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Methods of non-chemicd weed control that could be used in organic systems were reviewed
previoudly as part of a desk study funded by MAFF (Bond & Grundy, 1998. Other reviews
of developments in ron-chemicd weeal control tedhniques and systems have included:
Morgan, 1989 Parish, 1990, Stopes & Millington, 1991 Rasmus®en & Ascad, 1995
Rasmuseen, 1996 Bond & Lennartson, 1999and Bond & Grundy, 2001 Barberi (2002 in
an appraisa of recant organic weal management research questioned whether the right issues
have been addressed anyway. The present review aims to update and consolidate the previous
MAFFfunded review as part of the Organic Wead Management Projea, OF0315 funded by
DEFRA. It is intended that this review will be ongoing and based on recet scientific and
grower related publicaions as these beaome availlable. The reference list should provide an
extensive bibliography of papers relating to most aspeds of non-chemicd weed control.
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I ntroduction

Organic farmers cite weels as the most significant production problem they encounter (Stopes
& Milli ngton, 1991), and total crop losses from weeds can occur under the organic system. In
the UK, whea crops have been ploughed in due to heary wedl infestations and there is
evidencethat perennial weals increase under organic husbandry (East, 1993. One analysis of
the relative frequency of weeds threeyeas after conversion to organic growing showed that
total seed numbers in soil had increased from 4050 m? to 17320m” (Albredtt & Sommer,
1998. The 1991ADAS organic whea survey showed weed control to be the most important
crop protedion problem to be faceal by organic whea growers (Yarham & Turner, 1992.
Chickweed (Stellaria media), mayweeds (Matricaria spp.), speedwells (Veronica spp.) and
annual meadow grass (Poa annua were anong the most abundant of the 86 weeal spedes
recorded. Perenniad weeds were more &undant in fields that had been under organic
production for some yeas. In asurvey of organic vegetable growers in the UK, weed control
was considered to be one of the most serious problems (Peamck, 1990, and chickwed (S.
media), couch grass(Elymus repens) and thistle (Cirsium spp.) to be the worst weel spedes.
At the first stakeholder meding of the aurrent DEFRA projed, the mgjority of the farmer and
grower participants were of the opinion that docks (Rumexspp.) were the main problem.

UK organic growers surveyed in 1999 considered their current weed management to be
adequate but few rated the available methods of dired weed control to be very effedive
(Beveridge & Naylor, 1999. Under the United Kingdom Register of Organic Food Standards
(UKROFS, 1999, and smilar national guideline dsewhere in Europe based on regulation No.
209291 of the European Community (EC, 1991), chemicd intervention is not permitted for
weed control purposes in organic farming systems. The use of pre- and post-emergence
medanicd and thermal weeding methods, cultural control measures and the use of plastic and
degradable mulches are dlowed. However, dired intervention should be minimised to avoid
undesirable dfeds within the farming system and on the environment (Woodward & Lampkin,
1990.

Even when using acceptable non-chemica control methods there may be some nflict
between measures to control weeds and some of the other ams of the organic system. For
example, ealy cultivation of pasture to improve weel control may increase the risk of nitrate
leading from the soil (Anon, 1997, as may other weeal control strategies (Cussans, 1992.
Intensive alltivation to control large weeds may damage soil structure (Mattson et al., 199Q
Colquhoun & Bellinder, 1996. However, the incressed mineralisation of soil nitrogen
following cultivation can be used to advantage by organic growers for boosting crop growth
(Smith et al., 1994. Complete eadicaion of weeds is not the am in organic systems (Blake,
1990, and under a regime of reduced management inputs the range of spedes may expand
(Hall, 1995. Weadls increase the diversity of agricultural growing systems, but can be both a
blessng (Zandstra & Motooka, 1978 and a nuisance (Streiberg, 1988. In Canada, the
‘weed’” bladk medick (Medicago lupuina) has been incorporated into the rotation of some
aternative agricultural systems becaise it enriches the soil and dscourages other weeds
(McLaughlin & Mineau, 1995. In other instances, weeds have been planted oeliberately
within the crop as a trap for insed pests (Hokkanen, 1991), and so may play a part in
integrated pest management systems (IPMS). Conversely, weads may ad as surces of
infedion or be dternative hosts for some pests (Norris, 1986.
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Economic fadors can have aconsiderable influence both on the aops that are grown and on
the particular method of weed control that is applied within those aops. Certain methods may
only be eonomic when used in high value aops (Le&ke, 1996); others are only applicable to
crops grown in a particular way.

There is a view that only reseach conducted within a ‘wholly organic system’ has any
significance to organic growers (Marland, 1989. While this may be so for some measures
amed at reducing the weed problem by cultural means, dired, or physicd, weeal control is
likely to have asmilar effed whatever the system. The output from weed biology and weed
competition reseach should apply equally well to both organic and conventiona systems. In
the asence of sufficient reseach made solely within the organic system, the present review
includes relevant work from other growing systems, avoiding only those studies made solely
on chemicd methods of weead control. The diredion that organic reseach should take to
make up the deficit has been reviewed by Lockeretz (2000.

In this review, cultural weeal control is considered separately from methods of controlling
wedls diredly. In addition, the main sedions have been sub-divided to define and discuss
more dosely the different areas of interest that lie within them.

DIRECT WEED CONTROL

Physical wea control

Weadls differ from nost pests and diseases in that Killi ng or removing them by dired physicd
means is a pradica option. The problem isin removing the weeads sledively without injuring
the aop. The doice of weading method and of implement depends in part on pradicd aspeds
such as the aop and the soil type, but economic dements like purchase price, operating costs
and labour requirements are often the over-riding fadors. On small areas or where sufficient
work forceis avail able hand-weeding remains a posshility, particularly in high value aops, but
on most farms, crops are grown on too large ascde, and labour is expensive and often of
limited availability. An overview of the gplicaions and relative wsts of the main medanicd
wedd control implements used in the UK was given by Lampkin (1990).

M echanical weal control

Medanicd weel control may involve weeding the whole aop, or it may be limited to
seledive inter-row weealing. In a well spaced crop planted ‘on the square’, a secnd inter-
row weeding may be made & right angles to the first to cover a greder percentage of the soil
surface (Kouwenhoven et al., 1991 Kouwenhoven, 1994 1997. In addition, inter-row
implements have been designed that control weeds within the aop row by direding soil along
the row to cover small weeals (Klooster, 1982. Medanicd weelers range from basic hand
tools to sophisticated trador driven devices. These may include aultivating tools sich as hoes,
harrows, tines and brush weeders, cutting tools like mowers and strimmers, as well as
implements like thistle-bars that may do both. Custom-made basket or cage-wheded weeders,
with gangs of rolling wire g/linders, offer another way to ded with sealling weeals in a friable
soil (Bowman, 1997 McGrath, 1999. The mode of adion, operating speeds and limitations
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of a number of medhanicd weeding tools were reviewed by Tillett & Home (in
Welsh et al., 2002).

The dhoice of implement, and the timing and frequency of its use may depend on the aop and
on the weed population. Some implements, such as fixed harrows, are thought more suitable
for arable aops, while others like inter-row brush weelers may be cnsidered to be more
effedive for horticultural use. The optimum timing for mechanicd weed control is influenced
by the competitive aility of the aop (Turner et al., 1999. A single inter-row cultivation at
any time may provide excdlent weed control in a aop like transplanted brocooli that rapidly
develops a broad, shading led canopy (Colquhoun & Beéllinder, 1996. Control from a single
wealing may be poorer in crops like swed corn (Zea mays) where ealy growth is dow, or in
green beans (Phaseolus vulgaris) where the growing season is relatively long. Inthe UK, the
optimum timings for medanicd weead control have been defined for onions and for carots
grown in both organic and conventional systems (Bevan et al., 1993 & 1994 Bond &
Burston, 1996 Bond et al.,1998). In organic winter cereds, Welsh et al., (1996, using a
spring-tine weeder, found that corn poppy (Papaver rhoeas) was more dfedively controlled
in the autumn whilst chickweed (S media) was controlled best in spring.

In experiments to determine the type of physicd damage that gave the most effedive wntrol
of arange of seedling weeds, Jones et al., (1995& 1996, found that burial to 1 cm depth was
the most effedive treament, closely followed by cutting at the soil surface Plants need to be
buried totaly to be @ntrolled but plant size angle and growth habit influence the depth of
covering required (Bagveldt & Ascard, 1999. At high weal densities, even with the most
effedive mecdhanicd weelers, sufficient weeals are likely to survive control measures and
profoundly reduce aop yield in cereds (Rasmussen, 1993). Dired control neals to be linked
with long term preventative measures to maintain the weed population at a manageable level.

With most medhanicd weeding implements, operator skill, experience and knowledge ae
criticd to success Drawbadks to mechanicad weed control include low work rates, delays due
to wet conditions, and the subsequent risk of weed control falure & weeds become larger.
Pullen & Cowell (1997, reviewed the merits of six different mecdhanicd weeding medanisms,
and quantified their performance in controlling inter-row weeds at different growth stages and
at different trador speeds. Weed control was not necessarily better at ealier weed stages and
wedling too ealy often mised late germinating weeds. Increasing forward speed dd not
improve the performance of al the implements equally.

On a caitionary note, there may be some disadvantages to the greder use of medanicd weel
control. The alditional cultivations assciated with medanicd weeding could harm soil
structure and posshbly encourage soil erosion (Colquhoun & Bellinder, 199. The increased
mineralisation of soil nitrogen due to cultivation may be seen by some growers as a problem
and by others as an advantage (Smith et al., 1994 Welsh et al., 2002. There is concern about
the impad of medanicd weeding on ground nesting birds and management pradices may
some dteration to minimise disruption at criticd times (Welsh et al., 2002.

Hand tods

Although hand hoes, push hoes and other traditional hand weeding tools are still used on
small-scde horticultural crops in the UK this is often seen as a last resort. In developing
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countries, where hand labour is more realily available, there is a greder incentive

to evauate the egonomics and weeding efficiency of different hand tools (Chatizwa, 1997).
Hand wedaling is of particular importance where the terrain and climate ae unsuitable for
medanised systems, or locd technicad knowledge is ladking (Anobah, 1993. Whatever the
level of sophistication of the farming system, there will be times when hand-roguing of the odd
plant or patch of a particular weed is the most effedive way of preventing that weed from
proliferating or spreading and beaming a serious problem (Marshall, 1992 Putnam, 1990.
In the UK, the uprooting of perennial weeds in grasdand is gill carried out with hand tools. A
recent development in the hand-weeding of row crops has been the use of salf-propelled and
trador-drawn platforms or flat-bed machines that move slowly through the aop carrying upto
eight workers lying prone, and wealing the aop rows as they pass over them (McGrath,
1999 Turner, 2000. Hand weeding may be combined with medanicd inter-row weeding to
ded with weeds left in the aop row. lonescu et al., (1996, found that in corn and soybean
crops the combination of the two pradices prevented crop losses and reduced the time spent
hand-weeding.

The Eco-puller has been developed to medhanicdly remove perennial weealds ich as common
ragwort (Senedo jacobaea) from grasdand (Soil Association, 2002. It works best with a
height difference between the weed and the grass or crop. A prototype medhanicd weed
puller that is intended to replacehand weeding in row cropsis also being tested (Anon, 2002.
The trador-mounted device @mprises contra-rotating rollers designed to pull up weeds sich
asfat hen. A work speed of 4-5 mph isforecast.

Harr ows

Harrowing is a traditional form of medanicd weed control for deding with annual weeds but
is ineffedive against perennial and established deep-rooted weeds. In cereds, ‘blind’ or pre-
emergent harrowing may be caried out after drilli ng but before aop emergencein order to Kkill
the first flush of smal emerging weeds. Spring-tine, chain or drag harrows may be used
(Lampkin, 1990. The am is to give the aop an ealy advantage over the weels to aid
seledivity in subsequent harrowing operations.

Dry wedher is criticd to the successof ealy harrowing operations but adequate soil moisture
is needed initially to encourage ealy weal emergence  Blind harrowing has little dfed if few
weeals have emerged, and may sometimes delay crop emergence (Head, 1993. Post-
emergence harrowing may cause aop injury too, but seledivity depends on many fadors
including the soil covering medhanism (Kurstjens & Perdok, 2000. Increased working depth
and forward speeal in a drier soil gave increased soil covering (Kurstjens, 2002. The impad
of uprooting has been shown to cause higher mortality than soil covering in weels harrowed
at or 3-4 days after emergence (Kurstjens & Kropff, 2001). Increasing the working depth
from 10 to 30 mmdoubled the number of uprooted plants, and was further improved by higher
soil moisture and faster working speeds (Kurstjens et al., 2000. Drier soil at harrowing
deaeased wed survival (Kurstjens, 2002).

Chain harrows with round and/or shuttle shaped links bury the weeds but do not pull them up.

However, Rasmussen (1991a), found that only 37 to 50% weed control was obtained even
with 5 passes at one alltivation. For best results, the soil should be aumbly, not too wet or
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crusted. When used post-emergence in cereds the diain harrow is more dfedive
against weeds below the 3-led stage (Bohrnsen, 1993.

Tine weealers with ether rigid or spring-loaded tines, superficialy cultivate the whole soil
surface They are mnsidered lessdamaging to the aop than chain wealers (Lampkin, 1990.
At ealy wea stages the harrowing adion hburies sallings under loose soil rather than
uprooting them, and does not pul up established cered plants beyond the 3-led stage
(Rasmusen, 1994). The doice of tines depends on soil type and structure, but adjustment of
the implement, espedally the angle of penetration of the tines, is important (Béhrnsen, 1993.
On some implements the downward force on the tines can be aljusted. Weal control in
winter whea ranged from 69 to 95%, depending on sedl rate, following 2-4 harrowings at
one adltivation using stiff tines (Rasmussen, 1991a). The particle sorting and throwing adion
of tines varied with particle size and moisture @ntent of the soil (Kouwenhoven & Terpestra,
1979. Sorting adion increased with wider tines and slower forward speed, while throwing
adion increased with forward speed, working depth and tin width. Tine weeders are more
succesdul on lighter soils and less siitable for heavry land (Lampkin, 1990. They comein a
several working widths and their use in brasscas and other vegetables is increasing (Willi ams,
2003.

Wedlers fitted with flexible tines (flexi-tines) can be used seledively at the late till ering stage
of cereds when the dense aop foliage forces the tines into the inter-row (Rasmussen, 1994).
Flexi-tine weealers are dso used in broad-leaved crops, but may injure poorly established crop
plants in dry conditions, reducing crop yield (Colquhoun & Beéllinder, 1996. In drilled pinto
bean (Phaseolus vulgaris), flexi-tine harrows damaged the stems and hypocotyls of the beans
and reduced crop stand when used at crop emergence and later growth stages (Vangessl et
al., 1995. Torsion wedlers, with pairs of tines %t either side of the aop row offer more
predse inter-row weeading (Bowman, 1997). Rotary-tine weealers, with two ground-driven
‘star’ or ‘spider-tine’ rotors covering eat row, also alow inter-row weed control (Pullen &
Cowell, 1997. The angle of the rotors can be set to move soil away from, or towards the
row; the latter ridging upthe aop to bury small intra-row weeds. For vegetable aops, finger-
weeders with flexible rubber tines on ground-driven cone-wheds have been developed that
follow inter-row cultivators and upgroot then bury the loosened weals next to, and within, the
crop row (Turner, 200Q Williams, 2000. In tree cops, rotating heals of verticd meta tines
are used to cultivate aound and between plantsin the row either manually or automaticdly via
asensor (Bowman, 1997).

The timing and frequency of harrowing is important both for the dfed on the weeds and on
the aop (Rasmussen & Svenningsen, 1995, it may be more important than the type of harrow
used (Rasmussen et al, 1989. Wilson. (1993, found that harrowing in autumn thinned a
whea crop more than in spring, and the dfed was more severe with two passs at right
angles. The dfed on the weeds depended on the spedes. The growth of Brassca napts was
only reduced by harrowing in autumn; by the spring the weed had developed a deg taproot
and was not reaily uprooted. Similarly, Welsh et al., (1997, found that corn poppy
(Papaver rhoeas) and shepherd’s purse (Capsella busa-pastoris) which also develop a
taproot, were more dfedively controlled with tines in autumn than in spring. The shallow
rooted wedls, chickweal (S. media) and cleavers (Galium aparine), were better controlled in
spring when there was more foliage to cach on the tines. For good control of cleavers (G.
apaine) in winter wheda, a combination of ealy and late harrowing gave the best results
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(Steinmann & Gerowitt, 1993. Soil moisture and environmental conditions at the

time of harrowing influence both the dfedivenessof the weeding operation, and the seledivity
between crop and weead. Kirkland (1995, found that moisture conditions, at and immediately
after harrowing, had a differential effed on the recvery of whea and wild oat (Avenafatua).

Trador sped at different stages of crop and weed development is important for weed control
but the dfed maybe influenced by other fadors (Rydberg, 1993 Kouwenhoven, 1997). Crop
burial was svere when oats were harrowed at the 1-led stage, and weed control was poor
then because few weeds had emerged at that time. Both weed control and crop yield were
better following harrowing at the 2- or 3-led crop stage. When oats were & the 3- to 4-led
stage, afaster driving speed increased the amount of soil covering the aop plants. Harrowing
aaoss the rows caused greder soil covering than harrowing along the rows. At higher
trador spedls, crop yield was adversely affeded in two of the threeyeas of testing (Rydberg,
1994. Good weed control was obtained by harrowing at 5 kmvhour but the diredion of
harrowing dd not matter.

A model to describe aop yield responses to weead harrowing has been developed for cereds
(Rasmusen, 1991b). It takes into acount crop damage, weed density and weed reduction.
Modelling procedures have dso been developed and tested to determine the optimum intensity
for harrowing pess at ealy crop growth stages (Rasmussen, 1992; 1993)). Seledivity with
rigid and with flexible tines is improved when the aop has a size alvantage over the weeds
(Rasmusen, 1994 Rasmus®en & Svenningsen, 1995. Different types of harrows have been
tested for seledivity in terms of weed burial versus crop buria in soil usng a model that
describes the relationship between crop soil cover and weed control (Rasmussen, 1992).
Many fadors influenced the degree of seledivity including site daraderistics and the
composition of the weel flora (Rasmussen, 1990. Control of the working depth with a
sensor control system minimised the variation in soil covering under various il conditions

(Segaad, 1998.

