiment and control options are discussed.

MATERIAL AND METHODS

The site (‘Ahlum, BBA’) is located south of Braunschweig, Lower Saxony, and consists of

homogenoussandy loam with a high nutrientlevel, an annual precipitation of 579 mm and an

annual mean temperature of 9.3°C. Trials on organic farming have been conducted since
1996 on an experimental area of 10 hacertified according to EC Regulation No 2092/91. The
trial was conducted under an arable farming system based on ploughing and a crop rotation
with a high proportion of cereals (Table 1). 



Table 1. Soil tillage and crop rotation, 1996-2001.

 

1996 1997 1998 1999 2000 2001
 

tillage plough plough plough plough

crop spring wheat springwheat  fieldbeans winter barley spring wheat winter rye

tillage chisel plough disc harrow mulching chisel plough chisel plough
tillage plough plough chisel plough plough
intercrop clover-grass clover-grass

(mulched) (mulched)

The shoot density of C. arvense wasassessed in a grid of 24 x 24 m. The same points were
also used for soil samples (to 30 cm) to determine the weed seed bank by germinationtests.
Because of the initially low abundance of C. arvense, direct and indirect control measures
were focussed mainly on annual weeds. Therefore harrowing was doneat least once within
each crop. The soil was ploughed to a depth of 20-25 cm in spring and in autumn. Stubble

cultivation was mainly done with a wing share cultivator (cultivation depth 10 cm). There

was no manual control of C. arvense, e.g. by pulling or cutting.

From 2001, the experiment design was changed by separating the area into 8 plots with a
more mixed crop rotation (including e.g. peas and potatoes). Results from this phase are not
presented in this paper.

RESULTS AND DISCUSSION

Spatial distribution of C. arvense

Since starting the project in 1996, C. arvense has spread continuously over almost the whole

area (Figure 1). During the six years of the study, there was an increase in the number ofC.

arvense patches and also in the mean numberof shoots per patch (Table 2). Whereas in 1996

only 11 of 205 measuring points (5 %) wereinfested with C. arvense, by 2001 the weed was

found at 129 points (63 %).

Table 2. Shoot density of C. arvense groupedferall measuring points,
1996-2001.

 

Shoot density 1996 1997 1998 1999 2000 2001
number/m? number of measuring points

> 20 2 6 15 14 33
11-20 2 8 13 19 35

1-10 7 12 34 21 61
0 194 179 143 151 76
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Figure 1. Spread of C. arvense, 1996-2001 (numbers on axesare distances (m)). 



However, after a few years, the shoot density of C. arvense on certain patches decreased.

This was also found by Eber & Brandl (2003). This reduction might be dueto intraspecific

competition or self-exhaustion, but at the moment there is no clear proof for these
hypotheses. In contrast to the widespreaddistribution of C. arvensein the field, the seed bank
remained very low during thefirst years, but increased markedly in 2001 (Table 3). There
was no correlation between shoot density in the field and numbersofseedsin the soil.

Table 3. Seeds of C. arvense and other weed species in soil samples, 1996-2001.

 

1996 1997 1998 1999 2001

Numberper m? to 30 cm soil depth

C. arvense 2 7 9 5 53

Monocotyledonous species 479 924 686 442 286

Dicotyledonous species 3709 6376 6171 4444 9068

This is congruent with the observation that very few seedling plants were found, even with

the marked increase in seeds in 2001. More detailed investigations are ongoing in order to

estimate the impact of seed production and seedling plants on weed distribution in the field.
Recent findings regarding this topic are still contradictory (Hettwer & Steinmann, 2002). A

significant passive dispersal of root and shoot parts by meansoftillage was not observed.

The effect of mechanical spreading by cultivations is probably marginal in comparison to

spread due to the high growthrate of C. arvense roots (Meyer & Albrecht, 2003).

Effect of crop rotation andsoil tillage on abundanceof C. arvense

Neither the effect of the crop rotation nor the intense cultivations inhibited the spread of C.
arvense. The main reason was probably that the weed could profit from the low competition

from the spring-sown crops grown between 1996 and 1998 (summer wheat - summer wheat-
field beans). Once greater than critical density, C. arvense could not be reduced even by

more competitive crops like winter rye. Field beans also did not, contrary to other

experiences, suppress C. arvense. Growing grass-clover mixture as an intercrop in 1997 and

1999 with mulching afterwards, did, however, appear to reduce the rate of spread.

The study showed no effect of harrowing in growing crops on C. arvense or other perennial
species. Annual weeds were controlled moderately, but results were variable (Table 4). Over

the 6 years, densities of emerged weeds did not rise although the seed bank of annual weeds

increased.

Table 4. Changes in weed densities (%) 3-5 weeks after harrowing, 1996-2001.

 

1996 1997 1998 1999 2000 2001
C. arvense + 33 + 67 -7 +829 +109 +110

Monocotyledonousspecies - 46 -8 -29 +130 - 39 + 50

Dicotyledonousspecies - 30 -27 - 49 +8 - 56 -3)

  



Tillage measures alone cannot interrupt or stop regeneration of C. arvense because ofit’s

lateral root system belowtillage depth. Furthermore,tillage can lead to an advantagefor C.

arvense, especially in times without crop competition, since more mineralised nitrogen is
available in the deeper soil layers (Hartl, 2003). Because of the high portion of cereals in the
crop rotation, other options for mechanical weed control were notavailable, e.g. the use of
hoeing in row cropslike potatoes. This also encouraged the spread of C. arvense.

Summarising these findings, the following reasons for an increasing infestation of C. arvense
can be considered typical for organic farms in Germany and other European countries:

- Ahigh portion of cereals in the crop rotation,
- Little alternation of summer and winter cropping,
- Asmall portion of hoed crops.

When changing the experiment design in 2001, the focus was on the control of C. arvense.
The results make clear that an effective strategy can only be accomplished with an ideal

combination of crop rotation and tillage measures. Therefore, other crops with higher
competitiveness like peas or oilseed-rape were grown combined with a higher intensity of
soil tillage and hoeing. The grass-clover mixture now growing as a main crop and mulched
several times has controlled C. arvense successfully. Although initial results show

temporarily goodeffects, a clear conclusionwill be possible only in the longer-term.

In principle, the control methods aim to reduce and exhaust root reserves of C. arvense,

whereas direct reduction of plants or seeds has a minorpriority. However, there isstill little

knowledge of the biology and physiology of root reserves and regeneration behaviour. In
order to optimise control strategies there is also a need for further research on other
approaches:

Knowledge ofthe regeneration behaviour of C. arvense and root growthin the
subsoil,

- Relevance ofthe spread by seed,
- Estimation ofthe ‘critical density’ at which C. arvense becomesdifficult to control,

- Biological control by fungal plant pathogens and herbivorous beetles.

Consequently, the experiments at the BBA are ongoing in order to control C. arvense by
optimising both crop competition andtillage measures.
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