Tractor hoes

Trador hoes have ‘A’ or ‘L’ shaped fixed, vibrating or revolving shares that cut through the
soil a 2-4 cm depth (Bowman, 1997). The important design feaures and nomenclature of hoe
blades is explained in detail by Tillett & Home (in Welsh et al., 2009. The goose-foot (or
ducks-foot) share may be mounted on individual paralelogram linkages or fitted to individual
spring tines. Increasing the working depth does little to improve weed kill, but higher forward
spedl increases il covering of weeds and reduces aurvival (Pullen & Cowell, 1997). Soll
structure is important; in rough soil weeds may continue to grow in the lumps of soil li fted by
the hoe (Mattson et al., 1990. Desccaion on the soil surfaceis a aiticd fador in
preventing weed regeneration, and wet conditions after hoeing can deaease the level of
control. Hoeing is particularly effedive against mature weeds (Bohrnsen, 1993.

Hoe weelers control weeals within the inter-row; the shares undercut everything so it is
necessary to stea the hoes very carefully between the aop rows. A good seedbed and predse
drilling of the aop are prerequisites for succesful hoeing. The technique of harrowing-in
cered sed after drilling may displacethe seed out of the row leading to crop damage during
hoeing. Sedal rates $ould be increased to compensate for any likely losses (Lampkin, 1990.
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Steaage may be the sole responsibility of the trador driver, with or without the

aid of some form of self-steaing mecdhanism, or a second operator may control the steeing
(Bowman, 1997). In narrow row spadngs poor macdiine guidance can remove asignificant
number of crop plants (Stopes & Lippiatt, 1993. In order to proted the aove ground parts
of plants from mecdhanicd damage, and from being covered with soil, different types of
protedors can be fitted. These may take the form of discs, plates or protedive hoods
(Bowman, 1997 Mattson et al., 1990. In crops like carot and sugar bed, implements may
incorporate ridging bodies to bury weeds along the row with a band of loose soil (Baumann &
Slembrouck, 1994 Lampkin, 1990. The hoe-ridger is gedficdly designed to do thisin sugar
bed (Parish, 199(), giving a mixture of inter- and intra-row weed control. However, root
development of the weeds may influence soil movement and thus the success of intra-row
weed control. A shallow working depth and relatively steg position of the hoe blade gives
the best results (Terpstra & Kouwenhoven, 1981).

The powered rotary hoe is PTO (power take-off) driven and fitted with rotating L-shaped
blades on a horizontal axle. The width of the rotor can be aljusted to different row widths. It
gives more intensive alltivation of the soil and can ded with larger weeds. A further
development has been the rotary ground driven weeder or rolling cultivator with usualy two
ground driven ‘star’ or ‘spider tine rotors covering ead row (Pullen & Cowsell, 1997
Williams, 2000. The angle of the rotors can be set to move soil away from, or towards the
row. The latter, ridging upthe aop to bury small inter-row weeds. Increasing the forward
spedl of the rotary hoes does not improve the level of weed control. The madines work best
on light, stone freesoils.

In cereds, increasing the row spadng can improve inter-row cultivation without affeding yield
(Rasmuseen, 1994 Tillett et al., 1999 Welsh et al., 2009. Inter-row hoeing may itself lead to
some reduction in crop density particularly following ealy weeding treaments but again this
may not affed yield (Welsh et al., 1997). Inter-row cultivations with a rotary hoe in pinto
beans (Phaseolus vulgaris), gave alequate weed control without reducing plant stand or
injuring the aop (Vanges=l et al., 1999. There is dways concern that hoeing itself causes
crop losses due to medhanicd injury. In carots, inter-row cultivation with a conventional hoe
did not reduce yield in the asence of weeds. At smilar speeds and depth settings it gave
comparable weed control to a brush weeder but in weedy fields the brush weeler had a more
destructive dfed on the weeals (Ascard, 1993. There was no yield losseither in weed-freg
drilled onions that were hoed close to the aop row with a conventional hoe with goose-foot
shares (Melander & Hartvig, 1997). Discs proteded the onions from undesired lateral soil
movement and allowed an untilled strip of variable width (5-12.5 cm) to be left alongside the
Crop row.

Brush wedlers

The brush weeder, or brush hoe, is primarily intended for inter-row weeding of vegetable
crops such as carots, onions and bedroot etc. (Lampkin, 19861990, athough it has been
tested in cereds (Richards, 1991). With ledy vegetables there is a greaer risk of causing crop
damage. As the name suggests the weeding adion comes from strong nylon brushes that
rotate and brush the weals onto the soil surface It has the advantage that it can be operated
under moister soil conditions than atrador steaage hoe. A second person, in addition to the

Deceanber 2003 1C



http://www.organicweeds.org.uk H ?

the organic
organisation

trador driver, or some form of self-steaing medanism is needed to ensure
careful guidance of the brushes between the aop rows.

Two main types of brush hoe have been developed, those with disc brushes operating in the
verticd plane on a horizontal axis, and those with circular brushes operating in the horizontal
plane on a vertica axis (Kouwenhoven, 1997). In the former, brush position on the drive shaft
and brush width can be aljusted to different row widths, and crop rows are proteded by a
tunnel. In the latter, the brushes can be angled and the diredion of rotation atered to move
soil away from plants or to eath up the aop row and bury any weeds that the brushes cannot
read (Melander, 1997 Stede, 1997. The &ove ground parts of crop plants can suffer
medanicd damage from contad with the brushes. To prevent injury protedors may be fitted
in the form of discs, plates or protedive hoods that go along both side of the row (Bowman,
1997 Mattson et al., 1990. An outer ring of softer bristles has prevented crop damage but
weed control was less stisfadory (Kouwenhoven, 1997).

In tests with the brush hoe on a horizontal axis, Weber (1994 found that working depth was
the most important fador in ensuring good weed control. Trador speed, brush velocity and
soil conditions interad to determine the working depth (Weber & Meyer, 1993. The brush
weeder works by uprooting the weeds (Pedersen, 1990, and being able to adjust the depth
predsely is arequirement with this type of brush hoe. Vester & Rasmussen (1990, compared
the row brush hoe with a conventional hoe in horticultural crops and found the brush hoe to be
more dficient becaise of its ability to work very close to the aop row. However, the brush
hoe was less effedive ajainst couch (Elymus repens), a perennia grassweed. In very dry
conditions, the @nventional hoe had a better effed against weeals than the brush hoe
(Pedersen, 1990. With the brush hoe, work intensity (the ratio between trador speed and
the rate of brush rotation) determined the level of weeal reduction. At later weed growth
stages a greder work intensity was nealed to get a satisfadory effed, increasing brush speed
relative to trador speal. Trador speel islimited by the operator’s ability to stee the brushes
close to the aop row at faster speals. A single inter-row cultivation at any time gave
excdlent weed control in transplanted broccoli, a aop that rapidly develops a dense led
canopy (Colquhoun & Bellinder, 1996. Control was poorer in crops of swed corn (Zea
mays) where ealy growth was dow, and in green bean (Phaseolus vulgaris) which has along
growing season. In addition to its effed on the weeds, inter-row cultivation may have a
damaging effed on the aop. In spring barley, inter-row brush weeding caused more damage
than did spring tines (Richards, 1991). Ascard (1993, found that in the ésence of weels
inter-row cultivation in carot (Daucus carota) with a horizontal axis brush hoe or a
conventional hoe tended to reduce gop yield.

In experiments with a vertica axis brush hoe in carot (D. carota), onion (Allium cepa) and
sugar bed (Beta vulgaris), Fogelberg & Johansoon (1993, did not observe awy significant
reduction in crop yield. The uprocting adion rather than soil covering was responsible for
adhieving in-row weelding in carots (Fogelberg & Dock Gustavson, 1999. A greaer force
was required to up root the carots compared with weeds at the 2-4 true led stage so some
seledivity was possble. Brush periphera speed and trador driving speed had little dfed on
weed control and crop yield onions (Melander, 1997). However, the distance between pairs of
brushes and brush working depth are important when uprooting weeds. The degree of solil
covering increased with brush working depth but this could affed both the aop and weed
unlessthe weeds were small relative to the aop.
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Brush weeding in the tree rows of orchards required rotating blades to be fitted ahead of the
brushes. Nevertheless brushing controlled only half the weels even when the soil was
loosened (Kouwenhoven, 1997). In rursery trees, duckfed hoe blades were fitted aheal of
the brushes to loosen the topsoil.

Mowers, cuttersand strimmers

Where weeals are much taller than the aop it may be possble to ‘top’ the weed and at least
prevent further seeding. A madine based on a rape swather has been used as an aternative to
hand roguing of wild oats in cereds (Stede, 1997. The aitter bar is st just above aop
height and after cutting the wedd is pushed into a mlleding tray for disposal. The madine
has the potential to ded with tall weeds in other cropstoo. Similarly, arotary cutter has been
developed to remove the flower heals of bolted weed bed growing in sugar bed crops (Anon,
2000.

Fail, rotary and redprocating knife mowers have been used to control perennial broad-leaved
wedls but the timing and frequency of cutting was criticd. Cutting treaments reduced thistle
(Cirsium arvense, C. vulgare) and perennia sowthistle (Sorchus arvensis) numbers over a
three yea period but were less effedive on docks (Rumex spp.)(Aquiling, 1992 Aquilina &
Clarke, 1994.

Hand held and wheded strimmers offer the potential to cut down sealling and larger weels
pre-crop emergence overal, or post-emergence between the aop rows without disturbing the
soil surface Inthe US, a prototype string strimmer has been developed that can be used on
four rows at a time (Cooke, 1997). Other dternative techniques based on the principals of
cutting, beaing and defoliating without soil disturbance have been tested on broad-leaved and
grassweeds (Nawroth & Estler, 1996.

Pneumatic weead control

An implement has been developed that injeds compressed air into the soil to loosen and
uproot small weals on either side of the aop row (Vale, 1998. It has been used succesgully
in carot, maize ad sugar bed. These madines works best in dry soils. In a German
prototype, air supfied to the hoe blade leg is blasted out through holes the sides of the hoe
blade (Vale, 2003. An operating depth of 15 mm and speed of 5-6 knvhr are suggested.

Thermal weed control

Stubble burning is now banned because of the smoke and other hazads, but this traditional
form of thermal weed control was used to reduce the number of viable weed seeds returned to
the soil after cered harvest. Soil surfacetemperatures under the burning straw readed in
excessof 200 °C for 10 -30 seconds and reduced the viabili ty of freshly shed wild oat (Avena
fatua) and bladkgrass (Alopeaurus myosuroides) seed by up to 30% and 80% respedively
(Chancdlor et al., 1984). Current methods of thermal weed control use avariety of energy
sources to generate the hea needed to kill weed seeds and seedlings.
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Flame weeding

Early systems of flame weeding were relatively crude and possbly even dangerous, but the
madinery has developed to a high level of sophisticaion and flame weeding is probably the
most popular method of dired weed control after mechanicd weeding. Flaming equipment
has been developed in several countries including Germany, Holland, Sweden and Denmark
(Hglmoy & Netland, 1994, and arange of burners is available in the UK (Caspell, 2002. The
main fuel used in the burnersis liquefied petroleum gas (LPG) usualy propane (Ascard, 1995.
Some @ncern hes been expressed about using a finite resource like fossl fuel but renewable
alternatives sich as hydrogen have been evaluated (Andersen, 1997). Fame weeding can be
cheger than hand-weeding but there is a high madciine st (Ascard, 1999 Nemming, 1994).
Nemming (1994, concluded that treding an areaof 6-20 hedares would bring costs down to
areasonable level but treaing smaller areas could also be profitable depending upon the aop.
Hand-held flame weeders are available but these ae generally used for weeding in amenity and
industrial situations.

Flame weeading kill s by an intense wave of hea that ruptures the plant cdls. It is necessarily a
foliar contad treament and any long-term effed depends on whether the injured plants
recover and on the extent of subsequent weed emergence. For best effed, flaming requires a
level soil surface Fame weealers can be used for total vegetation control or for seledive
remova of unwanted plants. Seledivity may be adieved by timing the gplicaion to Kkill
weel sedllings before the aop emerges (pre-emergence flaming). A shed of glasslaid along
a short length of crop row can give alvance notice of imminent crop emergence. Once the
crop has emerged angling or shielding the burners may alow seledive inter-row weeding, or
the dose may be aljusted to a level that the aop will tolerate (post-emergence flaming)
(Morelle, 1993. Flame wedding is not suitable for crops with shalow or sensitive root
systems (Mattson et al., 1990. The flaming of weed seedlings prior to crop emergence is
delayed for as long as possble to ensure that the maximum number of emerging weeds are
exposed to treament. Flaming does not appea to reduce subsequent weal emergence and
may even increase the germination of some spedes (Ascad, 1995. However, unlike
medanicd methods of weed control there is no soil disturbanceto stimulate afurther flush of
sealling emergence In addition, flame weeders have the alvantage that they can be used
when the soil is too wet for medhanicd weeders. The eguipment may aso be used to
desiccéae the foliage of potato and onion to aid harvesting, and in strawberries to reduce the
incidence of Botrytis cinerea by destroying the inoculum at appropriate aop stages (Lampkin,
1990.

The response of non-target organisms to flaming has not been fully investigated, but there was
no effed on the adivity, density or variety of ground bedles (Carabidae) (Dierauer &
Pfiffner, 1993. The microbial biomassin the 0-5 mm depth was reduced by 19% when soils
were flamed with open flame burners using a flaming intensity of 4600MJ ha*. Flaming had
little éfed on microbial biomassdegoer in the soil. The soil temperature & 5 mm was raised
by 4.0 °C and a 10 mm by 1.2 °C. Rahkonen et al. (1999 concluded that the threa that
flaming poses to micro-organismsis snall.

There have been many studies to determine the optimum design of flame weeaders (Douzds et
al., 1993 Parish, 1993. Bertram (1994, has worked out the thermodynamic principles of
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flame weeding in a model that can be used to cdculate the hed transfer rates of

defined thermal weealders. This offers one way of optimising the mnstruction and use of these
implements. Holmgy & Storeheier (1993, and Storeheier (1994, aso studied fadors
important in the design of optimal flamers. The results suggest that shielding design is criticd
to kegr combustion gases close to the ground for aslong as posshle. The angle of the burners
is also important, an angle to the horizontal of 22.5° to 45’ is best. Improving the seledivity
of post-emergence inter-row flaming depends in part on direding the hea towards the weels
while avoiding damage to the aop. Andersen (1997), has developed a model that describes
the hea dispersion from the base of a plant in the diredions outwards, upwards and along the
plant row. The model can be used to seled and evaluate suitable burners. Ascard (1997,
studied the dfed of fuel pressure and burner arrangement in field experiments with brasscas
as test spedes. Raising the fuel presaure dlowed the ground speed to be increased but using
tandem instead of single burners did not.

Models have dso been developed to describe the response of plants to flame weeding. Three
models were evaluated to describe the dose-response relationship of flame weeding bioassays
with white mustard (Snaps alba) in the field (Ascard, 1992& 1994). Plant size d treament
had a mgjor influence on the dose required, whereas plant density was lessimportant. Ascard
(1995 found that a modified logistic model could be used to describe weed responses to
flaming. The aithor suggests that the treament dose @uld be aljusted to the weed flora
present. Parish (199(a & 199() investigated the flame treament of Italian ryegrass(Lolium
multiflorum) and white mustard (S alba) seeallings using a test rig under controlled
conditions. In a subsequent experiment the dfed on a range of grassand broad-led weeds
was tested. In both experiments, grasses were shown to be more resistant to flaming.
Rahkonen & Vanhala (1993, studied the response of a mixed stand of fat-hen (Chenopodum
album), scentless mayweed (Matricaria inodaa) and Timothy grass (Phleum pratense) to
different doses of flaming. All threespedes were more susceptible & ealy growth stages. The
mayweeal suffered less injury by flaming than the other two spedes. At low doses it
recvered, took advantage of the spaceleft by the susceptible spedes and produced more
biomassthan untreaed plants. Ascard (1995, compared the dose response of different weed
spedes to flaming at various growth stages. Chickweed (S. media), fat-hen (C. album) and
annua nettle (Urtica wrens) were relatively susceptible to flaming. Shepherd's purse (C.
bursa-pastoris) and rayless mayweead (Chamomill a suaveolens) were intermediate and likely
to regrow after flaming. Annual meadow grass (P. annug with its proteded basal growing
point was damaged but not killed. Regrowth was rapid and survivors were ajain able to take
advantage of the reduced competition from the dying weeds. All the spedes tested were more
susceptible & the ealier growth stages. Perennia grassweeds such as couch (Elymus repens)
are likely to regrow rapidly after treament (Ivens, 1965.

Treaed plants are exposed to hed for just a brief period and only the exposed tisaies may be
disrupted initialy. A seaond flaming that readies the underlying tissues may be more dfedive
than a single treament. In field trials, however, split applicaions of two half-dose treaments
one week apart did not reduce weed numbers as effedively as a single late treament with the
same total dose (Ascard, 1995. It was suggested that a second flaming at full dose ought to
be made soon after regrowth in order to starve the weeds.

The wide range of production methods used in horticultural crops offers more opportunities
for using flame weeding than the aable aops. Vegetables are dso relatively high value aops
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where the st of investing in flame weeding is justified. Flame weeding has been

evaluated pre ad post-emergence in onions, which have some tolerance to flaming (Ascard,
1990. In onions grown from sets, flaming treaments did not affed crop yield and reduced
the labour needed for hand-weeding. In the drilled crop, flaming chedked growth temporarily
but did not reduceyield. Nemming (1993, used pre and post emergence flaming treaments in
drilled onions and reduced weed numbers by between 38 and 90% without affeding crop
yield. But, Casini et al., (1993 found that onion numbers were reduced by 20% following
flaming. Rifa et al., (1996 noted that the onions over 5 cm tall were more resistant to
flaming than the weeds, however, the treament needed to be repeaed to leseen weed density.
Reducing trador speels during flaming improved weed control. Desvaux & Ott (1988, also
found that onions were somewhat more hea resistant once they had readed the four-leg
stage. A number of workers have evaluated the dfed of flame weeding in carot (Parish,
1993 Rifal et al., 1996. In France, pre-emergence flaming reduced weed numbers in carrots
by up to 80% and subsequent hand-weeding was minimal (Desvaux & Ott, 1988. Fame
weealing has aso been tested in the umbelli ferous herbs coriander, dill and pardey (Taupier-
Letage et al., 1993.

In lettuce pre-plant flaming alone was insufficient for good weed control but combined with
hoeing it was very effedive (Balsari et al., 1994. The combination of flame weeding and
medanicd hoeing was also successul in white cabage (Netland et al.,1994. Transplanted
cabbage has a relatively high tolerance to hea, enabling band flaming to be used along the
crop row. Damage can occur when treament is applied too ealy but the aop usualy
recovers (Holmgy & Storeheier, 1993. In swed corn, flame weeading gave short term weed
control but could not maintain control of germinating weeds through the season (Rifai et al.,
1996. Hame wedling in transplanted peppers reduced plant numbers and increased the
proportion of damaged fruits (Casini et al.,1993.

Preliminary trials were caried out to evauate the dfediveness of flame weeding in a young
pea orchard and an established apple orchard (Ferrero et al., 1993. In the young orchard
where treagments darted on a dean soil after cultivation, flaming kept weed growth in ched.
In the established orchard there was insufficient control of perennial weeds.

Arable aops are grown on a larger scde than vegetables but are relatively low value and the
cost of flame weeding may not be justified. In fodder bed, a aop that germinates relatively
quickly, pre-emergence flaming reduced weed numbers by 34 to 44 % (Nemming, 1993.

Infrared radiation

A fundamentaly different type of flame weealer fuelled by propane/butane uses infrared
radiation (IR) to kill the weeds. The burners hea ceramic and metal surfaces that radiate the
hed towards the target plants. Ascad (1998 has compared flame and infrared weeders in
field experiments with white mustard (S. alba) as the test spedes. In genera, flame weelers
were oonsidered to be more dfedive because they provide higher temperatures. But
temperature is not the only consideration, burner height and plant stages were important too.
The burners cover a more dosely defined area than those of the standard flame weeder
(Lampkin, 1990. Infrared weeders have the disadvantages of nealing time to hed up, the IR
panels are sensitive to mechanica damage, and they are more expensive than flame weeders.
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A hand-held infrared weeder is available that can be used for Killi ng the rosettes of

perennial broad-leaved weeds in grass A ceramic disc heaed by gas from a small butane
cylinder generates infrared radiation when incandescent. The ‘hot spea’ asit is cdled aso has
projeding metal spike which heas up and this is pressd into the caitre of the plant to be
destroyed and held there for afew seconds. It has yet to be determined how effedive the tool
Is against degp rooted weeds.

Freeing

Plant tissie can be destroyed by low temperatures as well as high ones. A comparison of weed
control by flaming with weed control by freeang was made by Fergedal (1993. The flaming
treagments were gplied with a cmmercia flamer used liquid petroleum gas (LPG). Two
different media were used for the freeang treaments: liquid nitrogen and carbon dioxide snow
(dry ice. These were gplied to the emerged weeds with a smple, trador mounted
experimental set-up. The dose response arves dowed that liquid nitrogen was more
effedive than solid carbon dioxide for killing weealds but neither was as good as flaming.
Freezng would only be advantageous where there was an obvious fire risk from flaming.

Steaming

Steaming is used in glasshouses to sterili se the soil and control both weeds and dseases prior
to crop establishment. There has been renewed interest in methods of steam sterili sation in the
wake of concern over the use of methyl bromide (Trotter, 1991). Mobile steaming equipment
is now available to control weeals and pathogens in polytunnels and in the field. Steam is
applied under presaure beneah metal pans forced down onto freshly formed beds for periods
of 3-8 minutes. The steam raises the soil temperature to 70-100 °C killi ng most weed sealsto
adepth of at least 10 cm (White et al., 2000s; 200M). Only clover (Trifolium spp.) and other
hard seeded legumes appea resistant to this treament. Weed seels in the soil below the
treded layer are unaffeded and will germinate if the soil is disturbed to that depth. However,
if there is no further cultivation following treament, weed control can remain effedive for two
seasons. The madiinery is dow moving and work rates of 40-100 hours per ha of treaed bed
are likely. At present, field stean sterilisation is not allowed under the UK organic guidelines.
Treaing only the band of soil where the aop seed will be drilled may be seen as having a less
drastic efed on the soil fauna and flora.

Low temperature soil steaming for a short duration hes been investigated as a more accetable
method of pest, disease and weal control (van Loenen et al., 2002. Steaming of soil samples
at 50-80 °C for three minutes has been shown to kill seed of fat hen (Chenopodum album)
and couch grass (Elymus repens) as well as certain crop pathogens and nematodes. The
present system is intended for glashouse disinfestation of soll.

It is also posshle to use jets of stean to kill emerged weeds and madhinery has been
developed for use in amenity areas (Lilburne, 1997). Field studies using steam to control
emerged weeds gave better than 90% control of fat-hen (C. album) and pigweead (Amaranthus
retroflexus) seeallings up to the 4-6 led stage but not of mature plants (Kolberg & Wiles,
2002. Water at 175°C was applied through standard spray nozzes enclosed under a sted
housing to prevent rapid escape of steam. Steam was also applied in conjunction with till age
with fixed swees to bre&k up the soil at the point where the stean was applied. The
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treament did not reduce subsequent seelling emergence and there were
indicaions that emergence of blad nightshade (Sdanum nigrum) was increased.

The gplication of hot water for weed control in orchards has been investigated in field trialsin
Germany (Kurfess & Kleisinger, 2000. Water at 85-95 °C applied at a working speed of 6
km/h resulted in good control of ledy weealds without affeding the gple trees. In the UK,
there ae ongoing trials of weeders that apply hot foam. The foam is intended to remain on the
wedls allowing the hea to have alonger effed.

Dired heat

Equipment is available commercialy for killing weed seeds in field soil using dy hea
(Williams, 199%: 199%). The soil is cultivated and set in ridges. The worked ridge of soil is
lifted, passed through a damber heaed to 68-70 °C by a diesal-fired burner, and then
deposited badk onto the ground in a reformed ridge that provides a band of weed free soil.
The depth of treament required depends on the aop. It ranges from 10 cm for shallow
rooted crops to 25 cm for potatoes. The dry hea system is dow but allows faster coverage of
an areathan field steaming. The work rate with a 15 cm depth of soil is 1-2 ha per day,
depending on the soil type.

Eledrocution

The energy aspeds of controlling weeds by eledrocution were reviewed by Vigneault et al.,
(1990. The oncept of using eledricd energy to control weeals was developed in the late
19th century but more recently trador mounted machinery has been developed in the US for
controlling tall weeds that projed above the aops. In Canada, an adaptation of the system to
ded with small weeals between crop rows and close to the soil surface falled to operate
succesqully when seeallings were & a high density. Vigneault et al., (1990, outlined the
theoretica concepts behind weed eledrocution and concluded that it would not be suitable for
primary weed control where weed populations of 200 seedlings m? were the norm. The
method has the adlvantage of not disturbing the soil, but even with a population of 15 weeds
m* alot of energy is required to kill the weeds,

In the UK, Diprose et al., (197&), studied the dfed of an eledric aurrent on arange of crop
and wedal pants. Inthe field, seledive dedrothermal control of weed bed and bolting sugar
bed was examined (Diprose et al., 1980, and compared with herbicide wipers and medanicd
cutting (Diprose et al., 1985. All the methods reduced seed return but cutting kill ed none of
the bolting bed, the demicd applicaor kiled 61% of the bolters and the dedrothermal
madhine killed 3841%. Good contad between the weeals and the dedrode was essential for
successin field crops but the method required a grea ded of power. It islikely that the safety
aspeds of using high voltage dedricity would necesstate operation of the macdinery by a
spedalist contrador. Development work in the UK has been curtailed.

Microwave radiation
Microwave radiation utilises ultra high frequency (UHF) eledromagnetic energy with

wavelengths much greaer than those of light. One of the frequencies allocated to microwave
devices for industrial and domestic use is 2450 Mhz, which corresponds to a wavelength of
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12.25 cm. Most wedl control studies with microwaves have used this frequency
(Diprose et al., 1989.

Many fadors determine the readion of seeds to microwaves, and spedes may vary in
tolerance In the UK, Diprose et al., (1978&), demonstrated the possbility of seledively
controlling wild oat seed (A. fatua) mixed in with cered grains by irradiation with 1 Kw 2450
Mhz energy. Germination of the wild oat was reduced while whea and oat were dmost
unaffeded. Moist seals were more susceptible than dry seeds, hence seels in wet soils were
more edaily killed than in dry (Rice & Putnam, 1977. The damage to sedals is likely to be
thermal but this is not certain (Davis et al., 1973. The dfeds of microwaves have been
observed on sedls in soil in the US. Wayland et al., (1975, using microwave generators
drawn over field plots obtained reliable kill of seads at energy levels above 70 J cm®. There
was no consistent seledivity between lroad-leaved and grass weeds. Menges & Wayland
(1974, applied UHF energies of 45 to 730J cm-%, 2450Mhz, to irrigated and non-irrigated
soils before planting cantaloupe melon and onion. The treaments kill ed several weed spedes
without any effed on the aop. Microwave heding of soil has also been evaluated as an
aternative to chemicd sterili sation (Barker & Craker, 1991). The time required to read seel
killi ng temperatures in soil was a limiting fador in the gplication of this technique.

Growing plants can also be killed by microwaves (Davis et al., 1971). Wayland et al., (1975,
using microwave generators drawn over plots of emerged weeds found that broad-leaved
weeds were more susceptible than the single grass pedes tested. Established plants were
more susceptible than seadlings of the same spedes. While it has been demonstrated by many
workers that microwaves kill weeds, the method is very dow and expensive. The anount of
energy required determines the speed, and treament times of between 92.6 and 1037hours
per ha have been quoted. There ae dso the safety implicaions for operators and passers-by
of exposure to microwaves (Diprose et al., 19849.

Eledrostatic fields

Static dedricity is generated naturaly when severe weaher conditions upset the natural
eledricd balance of the amosphere. An eledrostatic field can also be generated in the ar gap
between eledrodes conneded to a voltage source. Both beneficial and lethal effeds have been
observed in plants sibjeded to natural and artificial eledric fields. However, weed control
systems are unlikely to be developed because of the dangers involved in using high voltage
eledricity outside the laboratory (Diprose et al., 1984.

Irr adiation

Radioadivity has been employed to sterilise soil but a high doses the soil fauna and micro-
organisms are also damaged. The dose of y-irradiation needed to kill weed seeds in soil was
determined by Suss & Badhaler (1968, with the am of using it to obtain weed-free soil.
Seals of wild oat (A. fatua), bladkgrass (Alopeaurus myosuroides), charlock (Snaps
arvensis) and silky bent (Apera spica venti) were irradiated and then tested for viability and
germination. In these preliminary tests, wild oat was the most sensitive spedes and charlock
the lesst. Because of tedhnicd difficulties, and possble mutagenic dfeds, weed control
methods based on y-radiation are unlikely to be developed (Sandwald & Koch, 1978. In
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addition, irradiation of food is not allowed under the standards for organic food
and farming in the UK.

Lasers

Light in the form of lasers has been shown to inhibit the growth of water hyadnth (Eichornia
crasgpes) in the US (Couch & Gangstad, 1974). The treament did not generaly Kill the
wedl but treded plants were smaller, propagated fewer daughter plants and covered less
water surfacethan the untreaded. More recently, the possbility of usng a CO, laser as a
device for cutting down weeals has been demonstrated (Heisel et al., 2001 Heisdl et al.,
2002.

Ultraviolet light

The use of ultraviolet light for weed control has been patented but remains at an experimental
stage (Andreasen et al., 1999.
Solarization

Solarization is a method of heaing moist soil by covering it for around 6 weeks with plastic
sheding to trap solar radiation. (Horowitz et al., 1983. Unlike stean dsterilisation,
solarization does not sterili se the soil and creae abiologicd vaauum, but there is sme control
of soil pathogens (Bell et al., 1983). For solarization to be dfedive it requires a dimate with
long periods of clea skies and sunshine to hea up the soil under the sheding and maintain a
sufficiently high temperature (> 65 °C) for long enough to kill the weed seeds (Standifer et al.,
1984). Countries that have high ambient temperatures but hazy skies may be unable to take
advantage of solarization. In the moler climate that prevails in the UK, studies of vegetable
cropping under polyethylene sheding indicae that weed development may be enhanced rather
than impeded by the @vers (Bond & Burch, 1989; but covers laid in midsummer could prove
to have some weed control benefits. Even under ided conditions the dfedive depth of control
may be limited and seeals further down the soil profile ae unlikely to be killed (Horowitz et
al., 1983. However, if there is no soil disturbance following treament, weed control may
remain effedive for two seasons (Sauerborn et al., 1989.

Not al weed spedes are susceptible to high soil temperatures (Egley, 1990. Hard seeded
annual weeds and perenniadls with huried vegetative organs are not easly controlled by
solarizaion (Bell et al., 1988 Horowitz et al., 1983 Rubin & Benjamin, 1984. Elmoreet al.,
(1993, found that perenniad grass weeds were killed by solarization but field bindweed
(Convolvulus arvensis) regrew after treament.

Reseach on this form of weed control has been confined mainly to countries having suitable
climates for solarizaion to work reliably (Abu-Irmaileh, 1991, Al-Masoom et al., 1993 Bell et
al., 1988 Horowitz et al., 1983 Sauerborn et al., 1989. Even here, studies have often been
restricted to horticultural crops like lettuce and garlic (Al-Masoom et al., 1993, squash and
tomato (Abu-Irmaileh, 1991), and others where the relatively high costs of using plastic covers
can be judtified (Bell et al., 1988. In northern Syria, which has a Mediterranean climate, 46
out of 57 weed spedes tested were reduced in rumber after 50 days larization. Only nine
spedes were @ntrolled completely but charlock (S arvensis) was controlled after only 20
days treament (Linke, 1994). The wntrol of perennial and biennial spedes with vegetative
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organs in the soil, was much less effedive, and the emergence of Muscaria
racemosum noticealy increased following solarization.

There have been few investigations of solarization in Europe. In Portugal, Silveira et al.,
(1993, evaluated its the potential for weed control in lettuce carot and onion. In France
Arufat (1993, found solarizing soil for 45 days reduced weed growth by 80%. In Italy,
Garibaldi (1987 evaluated the antrol of soil borne diseases by solarization, and found that
soil temperatures under plastic in the open were insufficient to control even disease incidence

Soil temperatures under covers depend on the thermal charaderistics of the material as well as
the level of incoming radiation. Transparent plastic is more dficient than badk in heding soil
using solar radiation. Types of transparent plastics differ in their transmittance daraderistics
and the resulting soil heaing ability (Horowitz et al., 1983 Majek & Neay, 1991). Adjusting
the light transmitting quelity of the sheding could provide greaer retention or conversion of
the light radiation as hed, and warm the soil sufficiently to kill weed seals at relatively low
levels of light. Such covers could provide abetter chance of weed control from solarizaion in
the UK and other countries than ordinary plastic films.

There ae some disadvantages to using solarization for weed control. There is a lossof crop
production for 6-8 weeks in summer. The purchase and laying of the sheding is relatively
expensive which limits its use to high value aops. After use, plastic sheding requires lifting
and dsposa. Madinery has been developed for both laying and lifting dfferent forms of
sheding in the field. It is possble to reuse or regycle plastic film but contamination with soil
causes problems with the regycling of sheding that has been laid in the field.

In addition to soil solarizaion, one novel way to use sunlight for dired weed control has been
reported. It involves using a aurved freshnel lensto concentrate sunlight into a narrow band at
the soil surface which can reat 290 °C in a few seconds (Forcdla & Burnside, 1994
Hoekstra, 1992. The wheded deviceis pulled dowly along between crop rows to wither and
burn off the inter-row weeds.

Mulching

Covering or mulching the soil surface ca reduce weed problems by preventing weed seel
germination or by suppressng the growth of emerging seallings. Mulches are generaly
ineffedive against established perennia weeds. A mulch may take many forms: a living plant
ground cover, loose particles of organic or inorganic matter spread over soil, and sheds of
artificia or natural materials laid on the soil surface Spray-on mulches have been developed
that form a thin latex-based film on the soil surface(Stout, 1985. Others for hydro seeding
motorway embankments consist of fibres that proted the grass el duing germination and
form a carier for water and nutrients. Once sprayed, the fibres mesh together around the
sedls, forming a water holding layer on the soil that resists wind, rain and erosion (Anon,
2003. Residues from preceding crops may be used to form a mulch but this is discussed in
more detail in the use of cover crops to suppressweeds. With mulches consisting of organic
materials, crop stand and vigour, particularly of dired-seeded small-seeded crops, may be
reduced by chemicds releassed from the decomposing residues (Ozores-Hampton, 1998
Wallace& Bellinder, 1992).
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It is more pradicd to use mulches in well-spacal crops, particularly transplants.

Plastic sheding and straw mulches have long been used in soft fruit such as grawberries
(Lieten, 1991). In perennial crops and some other situations mulches may be intended to
remain effedive for many yeas (Wofford & Orzolek, 1993. In strawberries, Mypex, a blac,
woven, polypropylene mulch, is expeded to last for up to three cops (9-10 yeas) (Tolhurst,
1994. These mulches may be epensive but labour costs are reduced in the long term
(Feldman et al.,2000.

Mulches may be used as an dternative to cultivation to clea vegetation before aopping.
Lennartson, (1990, showed that a range of light excluding materials left in placefor 12to 18
months could be used to clea an established grasspasture prior to planting onions. However,
there ae pradicd problems with covering large aeas for long periods. In freshly prepared
seadbeds, short term nulching can be used to manipulate or reduce weeal sealling emergence
Blad polyethylene is generally left down for the duration of a aop but studies have been
made where the sheding has been laid on the seedbed for much shorter periods (Davies et al.,
1993 Davies, 1995 and then lifted before planting brasscas. The short term covering of the
soil with badk polyethylene reduces sibsequent weed emergence (Grundy et al., 1996 giving
the aop an advantage over the weeds.

The high cost of mulching makes it economic only for high value horticultural crops (Runham
& Town, 1995 unlessthere is another reason for its use. In addition to weed control, mulches
may be used: to prevent soil erosion (Rus et al., 1997, reduce pest problems (Costello &
Altieri, 1994 Bottenberg et al., 1997, to ad moisture retention (Wofford & Orzolek, 1993,
and to prevent nitrate loss(Benoit & Ceustermans, 19923).

Living mulches

A living mulch consists of a dense stand of low growing spedes established prior to or after
the aop. The undersowing of cereds with clover and grasscould be seen as forming a living
mulch. It has been argued that annual weeds would provide a natural ground cover if
managed properly (Anaya et al., 1988. Varadi et al., (1989, suggested using crabgrass
(Digitaria dgitalis) as ground cover in vineyards becaise it inhibited the growth of other
weeds. A living mulch of Portulaca deracea L. (common purdane) from seal broadcast
before transplanting broccoli (Brassca deracea L. var. batrytisL.) suppressed weeds without
affedaing crop yield (Ellis et al., 2000. Living mulches are sometimes referred to as cover
crops, but they grow at least part of the time smultaneoudly with the aop. Cover crops are
generally killed off prior to crop establishment.

Often, the primary purpose of a living mulch is that of improving soil structure, aiding
nutrition or avoiding pest attack (Costello & Altieri, 1994, and weed suppresson may be just
an added benefit. In cereds, an understorey of clover has been shown to improve soil fertili ty,
and reduce pest and disease problems in addition to suppressng weels (George et al., 1997
Clements et al., 1997. The dover can be left to recover after cered harvest and is then cut or
grazed before direa drilli ng of another cered crop (Clements, 1995. Maintaining vegetation
cover is important for preventing soil erosion, nitrate leating and weed emergence in slowly
developing crops like maize Werner (1988, investigated the influence of different mulch
spedes on weal density and dversity. Weed numbers were reduced and maize yield was not
affeded where growth of the mulch was reduced by cutting or flaming treaments. When the
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growth of a living mulch is not restricted, or when soil moisture is inadequete,
even arelatively vigorous crop like potato may suffer competition and lossof yield (Rajalahti
& Béllinder, 1996).

Studies have been made of the use of living mulches to suppress weed emergence in
horticultural crops but there ae many different fadors to take into acount (Muller-Schérer &
Potts, 1991). In the US, Bottenberg et al., (1997, investigating the impad of rye (Secale
caeale) resdue and seeded red clover (Trifolium pratense) as a weed suppressng mulch in
transplanted cabbage found that suppgemental weed control was needed. Yield loss in
transplanted cabbage due to competition with the living mulch for light or moisture was
recorded by Bottenberg et al., (1997. Timely mowing of a dover (Trifolium spp.) living
mulch prevented such competition in transplanted broccoli (Costello & Altieri, 1994). IInicki
& Enade (1992, aso found that mowing of a subterranean clover (Trifolium subterr aneum)
mulch was necessary to reduce ealy competition when swed corn, tomato and cabbage aops
were planted into it. Competition was not a problem when dwarf beans were planted into a
clover mulch as it began senescing. Subterranean clover is ®if-seeding, an advantage when its
use as aliving mulch is ongoing, but a disadvantage in other situations.

Living mulches are well suited to use in perennial crops such as fruit where self-reseeding is an
advantage (Ingels et al., 1994. However, even in established apple and apricot orchards a
living mulch growing along the planted row may depresscrop growth (Domange, 1993. In
the UK, Marks (1993, found that a grass svard within the treerow restricted crop growth
and severely reduced the marketable yield of apples. Reduced growth of the aop may be due
to competition for water or some other limited resource or the mulch may be having an
dlelopathic dfed. It isimportant to make the crred choice of living mulch (Ingels et al.,
1994). In raspberries, awhite dover (Trifolium repens) living mulch did not affed the aop
but perennia ryegrass(Lolium perenne) reduced berry yield (Freyman, 1989. Newenhouse &
Dana (1989, evaluated dfferent grass living mulches for strawberries, and found perennia
ryegrasswas best becaise it covered the ground quickly but did not spread into the aop rows.

Particle mulches

Loose materials like straw, bark and composted municipal green waste provide dfedive weed
control but the depth of mulch needed to suppressweeal emergenceis likely to make transport
costs prohibitive unlessthe material is produced on the farm (Merwin et al., 1999. Ligneau
& Watt (1995, showed that a 3 cm layer of compost was nealed to prevent the energence of
annual weeds. Wedl control usually improves as the thickness of the organic mulch increases
(Ozores-Hampton, 1998. Weea sedls in the mulch itself can be aproblem if the composting
process has not been fully effedive or there is contamination by wind blown seals. In straw
mulches, voluntee cered seallings are aparticular problem due to shed cered grains and even
whole eas remaining in the straw after crop harvest. There may be arisk of crop damage
from herbicide or growth regulator residues remaining on straw from conventionally-grown
ceaeds. With particle mulches like straw that consist of light materials there is the posshbility
of them being blown around by the wind.

In rhubarb (Rheum rhababarum), a straw mulch 15 cm thick controlled weeds better and was

more @st effedive than herbicide or hand-weeding treaments (Creager, 1989. The straw-
mulched plots produced larger plants and higher yields in field trials over 6 yeas. Inthe US,
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Munn (1992, found shredded newspaper at 2-3.4 tondaae to be eyually

effedive, if not superior to whed straw in suppressng most annual and some perennial weeds
in swed corn (Zea mays), soybean (Glydne max) and tomato (Lycopersicon esculentum). A
grassand alfalfa straw mulch applied shortly before planting maize (Zea mays), reduced weed
germination and emergence (Yih, 1989. Initialy the mulch suppressed crop growth too but
this was only temporary. A cut ryegrassmulch spread between planted rows of tomatoes and
peppers, was more expensive than herbicide or cultivation treaments but the higher financial
returns from the mulched crops made it the most profitable system (Edwards et al., 1995. A
mulch of chipped geen kenaf (Hibiscus cannabnus) compared favourably with Hadk
polyethylene for weed control, but reduced the yield of transplanted cabbage (Russ et al.,
1997. The yield of transplanted onion was not affeded and it was suiggested that kenaf may
have an alelopathic &fed on cabbage.

Weibel & Niggli (1990, showed that fresh bark of conifers and of oak, as well as rape straw,
gave good control of weeds when laid as mulches under the trees in apple orchards.
Composted bark, led compost and rotted apple husks were lesseffedive. In the UK, Marks
(1993, found that a straw and a bark mulch applied aong the tree row controlled weeds
effedively in the first yea of use. However, there was a dlight increase in wead numbers in
yea two. Also in the seand yea, there was a reduction in soil mineral nitrogen (SMN)
concentrations under both mulches assciated with decomposition of the organic matter. Soil
structure is likely to benefit from the use of organic mulches (Feldman et al., 2000.

Sheded mulches

Blad polyethylene mulches are widely used for weed control in organic and conventional
systems in the UK and elsewhere. Clea mulches are better than dadk for warming the soil but
do not control the weeads. Plastic mulches have been developed that seledively filter out the
photosyntheticdly adive radiation (PAR) but let through infrared light to warm the soil. Infra
red transmitting (IRT) mulches have been shown to be dfedive in controlling weels (Majek
& Neay, 1991). Various colours of woven and solid film plastics have been tested in the field
(Horowitz, 1993. White and green coverings had little dfed on the weeds, brown, blac,
blue, and white on Hadk (double wlour) fiims prevented weeds emerging. There ae
indications that mulching films, like white on dadk, with a higher rate of light refledance ae
beneficial to the aop (Benoit & Ceustermans, 19923). Light refledance may aso affed the
behaviour of certain inseds (Lamont, 1993, and plastic mulches in a greaer array of colours
are likely to become available.

In the US, Ricotta & Masiunas (1991), compared a number of chemicd and non-chemicd
weel control strategies including bladk polyethylene mulch in transplanted herbs. Mulching
increased the yield of basil (Ocimum basili cum) and rosemary (Rosmarinus officinalis) but not
parsey (Petroselinum crispum) compared with some other treaments. In the UK, bladk
polyethylene mulch gave good weed control and increased the yield of transplanted sprouts
and caabrese over treaments without mulch (Cox, 1991a).

In apples in the UK, blad polypropylene woven mulch (Mypex) laid along the aop row gave
amost complete weed control and higher crop yield than other mulching and chemicd
treaments (Marks, 1993. In the US, the increased crop vaue from nmulched apple orchards
justified the greaer costs of mulching with various films and fabrics (Merwin et al., 1995.
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However, there were problems in laying the mulches, due to the wind lifting and
teaing the sheding.

After cropping, lifting and disposal may be aproblem with plastic and other durable mulches.
Sheding made from paper, non-woven nretural fibres and degradable plastics have the
advantage of breaking down returally, and can be incorporated into the soil after use (Runham
& Town, 1995. Paper mulches have mmpared favourably with badk polyethylene in trials
with transplanted lettuce, Chinese cdbage and cdabrese in the UK (Runham, 1997 Runham
& Town, 1995. Teaing and wind blowing can be aproblem but corred laying of the paper
and rapid crop establishment are the key to success(Runham, 1998. There can be alditional
environmental benefits if the paper mulch is made from recycled materials sich as cardboard
cartons (Cooke, 1996. In Holland, brown and black paper mulches have been tested with
sdad and flower crops. Both gave good weed control but stretching and contrading
following wetting and drying caused the brown paper mulch to tea. The bladk mulch was
creped to alow for thisand did not tea (Wilson, 199(y).

Biological weal control

Biologicd control would appea to be the perfed solution for pest, disease and weed control
in organic and conventional agriculture (Cooke, 1988. Initswidest sense it has been taken to
include such hesic pradices as crop rotation but the term biologicd control is now usualy
restricted to the deliberate gplicaion of some natural control agent. There is considerable
potential for encouraging the use of native biocontrol agents against weeds (Liebman & Davis,
2000. However, the gplicaion of biologicd weed control in agricultural systems in Europe
has proved dfficult (MUller-Schérer et al., 2000.

Wapshere et al., (1989, reviewed the different approadies to the control of weeds by
biologicd methods and the steps normally followed when introducing a biocontrol agent.
Clasgcd (or inoculative) control describes the introduction of host-spedfic, exotic natural
enemies to control aien weeds. Inundative (or augmentative) control involves the mass
production and release of native (usually) natural enemies against native (usualy) weedls.
Conservative oontrol is an indired method whereby the natura level of the pests that attack
the native inseds that feed on the particular native weeds are reduced and maintained at a low
level. This is a long term strategy that requires a detailed knowledge of the e®logy of the
target weeds. Broad spedrum control (or total vegetation control) as the name implies, does
not always involve asingle weed and often refers to modification of awhole habitat.

It is esentia that biocontrol agents are thoroughly tested for host spedficity so that they do
not pose athred to other plant spedes. An example of the systems needed for the importation,
testing and release of biologicd control agents is outlined by Shepherd (1993. The potentia
harmful effeds of introducing non-indigenous $edes for biologicd control purposes are
reviewed by Simberloff & Stiling (1996. The proteded crop situation is ided for introduced
biocontrol agents, which remain contained becaise they will not survive outdoors in the UK.
It is more difficult to control the likely spread of agents that are intended to be released into
the open.

The prediction of how biologicd control may affed the interadion between spedes, and
influence the life g/cle of non-target spedes is extremely complicated. The example that is
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often quoted is the dedine of the large blue butterfly (Maculina aion) following

the d@tempt to control rabhits by introducing the Myxoma virus into the UK. Reduction of the
rabhit population, lesseened the grazng of natural grasdand, and colonies of the ant (Myrmica
sabueti) that ‘nursed’ the cderpillars of the butterfly did not thrive in the dtered habitat.
There is the alditional concern that the wntrol agents may continue to evolve, and that
changes in host spedficity could occur by natural seledion or mutation. The assessment of the
extent of the potential risks involved in hologicd control remains a ntentious isse
(Simberloff & Stiling, 1996. Even if there were no risk to non-target spedes, there ould il
be a onflict of interests becaise some may percave aparticular plant as a weed while others
seeit as adesirable wild flower, or even a potential crop.

Classcal biological control

Classcd biologicd control with inseds and with micro-organisms (Evans & Ellison, 1990 has
been successully applied in South Africa (Morris, 1991, Austraia (McLaren, 1993, the US
and elsewhere. It continues to be an important area of study, particularly in non-European
countries. In 1992 classcd biologicd weeal control was evaluated by 56 countries in over
700trias involving 144weed spedes and using 370control agents (Igrc & Macdjski, 1993;
but only one trial was listed for the UK in that yea.

Many of the annual weeal spedesin the UK have been introduced at some time in the past and
could be mnsidered candidates for classcd biologicd control. However, since their arrival
most have beaome an established pert of the flora and as such their wholesale destruction by
exotic pests or diseases would not be welcomed. It has been suggested that some of the
introduced, invasive perennial weeds sich as giant hogweed (Heracleum mantegazzum),
Himalayan balsam (Impatiens glanddifera) and the Japanese knotweeals (Reynouria spp.).
would be ided candidates for classca biologicd control (Child et al., 1993 Evans & Ellison,
1990 Fowler et al., 199). However, the giant Japanese knotweeal (Reynouria
sachalinensis) has been shown to be asource of a natura fungicide (Madhé, 199192), and it
is possble that the other wealds may have some, as yet undiscovered, desirable feaure. If so,
an introduced biocontrol agent could itself need to be controlled in the future. It would be like
introducing Colorado bedle (Leptinotarsa decamlineata) to control voluntea potatoes and
then discovering that potatoes were good to ed!

In the UK, the only candidate for classcd biologicd control has been the perennia weed
bradken (Pteridium aquli num) (Fowler et al., 1989& 1991). Attemptsto use the cderpillars
of two spedes of South African moth as potential biocontrol agents have not however been
succesdul. The introduction of a dassca biocontrol agent may not be deliberate. The rust
Pucdnia lagenophaae is of Australian origin where it attadks a range of Senedo spp. It was
unknown in Europe before 1960but since then it has been recorded in France and the UK on
groundsel (Senedo wulgaris) (Evans & Ellison, 1990. The rust does not kill the weed but
makes it lesscompetitive. Higher yields have been recorded in lettuce experiments with rusted
groundsel compared with rust-freeplants (Paul & Ayres, 1986).

Examples of biologicd control by endemic phytophagus inseds occur but in other situations
the inseds may be pests of desirable plants. Gliessnan (1984 reported that in the US, flea
beeles had attadked wild radish (Raphanwss raphanstrum) and wild mustard (Brassca
campestris) in preference to collards. In the UK, fleabedles have dso been seen to reduce
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the number of wild radish seadlings (Raphans raphanstrum) that emerged in a
crop of drilled onions (Personal experience). However, it is unlikely that growers would want
to encourage an increase in fleabedle numbers.

Inundative biological control

The inundative method of biologicd control involves the aulture and release of large numbers
of a biocontrol agent into the region or field where the target weed needs to be controlled. It
has the alvantage that native organisms can be used but there is the same requirement for host
spedficity (Weidemann & Tebeest, 1990. Some aents, particularly plant pathogens
(mycoherbicides), can be gplied as rays in the same way as conventional herbicides.

The history of development and the future prospeds of bioherbicides are reviewed by Wall
(1995. The mycoherbicides in particular offered much promise but there have been many
technicd difficulties to overcome in the ailture, storage and applicaion of a biologicd
material. In the UK the potential for braden control with mycoherbicidal formulations has
been investigated by Munyaradzi et al., (1990. Their results indicae that to improve
inoculum retention and ensure dfedive disease development an adjuvant was needed.
Bioherbicides have the dual hurdles of the regulations that apply to biologica control agents as
well as those that apply to a mnventional pesticide. Successalso depends on collaboration
between individuals from several disciplines, and between the public and private sedors
(Templeton, 1988. Commercia products have been developed based on mycoherbicides but
success has been limited (Bannon, 1988 Greaves & Maqueen, 1990. The dtitude of plant
protedion companies to bioherbicides is discussed by Wilson (199(). Even if production
problems are solved, to be succesdul, bioherbicides neal to match chemicds in efficag/ and
ease of applicaion if they are to be commercialy viable, market size is also an important
fador.

The spedficity of a bioherbicide is increased where the susceptibility of the target organism
can be enhanced. This may allow a seleded areaof aweed to be controlled without affeding
neaby plants of the same spedes. Isolates of Xanthomonas campestris pv. poae, have some
adivity against annual meadow grass(P. annug, a lawn weeal (Imaizumi et al., 1997. The
inoculum is taken up more realily through cut surfaces 5 mowing makes the weel more
susceptible than P. annuaplants outside the mown areathat are undamaged. There can aso
be synergetic efeds between two pathogens. In groundsel (Senedo vulgaris), plants naturally
infeded with the rust Pucania lagenophaae, were killed by inoculation with the pathogen
Botrytis cinerea, while hedthy plants were not (Hallett et al., 1990. It has been suggested
that improvements could be made in the adivity and host spedficity of mycoherbicides
through tedchniques of genetic manipulation (Bailey, 199Q Sands et al., 1990. Such an
approach is unlikely to be goproved of by organic farmers.

A further development of the concept of bioherbicides is the isolation and application of just
the toxin responsible for killing the weeds as a ‘natura herbicide’ rather than applying the
living organism (Hatzios, 1987). The demicad would be eaier to store, formulate and apply
than a mycoherbicide, and without the risk of proliferation in the environment; production and
development costs may till be prohibitive (Froud-Willi ams, 1997). The isolated phytotoxins
may exhibit smilar host and non-host spedficity to the pathogen. AAL-toxin, a natural
metabolite of the pathogen Alternaria dternata f. sp. lycopersici has been tested on arange of

Deceanber 2003 26



http://www.organicweeds.org.uk H ?

the organic
organisation

crop and wedal spedes, and has been patented as a herbicide (Abbas et al., 1995.

There is increasing interest in studying the medianisms and sites of adion of natura
phytotoxins to aid the seach for new herbicides (Duke et al., 1997. The accetability of
‘natura’ herbicides to the organic standards authorities is unclea (Stopes & Milli ngton,
19917).

Although much of the work on hbiocontrol agents has concentrated on the growing weed plant,
there is considerable potential for using micro-organisms to manipulate or deplete the soil
wedl sealbank (Kremer, 1993. The persistence of weal sedds in the soil is the key to ther
successin continuing to emerge despite repeded control measures over many yeas. Greaer
predation or an increase in retural decay would reduce the soil seedbank and hence future
weel populations.

Conservative biological control

Conservative hiologicd control requires a detalled emlogicd knowledge of the weeds and
control agents involved. It has recaved little dtention and remains largely a theoreticd
concept based on a reduction in the native parasites, predators and dseases that attadk the
native biocontrol agents of the target weed (Wapshere et al., 1989.

Broad spedrum biological control

The oldest example of broad-spedrum biologica control is the use of grazng animals and
birds (cdtle, shee, horses, goats, ducks, geese dc.) to maintain pasture. In aguatic
stuations, the use of grasscarp (Ctenophayngodonidella) and other phytophagous fish has
been investigated. In Australia, goats have been used to control bladkberry (Rubus fruticosus
agg.) (Dellow et al., 1989. In cereds, sheg grazng in spring is atraditional pradice of many
organic growers to aid weed control. In the UK, the dfed of weeding and sheg grazng on
grain yield and quality of organic whea has been investigated by Cosser et al., (1997).
Wedling increased grain yield but grazing reduced ea number. In Malaysia, weed control by
sheq in permanent tree cops reduced weeding costs by up to 26% and provided additional
profit from the sale of mutton (Stober, 1993. It is known that different breeds of livestock
vary in their graang or browsing preferences and abilities and should may be taken into
acount for improved weed control (Soil Association, 2002).

Allelopathy

Within the broadening perceptions of biologicd control, alelopathy can be legitimately
regarded as a component of biologicd control (Lovett, 1991). Allelopathy refersto the dired
or indired chemicd effeds of one plant on the germination, growth, or development of
neighbouring plants. The dfed is exerted through the relesse of alelochemicds by the
growing plant or itsresidues. Micro-organisms may also play arolein the production of these
chemicd inhibitors. Allelopathy has been considered a defence medhanism in plants (Lovett,
1982. It makes a significant contribution to the processof plant successon (Numata, 1982.
The broad ewlogicd role of alelopathy is discussed at length by Rice (1984. Widdowson
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(1987 consders the dlelopathic interadions that are important in progressng
towards holistic agriculture.

Allelochemicas may be present in the mucilage aound a germinating seed (Kosemura et al.,
1993, in leatates from the aeial parts of plants (Tukey, 1966, in exudates from plant roots
(Weston et al., 1997, in volatile emissons from the growing plant (Charron et al., 1999, and
among decomposing plant residues (Bewick et al., 1994. There has been much study of the
biochemica aspeds of alelopathy and investigation of the dfed of plant extrads and
leatates on seed germination and seedling growth in the laboratory (Waller, 1989. In the
field, the evidence for alelopathy has largely come from studies of the use of organic mulches
and cover cropsto suppressweeal emergence (Putnam et al., 1983 Putnam & Defrank, 1983.

The dfedivenessof living mulches, intercrops or smother crops may in part depend on their
allelopathic ability. The decomposition products of organic mulches and cover crops residues
may continue to prove toxic to weeds in subsequent crops. Unfortunately, such phytotoxins
are dso know to reduce the germination and development of drilled small seeded crops. Even
the growth of transplanted crops may be dedked (Ruso et al., 1997. Newman (1982, and
Saxena et al., (1996 have reviewed the relevance of alelopathy to agriculture where the
toxicity of plant resdues is particularly important because of the alverse dfeds it can havein
rotational crops. While dlelopathic crops or their residues inhibit the growth of certain weeds
(Steinsiek et al., 1982, weels sich as fat-hen (Chenopodum album) that have dlelopathic
ability, may also influence the growth of some aops (Goedl et al., 1994 Qasem & Hill, 1989.
Weadls can also inhibit the growth of other weeds (Anayaet al., 1989.

The potential use of alelopathy for weed management has been reviewed by Altieri & Doll
(1978, Numata (1982, Putman (1985, and Putnam et al., (1983. Allelopathy could be used
to manipulate the aop-weed balance by increasing the toxicity of the aop plantsto the weeds.
Where a cop has only a limited alelopathic dfed it may still be sufficient to reduce the
emergence of difficult to control weeds in the aop row, leasing only the inter-row weeds to
be oontrolled medhanicdly. Studies have been made to evaluate the dlelopathic adility of
different cultivarsin a limited range of crops e.g. peppers (Gonzdezet al., 1993, oats (Fay &
Duke, 1977, and cucumber (Putnam & Duke, 1974). The use of techniques that might allow
genetic transfer of alelopathic ability into crop plants (Putnam, 1985, is unlikely to be an
accetable to organic pradice Other studies have evaluated crop cultivars for their tolerance
to the dlelochemicds produced by weeals (Ray & Hastings, 1992. Another approach hes
been to determine the aops that contain those dhemicds or their preaursors with the potential
to suppressweealds. The glucosinolates for example, preaursors of severa toxic metabolites
including isothiocynates, are found principally among members of the Cruciferae (Duncan &
Milne, 1989. Grossman (1993, discusses the potential use of brasscas as aternatives to
herbicides and soil fumigants for weed, pathogen and nematode wntrol. There have been
suggestions that the dlelochemicds themselves (Chung & Miller, 1999, or synthetic
derivatives (Madas et al., 1997 could form the basis of ‘natural’ herbicides (Newman, 1982
Duke et al., 2000. Corn gluten med is said to provide natural pre-emergence weed control.
It has been shown to reduce germination and root growth in a range of weed spedes (Gough
& Carlstrom, 1999 McDade & Christians, 2000.

Biodynamics
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Although ot strictly part of biologicd control, biodynamics and related methods

are included here because they rely on the use of natural materials for their effed. The control
of perennial weeds by treaing them with the potenced ashes of those particular weed or their
sedls is one aeaof particular interest to organic farmers. There islittle scientific information
on how these so cdled weed peppers work. The principle is smilar to the use of homeopathic
medicines. Scherrer (2000 has begun testing the impad of weed peppers on Sdidago
alissma and S. giganea but the treaments are expeded to take several yeas of repedaed
applicaions to show an effed. Biodynamicdly prepared compost applied to field crops
reduced weed numbers but no more than non-biodynamic compost (Carpenter-Boggs, 2000.

I ntegrated weed control

The ooncept of integrated weed control can mean many different things to different people
(Cussns, 1999. Inits smplest form, integrated weed control is used to describe the use of
two or more dired weeding methods in combination or sequence to improve the standard of
control of one or a range of weed spedes. Often this is taken to mean a mixture of chemicd
and non-chemica methods but it can be gplied equally well to combinations of physicd and
biologicd methods. In addition to improved weed control there may be e®nomic and
environmental benefits from such integration.

While mechanicd cultivation or intercropping aone did not give alequate weed control in
transplanted broccooli, a strategy of combining cultivations and intercropping was effedive in
controlling the weeds without adversely affeding crop yields (Tesser & Leroux, 1993. In
transplanted cabbage, Bellinder et al., (1996 used a sequence of tine aultivations followed by
interseading with ground covering crops to suppressweeds. The @ver crop remains after
cabbage harvest to med the requirements of the law in the US to provide aminimum of 30%
ground cover yea round on soils liable to erosion.

In lettuce pre-planting flaming alone was insufficient for good weed control but combined
with hoeing it was very effedive (Balsari et al., 1994. The mmbination of flame weeling
along the aop row and inter-row medanica hoeing was also succesgul in transplanted white
cabbage, which hes a relatively high tolerance to hea (Netland et al., 1994. Pre-emergence
flaming and harrowing followed by post emergence inter-row hoeing gave the best weel
control in drilled leeks and onions (Melander & Rasmusen, 2001). To reducethe high cost of
overal thermal applicaions, Casini et al., (1993 developed a prototype madine that
combined on-row flaming with inter-row hoeing in a single operation. The method deaeased
weed numbers sgnificantly in both vegetable and arable aops but yields were often reduced
due to thermal damage to the aop plants.

The term integrated weed management (IWM) can also be gplied to the more holistic
approach to weal control as part of an integrated pest management system (IPMS) within an
integrated farming system (IFS) (Shaw, 1982. The am of IWM is to reduce the neeal for
control and this may involve both dired and indired methods for deding with weeds, and all
stages of crop production (Regehr, 1993. Manipulation of the aop-weel relationship to
favour the crop at the expense of the weels is the basis of integrated weed management
(Walker & Buchanan, 1982. In Canada, research in IWM takes into consideration all aspeds
of the aopping system (Swanton & Weise, 1991). It encompasses knowledge of the aiticd
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period of wedl interference, aternative methods of weed control, enhancement of

crop competitiveness modelling of crop-weel interference, influence of tillage systems, crop
rotation and seedbank dynamics. The importance of the transfer of knowledge and technology
is emphasised.

There may be long term and short term objedives to chosen weel control strategies. Models
are useful because they allow different elements to be considered and the levels of different
fadors varied at will to test and refine optimum weed control strategies. Even the most
elegant systems will not run without adequate data (Cussans, 1995. Such models neal inputs
of basic biologicd information about crops and weeds to provide redistic smulations and
predictions (Schreiber, 1982. The predictions can then be used to form the basis for dedsion
support systems from which might be derived information on weed thresholds, optimum
wedling times, or weed control treaments for spedfic aop situations.

In organic and other low-externa-input (LEI) farming pradices, the gproach to wed
management involves the whole aopping system (Liebman & Davis, 2000. The am is to
maintain a balance between crop plants and weels, with the grower adjusting the balance in
favour of the aop whenever possble. In integrated farming systems (IFS) the intention is to
reduce synthetic inputs (Jordan et al., 1997. Inthe Netherlands, IFS is e as a prelude to
national conversion to sustainable ayriculture (Proost & Matteson, 1997). Inthe UK, the am
of the LINK Integrated Farming Systems (IFS) projed has been to develop a pradicd
integrated arable system. The amphasis is on the whole system and weead control is not the
sole objedive (Ogilvy et al., 1999, crop rotation is a key component (Jordan & Hutcheon,
1996. The scheme is one of reduced inputs and athough cultural pradices amed at reducing
weedls are included, judicious use of seledive herbicides remains an important part of the
system (Coutts & Prew, 1996. Nevertheless the study provides vauable information on
experiences with mecdhanicd weed control in different crops, and the long term effeds of
cultura pradice on weed populations under UK conditions. Other low input reseach projeds
on the long term environmental and emnomic efeds of integrated arable aopping systems
include the LIFE (Low Input Farming and Environment) (Jordan & Hutcheon, 1995, the
SCARAB (Seeing Confirmation of Results at Boxworth), the TALISMAN (Towards A
Lower Input System Minimising Agrochemicas And Nitrogen) (Hancock et al., 1999, and
the RISC (Reduced Input Systems of Cropping) (Eason & Picton, 1994 projeds. The
impad of these low input strategies on the weead population and weed competition hes been
monitored (Cooke et al., 1996 Eason et al., 1996 Ogilvy et al., 1993 Wilson et al., 1999
but the use of even low levels of herbicides prevent the direa application of the results to non-
chemicd weed control systems. There is a smilar problem with the LISA (Low Input
Sustainable Agriculture) program in the US which shares many production pradices with
organic farming but allows limited use of pesticides and synthetic inputs (Grubinger, 1992.

It may be possble to develop models that can separate out and remove the pesticide dfeds
from the data and allow the dfeds of non-chemicd fadors to be ducidated. The COIRE
(Crop Optimisation by Integrated Risk Evaluation) projed aims to assst in understanding the
complexity of the interadions between inputs, husbandry, pests, weeds and dseases, and
environmental fadorsin arable farming systems (Davies et al., 199D).

To develop and promote integrated crop management in the farming community, LEAF
(Linking Environment And Farming) was st-up. It asssts farmers with environmental issues,

Deceanber 2003 3C



http://www.organicweeds.org.uk H ?

the organic
organisation

and increases the avarenessof non-farmers to ICM benefits. In the UK there ae

14 LEAF demondration farms. LEAF encourages farmers to cary out an annual
environmental audit to assessthe impad on the environment of all aspeds of farming pradices
including weed control (Drummond, 1994).

I mproving dired weed control

M achine guidance and automated weed detedion systems

Guidance and weel detedion systems have been developed mainly to make more dfedive use
of pesticides, either for band spraying along a aop row or deteding individual weed or crop
plants for treament (Marchant et al., 1997 Miller et al., 1997 Thompson et al., 199%
Kouwenhoven, 1997 Till ett et al., 1999.

Laser transmitters and recavers have been used to guide trador mounted madinery in a
straight line acossa field (Naber et al., 1992 van Zuydam et al., 1995. With this g/stem,
sealbed preparation, medhanicd or chemicd weed control, or fertiliser operations could be
caried out day or night. More complex guidance systems rely on finding and following the
crop rows by identifying fedures of the row structure. A method of tradking row structures
using image analysis allowed a macdine to follow the aop row in cauliflower, whea and sugar
bed with reasonable acaracy (Marchant, 1996. Sophisticaed gudance and weeal detedion
systems have now been applied to medhanicd weeding implements (Till ett et al., 1999 Till ett
& Hague, 1999. These have lea to the development of trador-mounted hoes with automatic
guidance systems (Williams, 2001a; 2001b; 2003. Modified CCTV cameras take pictures
ahea of the trador and computer analysis of these maintains the position of the hoe in relation
to the aop rows. The greder acarracy of the vision guidance system means it requires a only
a 26.1 mm gap either side of the tine to avoid crop damage 99.7% of the time & a forward
sped of 6.5 kph (Home et al., 2001).

Plant detedion systems have included image analysis (Miller et al., 1997 based on led shape
(Woebbedke, 1995), or colour (Woebbedke, 19950). Other systems use spedra sensing or
light refledance & a way of discriminating between crop and weels (Hahn & Muir, 1994.
Such tedhniques could also be used to deted weeds in non-chemicd weed control systems.
They could improve seledivity and allow faster operating speals. An automatic guidance
system is unlikely to be deg but there culd be reduced labour costs. In flaming systems in
particular automatic guidance would gve greaer operator safety. The @sts involved in
predsion weeding suggest that this method of control may only be emnomic in high value
crops (Ledke, 1996.

A Danish ‘Advanced Tool Control’ system has been developed comprising a vision system,
guidance frame axd a whed sensor linked by computer (Moore, 2000. This automatic
guidance system has been designed for mounted inter-row cultivators and band sprayers. In
the UK a prototype driverless ystem that usesimage analysis for guidance has been developed
that can operate mmpletely automaticdly (Williams, 1996. The Dutch too have developed a
vehicle that uses DGPSsignals to hoe acarrately between crop rows. It is said to be capable of
working to an acairagy of 1 cm at speeds of 7 kph (Vale, 2002. A French medanicd intra-
row hoe has been developed that uses an infra red sensor to deted crop pants (Vae, 2003.
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The signa is transmitted to a computer that triggers an air cylinder to push the
hoe blade out of position before it reades the aop plant. The blade then returns to the
working position.

INDIRECT WEED CONTROL

Weead management is probably a better term to use than weed control. In organic growing
systems and now increasingly in conventional ones, the gproadh to weed management
involves the whole aopping system. There is a balance between crop plants and weels with
the grower manipulating the balance in favour of the aop. Indired weel management is
unlikely to be sufficient on its own hbut dired control of weeds $ould be seen as the last
resort.

Cultural wed control

Tillage

Sail cultivation or tillage in its various forms has long been implemented to control weeds.
However, there ae other additional cultivations that may be asociated with crop harvesting,
as well as the post-harvest incorporation of crop and weed residue for disease ntrol, and to
prevent seed shedding by the wealds. The method, depth, timing and frequency of cultivation
may influence the composition, density and long term persistence of the weed population
(Mohler & Galford, 1997). It can provide an effedive way of manipulating or managing
weeds (Hakanson, 2003. However, like awy other system there may be mnflicts. Finer
sealbeds produce more wead seallings but a smooth surface makes dired weed control
easier. Larger clods of soil produce fewer weel seeadlings but the rough surface gives
emerged weels protedion against dired weeding methods. Excessve alltivation though can
also harm soil structure leading to cgpping of the soil surface a&d in the longer term to loss
from erosion. Under reduced till age there is better control of soil erosion, conservation of soil
moisture and more dficient use of fossl fuel (Coodman & Hoyt, 19933). However, not all
soils are suitable for reduced till age.

Tillage is often divided into threeforms primary, secndary and tertiary (Forcdla & Burnside,
1994, but there ae other cultivations that do not fall into these cdegories.

Primary tillage

Primary tillage is the principal method chosen for cultivation prior to crop establishment. The
main choice is between ploughing or non-ploughing (No-till) systems of soil management.
Daly & Stevenson (1990 posed the question “to what degree ca surface ailtivation be used
to establish a relatively sterile surface layer and how often should this be dternated with
ploughing”. Ploughing is e as a method by which weed seals can be buried below the
depth from which they are caable of germinating, and it is metimes said that ploughing is
nealed only to bury the weed problem. But this short term solution to poor weed control in a
previous crop often leads to long term problem due to the persistence of the buried weed
sedls in the soil seedbank.
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Primary tillage has been the subjed of considerable reseach in comparing the

merits of ploughing with reduced till age systems for weed management (Forcdla & Burnside,
1994. The mncept of dired drilling crops without resorting to ploughing becane popular
after the development of the non-residual herbicides paraguat and dquat. Recantly, there has
been renewed interest primarily out of concern for soil conservation, and in particular to
prevent eroson (Buhler, 1995. However, as with the herbicide-based system, wind
diseeminated and perennial weed spedes can increase (McLaughlin & Mineau, 1999, and
voluntee weeds are dso likely to be aproblem (Buhler, 1995. Nevertheless non-inversion
till age keeps fresh weed seeds nea the soil surfacewhere shallow cultivations can be direded
to depleting seed numbers (Melander & Rasmussen, 2000. In ano-till age system, 60% of the
wed seads in the top 19cm of soil were in the surfacel cm of soil. Where the soil had been
chisel ploughed 30% of seeds were in the top 1 cm of soil and seed concentration then
dedined linealy with depth. Where moldboard ploughing had taken placethere was a uniform
distribution of weed seedsin thetop 19cm of soil (Yenishet al., 1992).

In the UK, Cussans et al., (1979 found that annual broad-leaved weeds were lessinfluenced
by till age than annual grassweeds. Annual meadow grass(P. annug, wild oat (A. fatua) and
bladgrass (Alopeaurus myosuroides) were dl favoured by non-ploughing techniques. In
experiments over 9 yeas using different primary cultivations in a vegetable aop rotation there
was a pronounced effed on sead numbers of P. annua(Roberts, 1965. At the end of the
experiment, seed numbers were 7, 11 and 23 million per aae respedively for degp ploughed
(14-16ins), shallow ploughed (6-7 ins) and rotary cultivations (6-7 ins).

In a Norwegian study of tillage for preventive weead control, Teslo (1994 concluded that
plough-based methods were better than harrow-based methods in grain crops. In another
Norwegian study, athough annual weeds were not a serious problem, shalow cultivation
resulted in more weeds than deeoer cultivation (Barresen & Njgs, 1994). Infestations of the
perennia grass weed couch (Elymus repens) were dso greder following shallow till age.
Perennial weeds are thought to increase in organic farming systems and, depending on the
wedls involved, it may be necessary to plough periodicdly to keg them at a managedle
level.

Semndary tillage

Seoondary tillage is used to prepare seedbeds and leave alevel surfacefor drilling. Typicdly it
involves disking or harrowing to a depth of 10 cm. The timing of seedbed preparation affeds
weed populations considerably and is an opportunity to reduce weed numbers that emerge in
the growing crop. One traditional method of weed control is the stale or false sealbed
technique. A novel method of reducing sealling emergence is to cary out the seedbed
preparations in the dark to avoid stimulating weed seed germination.

Timing

It is well known that sowing autumn cereds as late a possble dlows bladkgrass (Alopeaurus
myosuroides) to germinate and be cntrolled before the ceed crop is established. Like
blackgrass many other weeal spedes emerge only at particular times of yea. Delaying drilli ng
until mid October may reduce disease problems as well as weeds but germination and growth
of the aops can be Slow making them vulnerable to dug attad (Ledke, 1996).
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Stale seedbed

A stale or false sealbed, may be defined as a seedbed prepared several days, weeks or even
months before planting or transplanting a crop (Johnson & Mullinix, 1999. The technique is
recognised as a strategy suitable for organic farming and has been widely used for many yeas.
The stale sealbed is based on the principle of flushing out germinable weed seels prior to the
planting of the aop, depleting the seedbank in the surface layer of soil and reducing
subsequent weed sealling emergence. It can be an effedive method of deaeasing the density
of annual wedls, as has been demonstrated in many studies including weed control in maize
production systems (Leblanc & Cloutier, 1996.

When temperatures are not limiting, the most important fador determining the timing of a
flush of weed emergence is adequate soil moisture (Roberts & Potter, 1980. Consequently,
in dry yeas the stale seedbed method does not serve & a good method of weed control
without the intervention of irrigation. The dependence of the strategy on soil moisture
availability is clealy demonstrated by Bond & Baker (1990. When conditions were moist,
50% of the weed seallings (expressed as a percentage of the total seedling emergencein a 16
week period) emerged within 6 weeks of cultivation. In contrast, in drier yeas 50%
emergence was related to rainfall events, sometimes as much as 13 weeks after the initia
cultivation event. Bond & Baker (1990, aso adbserved that the use of irrigation generally
gave more mnsistent patterns of weel emergence and reduced the spread of emergence
Jensen (1996, aso noted that soil moisture level following ploughing 2-3 weeks in advance of
drilling, significantly affeded the cntrol of both voluntee winter barley and broad-leared
weeds in winter oilseed rape.

Although adequate moisture is vital in determining the dficacgy of the stale seedbed technique,
soil fadors such as the finenessof the seadbed (Bleasdale & Roberts, 1960, and prevention of
cgoping (Roberts et al., 1981) are dso important for maximising weed seedling emergence
Following studies on the dfed of tillage on voluntee sunflowers, Robinson (1978 concluded
that whilst shallow tillage may stimulate emergence soil pulverisation is preferable & it
destroys clods and improves weed seed contad with the soil, so providing conditions
conducive to seed germination.

Covering soil with polyethylene sheding is known to increase weed emergence (Bond &
Burch, 1989. The potentia for using pre-planting polyethylene mulches to improve weed
germination and hence depletion of the seedbank has been examined as a way of improving
upon the stale seadbed tedhnique (Davies et al., 1993. Covering soil with clea polyethylene
increased weed seal germination, but germination continued after the first flush of weeds had
emerged and the vers were lifted. In contrast, following the removal of the bladk
polyethylene the ground was clea due to sealling deah or aladk of emergence There was
little subsequent weed germination, and the reduction in weed emergence was refleded in the
yield of the brassca aops planted after removing the sheding.

There ae anumber of problems that are assciated with using the stale seadbed technique in
organic systems. To ensure success removal of emerged weeds nedals to be delayed until the
main flush of emergence has passed (Bond & Baker, 1990. Growers may be reluctant to
delay planting or drilli ng if soil conditions are good and there is arisk of heavy rain preventing
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future operations. If there is no rain during this period there can be increased soll

erosion and soil drying (Johnson & Mullinix, 1995. The resulting dry seedbed conditions and
delayed crop establishment can reduce aop yield (Rasmusen & Ascad, 1995. Once the
wedals have amerged they must be killed or removed by an accetable method. Emerged
wedls can be @ntrolled by flaming or light cultivation/undercutting (Caldwell & Mohler,
2007). It isimportant not to cultivate below the top 1-2 cm soil otherwise afurther flush of
wedals may emerge (Blake, 1990. To gain the most advantage from the technique, the
sealbed needs to be weeal-free @ the time of crop planting or drilli ng.

Rasmusen & Ascard (1995 emphasise the importance of understanding the germination and
development requirements of the different weed spedes in order to increase the reliability and
efficag of the stale seadbed method. The date and the prevaili ng conditions prior to and after
soil cultivation have a strong effed on seedling numbers and timing of emergence  For
example, in spring the mean sealbed temperature in the week after cultivation and the number
of seallings in the flush of emergence ae highly correlated (Vleeshouwers, 1997).

Cultivation in darkness

It is known that light can lre&k weed sead dormancy and stimulate germination. Although it
was known in the past that a brief exposure to light of weead seeds buried in soil promoted a
flush of sealling emergence, it has only been considered to be of pradicd importance recently
(Hartmann & Nezalal, 1990. Cultivation in the dark has been shown to reduce weed
emergence by up to 70% but it is often much lesseffedive (Ascard, 1994 Borjesdotter, 1994
Scopel et al., 1994, and it still | eaves enough weeds to reduce aop yield. Fogelberg (1999
found only a small, and not always sgnificant, reduction in weed numbers following seedbed
preparation and carot drilling in darkness After intra-row brushweeling, there was little
difference between carrot crops drilled in the dark and others drilled in the light.

There ae severa reasons why cultivation in the dark does not give consistent results.  Not all
weed spedes have light sensitive seeds (Legke, 1999. whilst the seed of others can lose their
light requirement with age. Welsh et al., (1999 found that the emergence of common
chickweal (S media) and fat-hen (C. album) was reduced by cultivating in darknessbut that
of bladkgrass (Alopeaurus myosuroides) was unaffeded. In addition, some light sensitive
spedes like the mayweals are small-seaded and will only emerge from shallow layers of soil.
Therefore, seeds left nea the soil surfacefollowing dark cultivation may still receve sufficient
light in order to germinate. The results of experiments comparing cultivation in the light and in
the dark are dso dependent on the adltivation intensity and choice of implement (Jensen,
1995.

Following the generally disappointing results from studies in the UK, a number of potential
areas of improvement in the method have been highlighted (Samuel, 1992. One suggestion
has been to roll the soil following cultivation to consolidate the seedbed and prevent light
penetration into the top few mm of soil. It is not necessary to work the soil in total darkness
covering the alltivating implement with sheding to prevent light reading the soil at the point
of cultivation may be sufficient (Borjesdotter, 1994 Scopel et al., 1994. The wvering of
trador lights, with green filters, has aso been reported (Samuel, 1992. Alternatively,
guidance systems may allow a range of operations to be performed in complete darkness (van
Zuydamet al., 1995.
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Tertiary tillage

Tertiary tillage is the soil cultivation that is used dredly as a means of physicd weel control.
It is dedt with in some detail in the dired weed control sedion under mecdhanicd weed
control.

Other tillage opportunities

An additional consideration when using till age to aid weed control is the timing of any form of
post-harvest soil cultivation in relation to its effed on the persistence of weed and crop seed
shed duing or after crop harvest. The buria of receitly shed seals can induce dormancy
when conditions are not appropriate for germination. For example the buria of winter barley
sealsin dry soil can adually induce dormancy and cause problems in later cropping sequences
(Rauber, 1986. Post-harvest cultivation too soon after sead shedding and in sub-optimal
conditions for germination, can instil a light requirement and as a nsequence induce
dormancy and persistencein oilseed rape seal shed during crop harvest (Pekrun et al., 1997).
Not al seals have the same response; Bromus gerilis L. (barren brome) seeals left on the soil
surface persist longer than those buried soon after shedding (Peters et al., 1993. In this
instance, ealy cultivation would be more gpropriate to ensure control.

Cultivation as on as pradiceble dter harvest is aso recommended for the wntrol of
rhizomatous grassweeds such as common couch (Elytrigia repens (L.) Desv.) and bladk bent
(Agrostis gigartea Roth). An intensive rotary cultivation is needed to work the soil to the full
depth of the shallow rhizome system. The am isto fragment the rhizomes as gnall as possble
and this works best in previously undisturbed soil. After the initial cultivation, further passes
at this time only serve to move the broken rhizomes pieces around. Fragmentation stimulates
regrowth of a dormant bud on ead rhizome fragment. Cultivations to control regrowth may
be repeaed every 2-3 weeks or when the grass has leaves 5-10 cm long, until no further
regeneration occurs. Alternatively, the land may be deg ploughed to bury any regrowth
below the depth it will emerge from.

Crop rotation

Crop rotation is a requirement of organic farming pradice, to aid pest and dsease cntrol and
to provide optimum soil fertility. Until well into this century, weead control was achieved
largely by a combination of crop rotation and other cultural measures (Leg 1995. Aspeds of
a rotation may favour some weed spedes more or lessthan others but the diances of any one
spedes beacoming dominant are minimised as crops and associated cultural pradicesvary. It is
possble to adively discourage the growth and reproduction of a particular weed spedes by
introducing unfavourable wnditions and pradices into arotation (Karlen et al., 1994. Inthe
past, ‘cleaning’ crops such as potatoes were used to reduce weed problems in the yea before
sowing a lesscompetitive aop. The benefit to succealing has to be balanced against any yield
lossin the deaning crop due to frequent cultivations (Moursi, 1955. However, maintaining a
particular rotation just for suppressng weals is difficult when other fadors, including
eoonomic and market forces determine the aopping sequence Nevertheless a mmpetitive
grasgclover ley mixture sown primarily to improve soil fertility, will aso help to reduce the
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wedd sealbank through seed deahs that occur during the ley period combined
with the suppresson of further weed seed production.

The dedine in the use of rotations has been bamed for many of the aurrent weed problems
(Cussans, 1976. When crops are sown repededly, strong crop and weeal associations are
known to develop (Hill et al., 1989. In Denmark, following the dhange to monocultures of
ceaeds, crop type was identified as the most important fador in governing the structure of
weal communities (Streibig et al., 1993. Even though the use of herbicides reduced the
frequency of some weed spedes, the dfed was ssndary to that of the aop.

The successof rotation systems for weed suppresson appeas to be based on the use of crop
sequences that crede varying petterns of resource ompetition, allelopathic interference, soil
disturbance and mecdhanicd damage to provide an unstable environment and prevent the
proliferation and dominance of any particular weed (Liebman & Dyck, 1993 Liebman &
Davis, 2000. Hill et al., (1989, found that when no additional weed control measures were
taken, weed cover and seadbank numbers increased in the first cycle of afour yea rotation but
no single spedes predominated. Studies of changes in weed population due to crop rotation
have been made in conventional systems but herbicide use and/or nitrogen applicaion modify
or lesen the dfeds (Anderson & Milberg, 1996).

Within organic systems the am is not the total eradication of weeds but a balance between the
yield penalties of high weed populations and the benefits of biodiversity. Control is achieved
by the combination of cropping sequence and the alltivations asociated with ead particular
crop. The ley period in particular permits the reduction of weed populations through
suppresson by competitive grasgclover mixtures (Millington et al., 1990, and seal deah
during the 3-5 yea ley period (Stopes & Millington, 1991). In UK studies comparing
different ley/arable aop rotations in an organic farming system it was observed that weed
sealbank populations were greaer in plots that followed a high proportion of arable aopsin
the previous four yeas (Younie et al., 1999.

Comparisons in the size axd composition of weal populations have been made between
organic and conventional cropping systems. However, not al such studies are redistic.
Barberi et al., (1998, found higher weed seed numbers in the soil following 5 yeas
continuous maize eopping in an ‘organic’ system than a cnventional one. The difference
was attributed to the dficag/ of weed control methods in the maize aop, but there was no
crop rotation to support the dired weeding methods.

Despite the use of rotations, some weeds have been identified as particular problemsin organic
farming systems. They may occur in al cropping Situations or may only be problems in
particular crops, certain parts of the rotation, in locd areas, or only in horticultural or in arable
systems. Couch grass (Elymus repens) and other cregoing perennia grasses, and creeping
thistle (Cirsium arvensis) are often cited as the main problem weeds in al organic systems
(Lampkin, 1990 Peawck, 1990. Bladkgrass(Alopeaurus myosuroides), an annual grassweed
can become more frequent when cereds form a significant part of the rotation. Docks (Rumex
spp.), are aparticular problem in grasdand, and braden (Pteridium aquili num), has become a
severe problem in upland areas of pasture. In perennia crops and permanent grasdand, there
is no opportunity for rotation following crop establishment. Land preparation is therefore vital
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to avoid or minimise perennial weed problems at the outset. On some soils,
improved drainage may help to eliminate weeds that favour wet conditions.

Cultivar

It is not smply the dwice of crop that influences weed development within a rotation, the
charaderigtics of the adltivar such as morphology and growth rate can have asgnificant effed on
both crop and weead development. Currently, organic growers rely heavily on cultivars developed
for conventiond growing sysems as part of conventiona breeding programs (Lammerts van
Bueren et al., 2009. Many of the dedred traits that will benefit the aultivars when grown
organicdly are not given sufficient priority in current breeding programmes. In addtion the
seledion process needs to be caried out under organic growing conditions for optima results
(Wolfe, 2002. The am should be to move from the arrrent use of organic seed of conventional
cultivars to the growing of cultivars gedficdly bred for organic syssems. Weed control is one of
the main chalenges in the production of organic seed crops (Marsha & Humphreys, 2002. The
breeding of organic aultivars that contribute to improved weed control will assst both the organic
growers and the seed producers.

Recait work in cereds has $rown that both cultivar choice and crop seed rate can be dfedive in
suppressng weeds and hence minimising weed control inputs (Christensen & Rasmussen, 1994.
Redtriction of light through crop shading, may be one such method of harnessng varietd attributes
to manipulate the weed popuation (Verschwele & Niemann 1993. Reguation of a growth
limiting fador such as photosyntheticaly adive radiation (PAR) could be exploited as an dternative
weal control measure & part of both organic and integrated systems. It has been shown previousy
that light interception is correlated with crop height (Wicks et al., 1986, and Eason & Courtney
(1989 consdered the taller development of the spring barley cv. Atem, relative to cv. Triumph, to
be amgor influencein its greaer weed suppresson. Similarly, in astudy comparing the two winter
whea cultivars, Mercia ad the traditiona longer strawed cultivar Maris Huntsman, both total
above-ground weed dy weight and the number of weal spedes found on the plots were
sgnificantly reduced in the presence of Maris Huntsman (Grundy et al., 1993. Work in Germany
in winter whea has aso shown that tall cultivars tend to yield better than shorter ones in organic
systems, but it is not known whether this is due to greder weed suppresson or an innetely better
nutrient uptake from the soil (Richards, 1989. However, it should be noted that whilst the short
dature of some varieties can give a advantage to taler weeds such as Avena fatua, tall varieties
may themselves favour certain weed spedes (Gooding et al., 1993.

Although shading is acceted as a mgjor contributory fador to weed suppresson in caeds, there
are number of other equaly important morphologicd traits that confer a altivar with greder
competitive dility over weeds (Christensen, 1995 Lemerle et al., 1996. For example, ealinessof
crop gound cover is thought to be vitd in weed suppresson (Richards, 1989 Richards &
Whytock, 1993, and reseach hes indicaed that larger initial crop seel size ca sgnificantly
improve ealy crop establishment and hence increase the @mpetitive dility of winter wheda
cultivars (de Lucas Bueno & Froud-Williams, 1999. However, there is a death of information
regarding the cmpetitive aoility of individual crop varieties to weeads. Some work has been
published with resped to small grain cered varieties for weel suppresson (Bayan et al., 1991,
Dhaliwal et al., 1993 Bladkshaw, 1994 Seavers & Wright, 1995& 1997 Froud-Willi ams, 1997
Sodhi & Dhdliwal, 1998, and a few studies have spedficdly concentrated on verieties siitable for
organic systems (Richards & Heppdl, 199Q Cossr et al., 1997).
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Only a limited number of studies have examined the relative competitive aoility of

vegetable alltivars, for example carots, cdabrese and spring beans (Willi am & Warren, 1975 Cox,
1991b; Taylor, 1993 respedively). Balsari et al., (1994 noted that a vigorous cabbage alltivar
suppresed weead numbers more effedively than some other varieties.

Competitive aility has not been a trait sdleded for in breading programmes, or tested in officia
trids. Most progresshas been asociated with fadors sich asimproving grain yield, above-ground
biomass harvest index, total N uptake and generd roat and shoot morphology as reviewed by Fell
(1992. Some ealier sudes have e/en dismissed the ideaof improving varietal toleranceto weels
as being “too complicaed”, or unnecessry as long as the aop has enough inputs (Callaway,
1992. Identifying and quantifying the traits associated with competitive aility against weels is
indeed complicated by the fad that, although different cultivars have unique daraderistics, many
of these traits can change over development stage (Verschwele & Niemann, 1993 Christensen,
1995. The digtinction should aso be made between verieties that tolerate weeds compared to
those that adively suppress them, the latter being preferable (Froud-Williams, 1997). Plant
breeders are unlikely to sdled for certain attributes, such as taler varieties becaise of problems
asociated with lodgng. However, many other varietd attributes, including dfferential roating
patterns, ealy vigour, led sze and alelochemicd properties may influence the ddility of a alltivar
to suppress weeads and be successully seleded in kbreeding programmes (Lemerle et al., 1996.
Corred choice of cultivar may not only be essentid in exploiting the aop's ability to compete with
potential weed problems, but also in maintaining crop quelity. The relative merits of traditional
organic aultivars and modern ceared varieties in grain qudity are discussed by Samud and East
(1990.

I ntercropping

Intercropping and undersowing offer scope for weeds suppresson in the rotation (Baumann et
al., 2000. Improved weeal control aone is unlikely to justify their use axd there must be
other obvious benefits if the change in cropping pradice is to prove eonomic (Theunissen,
1997.

Increased yield, not improved weed control, is probably the main benefit expeded from
intercropping but there is concern that plant competition could reduce the yield of one or both
of the intercrops. Fukai & Trenbeth (1993 have reviewed the processes determining
intercrop productivity and the yields of component crops. A competition model has been
developed and validated that can predict the growth of plants in mixed cropping Situations
(Aikman et al., 1995 Benjamin & Aikman, 19959). Further development would allow it to be
used to smulate aop growth in awider range of intercrops.

Intercropping is a pradice that applies particularly to agriculture in less developed countries
but it can have an important role in sustainable systems anywhere (Coolman & Hoyt, 1993).
Phaseolus bean grown as an intercrop with maize (Zea mays) reduced the weeds and increased
the yield of maize in Kenya but bean yield was low (Maina & Drennan, 1996. In the UK, the
intercropping of field beans (Vicia faba and whea grown organicdly, reduced the growth of
weeals and gave asubstantial yield advantage over sole aopping, (Bulson et al., 199Q Welsh
et al., 1999. Inthe US, an oat (Avena sativa) companion crop helped to suppressthe weeds
during establishment of an afalfa aop (Medicago sativa), and contributed to the increased
yield of forage in the first cut (Lanini et al., 1992.
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Plant spadng is an important fador in determining both crop yield and weed
suppresson in intercrops. In Africa intercropping melon (Colocynthis citrullus) and plantain,
suppresed weed growth for 7 months and enhanced plantain yield, but getting the corred
melon planting density was criticd (Obiefuna, 1989. Sharaiha & Gliessman (1992, evaluated
different crop combinations and row arrangements in intercrops of lettuce (Lactuca sativa),
favabean (Vicia faba) and pea (Pisum sativum). Intercropping reduced weel biomass
compared with sole aops except where lettuce and peawere grown together. The dfed of
the remaining weed on crop yield depended on spedfic row arrangements.

The doice of companion crop is also important. Robinson & Dunham (1954, found that
soybean (Glydne max) yields were increased and weeals sippressed when whea or rye was
the intercrop. But, afalfa (Medicago sativa), vetch (Vicia spp.), red clover (Trifolium spp.),
bromegrass(Bromus spp.) and timothy grass(Phleum pratense) did not give satisfadory weed
control, and pea(Pisum sativum) caused lodging of the soybean crop.

Cover crops

The incluson of cover crops in the rotation, a a time when land might otherwise lie
uncropped, will suppressweeal development while maintaining soil fertility and prevent erosion
(Liebman & Davis, 200Q. Cover crops have different charaderistics, and seledion depends
on the purpose they are intended for (Fielder & Ped, 1992. The primary objed of most
autumn sown cover crops isto absorb nitrates from the soil to prevent them leading and then
make them available to subsequent crops (Henley, 1990. For weed control, rapid
development and dense ground covering are the dharaders to seled for (Nelson et al., 1991).
Some @ver crops may be suitable for both purposes (Dyck et al., 1995. Allelopathic ability
may play a part in reducing weeal development but it is the weal suppresson due to
competition for growth fadors that is the main effed of a wver crop (Grundy et al., 1999. It
has been suggested that weels themselves may provide anatural cover crop that will suppress
the growth of other weeds (Anaya et al., 1988. In Mexico, Ipomoea tricolor and related
spedes have been traditionally grown by peasant farmers as a cver crop to suppressweels
(Anayaet al., 1990. Disadvantages of using cover crops are that they may affed the seedbed
preparation for following crops, and could ad as a source of infedion to those aops
(Shepherd, 1992.

In horticultural systems cover crops can be managed in several ways (Putnam, 1986. Cover
crops may be sown in the autumn and killed off before vegetable aops are sealed in spring.
Destruction through incorporation gredly reduces any weeal control benefits. Using frost
sensitive cover crops eliminates the need for destruction in spring but ealier establishment is
needed to obtain good ground cover before the first frosts. In the US, forage soybean
(Glydne max) was own in April, killed off in August by mowing or rolling, and then broccoli
seallings planted into the ait mulch (Heahcox, 1998. The mulch suppressed weed
emergence and enriched the soil with nitrogen.

Cover crop residues left on the soil surface ca suppress weal emergence and growth.
Although alelopathy may be involved, other fadors sich as light transmittance, soil
temperature and soil moisture under the residue is also important (Teasdale, 1993 Teasdae &
Mohler, 1993. The plant residues provide aprotedive habitat for seed predators and this may
also help to reduce weed numbers (Reader, 1991). In addition, the decomposing cover crop
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residues may release dlelochemicds that inhibit the germination and development

of weed seals (Putnam, 1986 Liebman & Davis, 2000. Unfortunately, drilled, small-seeded
crops may aso be alversely affeded. Stirzeker & Bunn (1996, found that residues of
ryegrass (Lolium rigidum) and subterranean clover (Trifolium subterraneum) covercrops
reduced sealling growth of lettuce (Lactuca sativa), broccoli (Brassca deracea var. italica),
and tomato (Lycopersicon esculentum). The phytotoxic efed of ryegrasslasted longer than
that of clover.

A reliable method of medanicadly killi ng the cover crop, before establishing a following crop,
IS necessry in organic systems as contad herbicides cannot be used. There may be
disadvantages in using a flal mower that scaters the mulch. Creamer et al., (1995 have
investigated the use of an undercutter to provide athick, evenly distributed layer of weed
suppressng mulch. Other non-chemica methods of Killi ng or suppressng cover crops include
mowing, rolling, roll chopping and partial rotitilli ng (Creamer & Dabney, 2002. Regrowth
may be aproblem depending on growth stage, grasses are more likely to regrow than broad-
leared cover crops. A strimmer would appea to be the ided implement for cutting down
cover crops but there has been little work on this. Planting into freshly killed residues may
require equipment to move the residues from the planting row (Creamer & Dabney, 2002.

Fallowing

Fallowing has been shown to reduce perennial weeds within a rotation (Hintze & Wittmann,
1992. However, the eomnomics of taking land out of production for a growing season
together with undesirable dfeds on the soil and the environment, make the use of afull fallow
unlikely for weed control in the organic system (Lampkin, 1990. Fallowing the land for part
of the growing season, as a bastard fallow, may be just as effedive axd can be fitted into most
rotations (Blake, 1990. The am is to cultivate the soil progressvely degoer over time,
exposing underground plant parts to desiccaion at the soil surface dry weaher conditions are
essential. It isoften used after aley to reduce perennial weeds before sowing awinter cered.

A smilar effed to that of fallowing can be atieved with rapidly developing crops like radish
(Raphans sativus L.) that are harvested before the onset of weed competition. The short
interval between crop establishment and harvesting in this crop encourages weal seed
germination but does not alow the weeds time to set seed or reproduce vegetatively (Bond et
al., 2000.

Conversion

The mnversion period may be seen as an opportunity to experience and lean to cope with the
difficulties involved in controlling weeds in the asence of herbicides in much the same way
that growers learn the problems associated with any change in crop production (Hanson et al.,
1997. There have been genera (Buchner, 1984 Patriquin et al., 1986 and spedfic studies
(Davies et al., 1997 Landa, 1993 that provide information on the dfed of the transition to
organic husbandry on wedls.

Many studies gate that an increase in perennia weeds is a major problem during conversion.

Patriquin et al., (1986, noted an increase in the size and frequency of thistle patches (Cirsium
arvense), and in the number of dandelions (Taraxacum officinale). The increase was probably
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asociated with reduced soil tillage. A combination of partial summer fallowing

and cultivation at 21-day intervals was introduced to bring the thistle under control. Landa
(1993, found that weed dversity amost doubled in the second yea of conversion hut this
varied with the aop. The lowest range of spedes was found in a aop grown for green
manure and the highest in winter whed. In the UK, although weed populations appea to
increase rapidly during the ealy stages of conversion, there is osme evidence that growth
stabili ses eventually (Davies et al., 1997). It was noted that periods of grassley longer than
two seasons gredly reduced weed population growth during conversion.

Following conversion, Albrecht & Sommer (1999, analysed the relative frequency of 49 weed
spedes. Threeyeas after the change, total seed numbers in soil had increased from 4050to
17320m?.  Of the spedes present, 17 remained constant and 32 were found more often.
Naturally, the increasing spedes included the ones that were most difficult to control. The
percentage of cereds in the aop rotation had a mnsiderable influence on weed spedes
composition and increased frequency. Conversion may be seen as a time to limit future weed
problems but spedes composition largely depends on the previous cropping history of the
land.

Set-Aside

There have been many studies of the weed control implicaions of set-aside (Davies et al.,
1992. Such studies are of interest to organic growers becaise within the rules of the five yea
set-aside scheme there has been an opportunity for farmers to consider conversion to organic
production (Ramsay, 1992.

Under set-aside, grasses sam to increase in abundance (Brodie et al., 1992. On heavy land,
management of naturally-regenerated vegetation by cutting resulted in a sward dominated by
couch grass (Elymus repens) which could pose a serious problem in future organic aops
(Shield & Godwin, 1992. However, cutting removed the flower heads of the grasses and
reduced the populations of those that reproduced by seed alone.

Fallowing in set-aside is likely to result in weeds sading and increasing the weed seadbank
leading to greaer weed problems in following crops. The inclusion of competitive ver
crops reduced but did not eiminate seeding completely in comparison with natural
regeneration (Zwerger et al., 1993. Once aseadbank has been huilt up it takes along time to
reduceit again.

Crop establishment

Plants that emerge first in the field have a ©ompetitive advantage and for a aop this improves
seledivity during subsequent weeding operations. Crop seed vigour is particularly important
in ealy establishment (Rasmussen & Rasmusen, 2000. The way a aop is grown can also
give the aop an ealy advantage that has subsequent benefits for weed control. The gain may
take the form of gredaer seledivity between crop and weeds during harrowing or it may widen
the ‘wealing window’ and increase flexibility in optimum timing of weed removal. In field
vegetables, the use of seed priming, fluid-drilling of germinated seed and the planting of bare-
root or module raised plants can help organic growers reduce the weeal problem.  Although
not compared dredly, there was greder flexibility in the timing of weed removal from module
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raised bulb onions than from drilled salad onions in both organic and conventional

growing systems (Bond et al., 19983). However, Melander & Rasmussen (2001) found little
advantage in terms of weed control from seed priming onions and leeks but yield was
improved.

Crop density and plant spacing

The suppresson of weels by increasing sowing density in cereds has been noted in a number of
sudes (Welsh et al., 2002. Anderson (1986, demonstrated a reduction in weed weight with
increasing seal rate in the presence of both winter whea and spring barley. Moss (1985, dso
found that with dense infestations of bladgrass(Alopercurus myosuroides), higher crop seel rates
gave the aqop a cmpetitive alvantage ad resulted in higher yields than at lower sed rates.
Similarly, increased seel rates of whed have been shown to suppressryegrass (Lolium rigidum)
(Medd et al., 1985, and reduced tota above-ground weed dry weight in experiments with winter
whed (Grundy et al, 1993 Korres & Froud-Willi ams, 1997).

Evidence for the suppressve dfed of crop seal rates above the standard has also been confirmed
in organic systems (Samuel & Guest, 1990. Weal biomasswas sgnificantly reduced where the
dengties of whed and bean intercrops were increased (Bulson et al., 1997, and where seed rates
of spring oats were increased in Scottish trials (Taylor et al., 1996. Younie & Taylor (1995,
found that sowing the aop at narrow spadng increased the rate of crop growth and ground cover,
and thereby reduced subsequent weed development. However, the increased seed rate provided
greder weead suppresson than the narrow crop spadang.

While there may be some opportunities to adjust crop pant spadng to suppress weeds more
effedively, in field vegetables there ae limitations due to the requirement for cropsto be grown to
market spedficaions. Inthe dsence of herbicidesit may be necessary to allow wider row spadngs
for medhanicd weeders to gperate dficiently. Some @mpromise may be needed to devise the
most appropriate spadng to med al the different requirements.

Even with cereds, some @ncans remain regarding negative dfeds that increasing crop seel rate
may have on subsequent crop quality. However, Samuel and East (1990 confirmed that there was
little défed of seed rate on spedfic weight and Hagberg Falling numbers in their organic trias.
Work by Cromadk and Clark (1987 in spring barley has dso shown that increasing sowing density
does not impair grain quality, with the possble exception of conditions that may limit grain fill, for
example prolonged drought during this criticd period.

Limiting the introduction and dispersal of weals

Regardless of how well weeds are managed within a farming system, weeal seals may still
enter from external sources providing additional weed problems. No field is a seded system
and several medianisms including animals, wind, fibres and farm madinery offer means of
introducing weed seals and potential new spedes to a field (Cousens & Mortimer, 1995.
Weeal seads may even be dispersed in irrigation water taken from open waterways (Forcdla &
Burnside, 1994).

Contaminated crop seal has been the mgor source of new weeal seals as reviewed by

Salisbury (1961 and Froud-Williams (1988, and continues to be an important agency for the
spreal of weels (Don, 1997 Streiberg, 1988. There have been considerable developmentsin
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sedl cleaning which have reduced the return of these weed seals to the soil. The

dedine of several formerly common weed spedes such as corncockle (Agrostemma gthago
can be direaly attributed to improvements in the seal cleaning process (Salisbury, 1961).
However, some weed seeds gill get through and appea in the aop row. Presently, most
vegetable sed is produced outside the UK, providing a route for the introduction of alien
spedes or of common weels from a different genetic badkground. If the dien weeds are il
within the limit of their geographicd range, they may germinate, grow and multiply to become
afuture wead problem (Williamson & Fitter, 1996 Perring, 1996. Repeded introduction can
also ensure the survival of spedesthat are & their geographicd limit (Froud-Willi ams, 1989.

It has become arequirement of organic farming that all crop seed is grown organicdly. Based
on the assumption that organic growers tolerate rather than eradicae weels, organicdly
grown sedad crops will have esen greaer potential for weeal seed contamination than their
conventionally grown counterparts. There ae dso significant attradions for growersin using
home-saved seal including cost savings, availability and adaptation to locd conditions
(Wibberley, 1989. Weal seal contamination is generally greaer in home-saved than
merchant’s sed with more than 18% of farm-saved samples containing over one thousand
weels sdals per sample compared to only 4% of merchant’s el having ten or more weel
sedls per sample (Wibberley, 1989.

Another source of weeal seal contamination in organic systems is through the use of soil
improvers, mulches and manures (Buhler et al., 1997. Municipa compost, comprised
primarily of green botanicd waste from both domestic gardens and civic amenity sites, can be
used to improve soil quality or ad as a mulch in both horticultural and agricultural Situations
(LopezRed, 1990. Compost mixtures may also be used for the production of transplants
that will be put out in the field. If the composting processis caried out corredly no weed
sedds sould remain viable (Kuhlman, 1990. However, the large spatial differences in the
temperature that can occur in a windrow can have implicaions for the dficag of the
composting process to destroy weed seeds (Salisbury, 1961). When attempting to reduce
weel seals in compost, the identification and elimination of external sources of contamination
such as wind blown seeds are dso esential (Adams, 1990. An asessnent of the level of
weel sead contamination in compost is included in the Compost Analysis and Testing Service
(CATYS) operated by Henry Doubleday Research Assciation (HDRA). Improved methods of
weead seed determination in municipal compost have been developed by Grundy et al., (1998.
Organic material that has not been composted may present an even greaer risk of introducing
wedl seals. Voluntee weel seals can be aparticular problem in harvested pant material.
Cered straw used for mulching often contains ied grain and sometimes whole eas of whea
or barley. If the straw is from a weedy crop, weed seeds may also be present. Manure from
sheg was found to add almost 10 million weed seads ha' at ead application compared with
182,000 seeads ha' from farmer-saved seed and just 120 seeds ha* from irrigation water in
studiesin Iran (Dastgheib, 1989.

Crop harvest is a aiticd time for the dispersal of crop and weeal propagules. In cereds, it has
been estimated that on average 40% of weeal seeds have been shed by the time of harvest
(Fogelfors, 1982. About 5% of seeds remain at below normal stubble height, leaving
between 45 and 70% of weel seals to passthrough the mmbine harvester. The cmwmbine can
aid both the reintroduction and spread of crop and weed seeds to other parts of a farm.
Weeads maturing at the time of crop harvest and at a height intercepted by the combine will
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have a proportion of their seals reintroduced into the field. Other seeds may

remain lodged on the mmbine to be deposited at a later time and possbly at grea distance
from the parent plant. The magnitude and distribution of these seals is dependent on the type
of combine (Cousens & Mortimer, 1995. In a Swedish study, 66% of the weed seals were
found in the grain tank (including secondary filter), 25% in the daff, and the remainder in the
straw and in weead seed spillage (Fogelfors, 1982. In the UK, modification of combine
harvesters to separate out weeal seeds from grain and straw, to avoid returning seels to soil,
was recommended in a report by Patterson & Bufton (1986. Crop seals lost during
harvesting can also be dispersed to become voluntea weeds in subsequent yeas, for example
oilseed rape (Lutman, 1993. Seal shed duing the harvesting of oilseal rape can give rise to
over 500 seallings m? in following crops (Cussans, 1978. Another example is that of
voluntee potatoes resulting from the small daughter tubers that escgpe the harvesting process
A number of adaptations to the harvesting madinery have been suggested. Tubers may be
destroyed either by crushing duing harvesting or by increasing their chance of exposure to
freeang through appropriate post-harvest tillage (Lumkes, 1979. Identification and
elimination of modes of reintroduction and spread of weeds through the harvesting process
offers a substantial area of improvement for reducing potentia future weed populations
without resorting to chemicds.

Field margins have been considered a potential source of weeds that will spread into the aop
but the distribution pattern of plants asciated with arable field edges indicaed that most of
the spedes in the margins did not occur in the aop area(Marshall, 1989. Studies with some
grass wedls have shown that 87-99% of seal was diseeminated within 1 metre of the source
unlesscaried further by combine harvesting (Rew et al., 1997. Some pernicious weeds like
creegoing thistle (Cirsium arvense), couch grass (Elymus repens), and cleavers (Galium
apaine) pose ared threa of spreading into crops. However, the ingressof aggressve weeds
has been reduced but not prevented by sowing grasswildflower boundary strips around the
margins rather than leasing them unsown (West et al., 1997).

WEED BIOLOGY

It has been argued that much of the biologicd information on weedls is not helpful in weed
control and often is not intended to be. Sagar (1968 stressed the need for a much closer
liaison between weed biologists and those mwncerned with the control of weeds. Norris (1992
also concluded that studies of weed biology had not done much to improve weed management
over the last 50 yeas. He was however optimistic enough to state that a greaer knowledge of
the physiology and biochemistry of weeds may lead to new approades to weed management,
but could not predict what they might be. While Eussen (1982, concluded that the value of
ewlogicd approades to weed management was likely to increase in the future. 1n surveys of
the opinions of weeal scientists in the UK (Moss 1994 and US (Norris, 1997, the
contribution of weed biology to weed management was rated as substantial to high.

Some dired evidence of the use of weed biology is siown by Lampkin in his book, Organic
Farming (1990, where the dhapter on weed management is ill ustrated with figures describing
the seasonal patterns of weed emergence, produced by H A Roberts from weeal biology
experiments made under the mnventional growing system. Mortensen et a. (2000 conclude
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that although the contributions have been modest the knowledge of weed biology
and emlogy has helped to shape weeal management strategies in some important ways.

The wead seedbank

The soil seedbank has been cdled the memory of the land. It not only shapes future plant
populations but it also refleds the management history of the land, not just in the previous
season but over many yeas (Buhler et al., 1997. In arable soil it is referred to as the weed
sealbank and denotes the reserves of viable weed propagules present in the soil and on its
surface  Seealbanks may be used to monitor the success of long term weed control
programmes, and a knowledge of the spedes composition of the seadbank may give some
guidance on the dwice of future weed management strategies (Roberts, 1981). The
continuing importance of weed seedbank studiesis refleded in the number and range of papers
given at a receit UK conference devoted to their determination, dynamics and manipulation
(AAB, 1998. However, of the 41 papers presented, only three spedficdly reported on
changes in the seedbanks of organic systems (Albredit & Sommer, 1998 Bond et al., 199&);
Barberi et al., 1999. Wedal sealbanks may vary in density from zero to more than one million
seals m” down to plough depth. There may be many spedes represented in a seedbank but
generally there ae afew dominant spedes that comprise 70-90% of the tota seedbank
(Buhler et al., 1997. The sedals enter the seadbank from many sources but the largest
contribution to the seedbank ead yea comes from the plants producing seed within the field.
Many weed spedes have the potential for prolific seed production, and low weed numbers are
likely to produce aough to maintain or even increase the seedbank. However, the spedes
composition of the seedbank may alter.

Any weed control strategy, even a non-chemicd one is likely to have an effed on the
immediate weed flora. Depending upon the alltivations and the aop rotation that follows,
this may have agrea or alimited effed on the weed population that emerges in the following
crop. The wedal sealbank ads as a buffer to change but prolonged or repeaed use of a
particular crop or weed management strategy is likely to cause amajor long-term shift in the
wed flora. In addition to reducing the dfedivenessof a particular weeding strategy, such
changes may adversely affed biodiversity with the associated problems that this can kring.
However, incluson of certain longer-term crops, such as a grasdclover ley, in the rotation
may help to keg seedbank numbers relatively low (Younie et al., 2002).

Freshly shed seel falls diredly onto the soil surfaceor may be transported there by other
means. Once there it may germinate & once or it may lie dormant. The persistence of weed
seals in soil is mainly due to their ability to remain dormant until conditions are favourable for
germination. Some of the fadors responsible for the medhanism and regulation of dormancy
and germination have been reviewed by Hilhorst & Toorop (1997). Ungerminated seeds may
be eden by birds or inseds, which can have asubstantial, and often underestimated effed on
weel seed dynamics (Anderson, 19989. Wedl seads may also be eventually moved into the
soil profile by natural means or by soil tillage. Consequently the timing and method of soil
management, may have an important influence on the persistence and likely germination of the
wedl seals. It iswell known that ploughing provides a short-term solution to weed problems
by burying seed below the depth of germination. However, the seal can persist at this depth
leading to long term weead problems. For some freshly shed weed seeds and more particularly
voluntee crop sedds, better control may be obtained by delaying cultivation and allowing the
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sedls to germinate. With oilseed rape, a two-week delay in cultivation at harvest

may be sufficient for germination to begin (Pekrun & Lutman, 1998. It is not true for all
spedes however, and exposure & the soil surfaceis likely to impose dormancy in seed of
sterile brome (Bromus dgerilis) causing it to persist longer than seed buried soon after
shedding.

The weed seedbank provides a valuable source of information and a number of models have
attempted to exploit this in order to predict weed sealling emergence (Forcdla, 1992. Such
models, based on the sealbank, have potentia applicaion for the identification and
development of new weeal control strategies in conventional and organic systems alike.
Forcdla et al., (1993 date that “if the dhemicd load to the environment is to be reduced,
without appredably affeding crop yields, an intimate understanding of weel emlogy is
necessry”’. For example, once asead is moved into the soil profile, the depth of burial has a
profound effed on the aility of that seed to germinate and emerge successully (Chancdlor,
1964). Studies of weal sealling emergence from different soil layers in artificially creded
sealbanks have provided data for modelling the emergence of a range of weel spedes
(Grundy et al., 199. The model’s predictions have been validated using data from previous
unrelated studies, and recent studies have dlowed further development of the model (Grundy
& Meal, 1998.

Wedl sedls can be caried and spreal within afield, to a neaby field or over long distance by
agricultural implements (Mayer et al., 199§. Although horizontal movement of weed seeds
is important for the dispersal of seeds and for the potential spread of weed patches (Rew &
Cussans, 1997, it is the depth to which the implements move the seals in the soil that is
criticd for controlling sealling emergence. Relatively few studies on the dfed of cultivation
have quantified or controlled the verticd distribution of seals, yet thisis an important fador in
determining the wealiness of cultivated and uncultivated plots (Cousens & Moss 199Q
Mohler, 1993. Studies have highlighted this important effed of cultivation on seedbank
composition and models have been proposed to relate this to weeal emergence (Clements et
al., 1999. More recaitly, data mlleded from field experiments with different horticultural
implements on the movement of plastic beads during soil cultivation, has been used to model
the verticd movement of seeds in soil (Mea et al., 1998. In 1997 Forcdla stated that
sealling emergence from different soil depths and the depth distributions from differing till age
systems could be combined to answer important questions. Such models could provide an
insight into weed seed dynamics and eventually form the basis for weed-crop management
dedsion support systems.

WEED COMPETITION

Weal competition studies have along history. Tull (1722, described planting sticks in cered
crops as sSmulated weels to demonstrate that it was more than just the physicd presence of
wedds that reduced crop yield. Sincethat time there have been numerous gudies worldwide
of weed competition in many arable and horticultural crops (Zimdahl, 1980. The studies have
taken several forms and there has been much discusson about methodology, e.g. the relative
merits of the alditive and replacament series experiments (Connolly, 1988. There has also
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been criticism that little pradicd use has been made of the vast majority of the
information from the bulk of the weed competition studies (Cousens, 1992.

Studies have determined the dfed of individual weed spedes on a particular crop e.g. couch
grass(Elymus repens) in potato (Bazaramakenga & Leroux, 1994, voluntee barley (Hordeum
vulgare) on oilseal rape (Brassca napts) (Lutman & Dixon, 1991), and creeing thistle
(Cirsium arvense) in spring barley (Kolo & Froud-Wiliams, 1993. Other studies have
compared the relative cmpetitivenessof a range of weed spedes on a particular crop (Lutman
et al., 1995 Van Acker et al., 1995 Wright et al., 1997 or the relative sensitivity of arange
of crops to a particular weed (Lutman et al., 1994. In addition, some field studies have
determined the cmpetitive dfed of the natural weed population on a particular crop (Bond &
Burston, 1996.

In cereds, the am has been to identify the threshold levels at which the weeds do little to
reduce aop yield, and hence @ntrol measures are uneconomic (Lutman et al., 1994 Onofri &
Tel, 1994 Orson, 1990 Wooadlley & Sherrott, 1993. While thresholds are normally associated
with dedding the e®nomics of whether or not to apply herbicide treaments, the same
principle could be used to determine the e@nomics of applying a non-chemicd weed control
treament to control a particular weead population. It has often been reported that while
medanicd wedaling treaments in arable aops, particularly cereds, have reduced weed
numbers or weed biomassthere has been no increase in crop yield (Rasmussen & Svenningsen,
1995 Stiefel & Popay, 1990 Welsh et al., 1997. There may be some merit in defining the
amount of weed presaure aparticular crop can cope with before yield is lost and using this to
determine the e®nomic benefit of applying a cntrol measure. Edwards et al., (1999,
evaluated a threshold cultivation tregment aimed at maintaining weed numbers below a
threshold level in tomatoes, peppers and cucumbers. Threshold levels were assessed visually
and varied with the weed spedes present and the growth stages of the aop. Debaeke (1993,
used a similar ideato thresholds for non-chemicd weed control within a deasion support
system. However, the threshold concept may not provide abasis for the rational use of weed
control measures in the long term (Wallinga & van Oijen, 1997), particularly in the organic
system. Although a low weed population may not merit control for a limited benefit in yield,
in terms of likely seed return and future weead problems, weed control is usualy justified in
organic aops.

In field vegetables, even low numbers of weeds have been shown to reduce yield (Bond,
1991, and crop quelity and marketability are dso affeded. However, experiments have
shown that a aop does not neeal to be weed-freefrom sowing until harvest to prevent lossof
yield due to weals (Zimdahl, 1980. The term criticd period was defined by Nieto et al.,
(1968, for the time in the growth cycle when the aop needed to be freeof weed competition
to avoid loss Studies to determine the aiticd weeding periods under conventional growing
systems have been made in kroad bean (Vicia faba) (Hewson et al., 1973, drilled cabbage
(Roberts et al., 1979, bedroot (Hewson & Roberts, 1973, sugar bed (Montemurro et al.,
1999, drill ed lettuce (Roberts et al., 1977), winter whea (Soroka & Soroka, 1996 and navy
bean (Phaseolus vulgaris) (Woadlley et al., 1993. Studies to determine optimum weeding
periods under conventional and organic growing systems have been made in horticultural
crops (Turner et al., 1999. In organic systems, studies of critica periods have made in winter
whea (Welsh et al., 1997.
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To investigate the pradicd use of the aiticd or primary weealing period, the

optimum timing of weed removal was defined and tested in drilled and transplanted onions
(Bond & Burston, 1996 Bond et al., 1998, carots (Bevan et al., 1993 1994, and drilled
and transplanted maize (Santos et al., 1993. In studies made with vegetable aops grown
both organicdly and conventionally, the optimum weeding times were equally effedive in both
systems (Bond, 1997 Bond et al., 1998; Bevan et al., 1993& 1994). There was naturaly
some oncern that not keeuing the aop weel-free throughout could leal to greder weel
problems in subsequent crops. However, studies have shown that limiting weed control to a
single caefully timed weeding does not necessarily lead to an increase in the weed seedbank
after harvest (Bond et al., 199% & 1998).

Plants that emerge first in the field have a ©mpetitive alvantage over those that emerge later.
Sedal priming and the fluid-drilli ng of pre-germinated seed are likely to give aops a head start
over the weeads. Transplanting young crop plants ensures and enhances the aop-over-weel
advantage (Andres & Clement, 1984). Such advantages may increase the mmpetitive aility
of the aop and widen the optimum weeding period ‘window’, giving growers more flexibili ty
in the timing of weeding operations.

Plants respond dfferently to a whole range of cultural and environmental fadors and this can
affed the competitive aility of crops and weeds. Soil fertility, particularly nitrogen is known
to have an effed (Angonin et al., 1996. Water stressmay also affed the relative cmpetitive
ability of crop and wead (Marshall et al., 199§. Some wedals are @le to adapt the
architedure of their root system in response to drought (Berntson & Woodward, 1992. The
prosped of global warming has increased interest in the dfed of elevated levels of carbon
dioxide on competing pants (Hunt, 1995 and individua weeds gedes (Berntson &
Woodward, 1992 Houghton, 1996 Houghton & Thomas, 1996. There ae many
implications for the e®logy and control of weeds if major environmental changes occur, but
their genetic diversity and phenotypic plasticity together with the seed reserves in the soil will
buffer weeds against the vagaries of climate (Froud-Willi ams, 1996.

M odelling competition

There ae limits to the number of combinations of cultural fadors and their levels that can be
tested in different crops, under different production systems and environmental conditions for
their effed on weed competition. In addition, for the weeds, there ae the spatial and temporal
patterns of seedling emergence and the spedes composition of the weed flora. The modelling
of crop-wed interadions allows different fadors to be tested at will. Field studies are needed
to provide the initial parameters for the model, but these need not be complex. Limited field
experimentation is then required to validate particular scenarios.

The smplest models predict growth in spacel monocrops but these may be modified to predict
growth in mixed spedes dands (Benjamin & Aikman, 199%). Other models smulate the
proceses involved in the competition between two plant spedes (Kiniry et al., 1992
Vleeshouwers et al., 1997, or between many spedes (Smith & Murdoch, 1997).

The nature of the models that have been developed has depended on the objedives of the

reseach. Much of the work relates to plant populations in general and not just to weed
competition. Kenkel (1991), reviewed the major spatial approades to modelling intraspedfic

Decanber 2003 49



http://www.organicweeds.org.uk H ?

the organic
organisation

interadions in plants. Such models examine the interadion of individual plants

and their neighbours. A zone of influence is defined around ead plant, and the shape and
extent of the zone is modified by neighbouring plants. The zones can apply to both above and
below ground organs. Models can take into aceount competition for resources such as light
(Kropff, 1993), water (Kropff, 1993)) and nitrogen (Kropff, 199%). The dfed of
phytotoxins, such as allelochemicas that may modify the cmpetitive &bility of plants, can also
be modelled (Thijset al., 1994.

Crop-weal models have pradicd applicaions in predicting likely yield losses from particular
weal populations, and in simulating critica or optimum weeding periods for given crop-weed
combinations (Kropff et al., 1993 Lotz et al., 1994 Singh et al., 1999. Weaver et al.,
(1992, found good agreement between simulated and observed criticd periods of weed
competition in sugar bed, and in seeded and transplanted tomato. Following weed removal
experiments to assess different aspeds of weed competition in seeded onion, Dunan et al.,
(1996 used a polynomial multiple regresson model to describe the dfeds. This may form the
basis of a bioeconomic model to cdculate e@nomic period thresholds in onion. Berti et al.,
(1996, have taken a methodologicd approach to determining the optimum time to control
weels. Based on a concept of time density equivalent, it integrates weed biology, weed-crop
competition and economics, and has been tested for different weed control strategies in maize
(Zea mays) and in soybean (Glydne max).

Some models predict the mmpetitive dfeds of crop and weed density on both crop yield and
on weed biomass (Wilson et al., 1995. Future weeal seed production can then be related to
the predicted weed biomass Similarly, competition models can be linked to population
dynamics models to predict future weed populations and weed-crop competition scenarios
based on given control levels (Lotz et al., 1994. Models can then predict the dynamics and
spread of weed patches. Even the charaders that are likely to give the aop a mmpetitive
edge over the weeals can be determined using modelling studies (Lotz et al., 1999.
Competition models could also be used in intercrops to determine the best crop mixtures and
planting arrangements for high yields and for weed suppresson. The models also have the
potential to smulate the growth of living mulches, and display the dfed of different times of
establishment, and management pradices on crop and mulch development.

For pradicd use, models that predict yield lossneed to be based on a parameter that can be
realily measured ealy enough to be ale to take remedial adion. One gproac hes been to
use ealy observations of the relative led areaof weeds (Kropff et al., 1995. The system has
been validated in experiments with sugar bed in Finland, Italy, Netherlands and Spain, and
with whed in Canada, Denmark, Netherlands, Spain and the UK (Lotz et al., 1996. The use
of weead density alone was not successul in predicting yield lossin winter whea (Ingle et al.,
1996 1997 becaise weal spedes differ in their competitive aility. A system of crop
equivalents based on the relative weights of weead and crop plants has been developed (Wilson,
1986. However, Wilson & Wright (1990 found that a cmpetitive index derived from yield
density relationships was more likely to refled the competitive adility of a spedes. Relative
ground cover asessnent takes acaunt of crop and weed vigour, and is easily measured in the
field. Studies have shown though, that with such a subjedive assessnent individuals can differ
in their perception of the relative aeathat the aop and weed occupy (Lutman et al., 1996.
Adequete training of rearders or medhanisation of the asesanent method was recommended
to reduce arors.
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Limitations to the gplicaion of models in weed control strategies include alad of basic
biologicd information on the range of combinations of crop and weed spedes that can occur.
For threshold weed management to be of long term value requires improved prediction of
population dynamics. This can only be adieved with a better understanding of weed
demography and population biology (Jordan, 1992. Another obstade is the lad of validation
in the field of the models and the dfeds that they predict (Paolini, 1996.

A combination of weed seed production, seed movement, sealling emergence and weel
competition models would provide apowerful tool for making and testing dedsions on weel
management that would allow more dfedive strategies for control to be developed (Grundy &
Turner, 2002. It would aso highlight the problem areas, and the gaps in the data where more
reseach was neeled.
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APPENDI X

Standards for Organic Food and Farming * Sedion3 Revison9 January 1996

3.8 WEED CONTROL

3.801 Wead control must primarily be gpproadhed by adjustments in the management of the
system, by giving attention to rotation design, manure management etc.

3.802 Recommended

1) Balanced rotations.
2) Varying weal suppressng with weed susceptible aops.
3) Composting manures and plant wastes.
4) Slurry agation.
5) Hygiene - in the field and on macdinery
3.803 Permitted
1) Pre-sowing cultivations.
2) Stale seal bed techniques.
3) Variety seledion for vigour and weeal suppresson.
4) Pre-germination, propagation & transplanting.
5) High sedl rates.
6) Under-sowing.
7) Utili sation of green manures.
8) Raised beds and no dig systems.
9) Mulches.
10)  Mixed stocking & tight grazng.
11) Re-cleaed sedl.
12) Pre-emergence and post-emergence mechanicd operations (e.g. hoeing,
harrowing, topping, hand weeling).
13) Pre-emergence and post-emergence flame weeding.
14)  Plastic mulches.
15  Stean derilisation - greenhouse soils only.

3.804 Prohibited

1)

The use of any chemica and hormone herbicides, within the aop, at the edge
of fields, within or below hedgerows, heallands and pathways on registered
holdings.

*Taken from: Standardsfor Organic Food and Farming

The Soil Association Organic Marketing Company Ltd, March 1996
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