Rotation Design
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Introduction

Rotations are one of the fundamental keys to successful organic and sustainable agricultural cropping.  Rotations have existed in one form or another for thousands of years and in the last two centuries had taken on extra complexity along with an increased understanding of the science behind rotation design. In more modern times it has been possible to abandon rotations at least in the medium term as long as the system is propped up with herbicides, biocides and soluble salt fertiliser.  Sustainable cropping, and organics in particular, is usually based around sound rotation principles giving biodiversity over time and space, reducing weed, pest, and disease issues and improving soil fertility.  Rotations represent diversity in time as opposed to in space as we tend to think of diversity.
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Rotation Effect and Soil Sickness

After humans commenced cropping in fixed locations, it was soon seen that a “soil sickness” developed if the same crop was grown year after year.  When several types of crops were alternated between seasons in the same area, overall yields were improved and this has been described as a positive “rotation effect”.  Soil sickness and rotation effects are interrelated, the soil sickness being caused by lack of rotation and the rotation effect representing the avoidance of soil sickness by using a different crop.  The two terms reflect different perspectives of looking at the same issues.

The causes of a rotation effect and soil sickness can be several; these are presented here.

Different Nutrient Requirements

Different crops require a different spectrum of nutrients.  A crop with a high phosphorus requirement may reduce available phosphorus levels and this could be followed with a crop for which yields are not so phosphorus limited.

Different Nutrient Access (root zones)
Deeper rooting plants enable accessing of nutrients from further down in the soil profile.  This assists with the overall efficiency of nutrient uptake from an area and shallow rooted plants can be alternated with deeper rooting plants.  The deep rooting plants also have the ability to bring nutrients up to increase nutrient availability in the topsoil due to leaky roots and the death of and nutrient cycling from roots and shoots.  Deep-rooted plants will tend to reduce the amount of nutrient that otherwise might be lost through leaching.

Examples include catch crops of e.g. chicory, which has the potential to rescue leached nitrogen and also, by virtue of having fleshy roots at deep profile, take up phosphorus from these depths.  

Nutrient Accumulation/Depletion

The main example of nutrient accumulation is probably biological nitrogen fixation from legume plants that means these crops can often tolerate relatively low available nitrogen conditions.  Subsequent crops can take advantage of fixed nitrogen from the legume plants.  Caution is required here as some legumes have a net removal of nitrogen from the soil including peas and most beans (the yields of these plants can even be limited by low nitrogen availability especially during crop establishment). 

Other plants can “accumulate” certain nutrients simply by having deeper roots therefore potentially accumulating nutrients in the topsoil as discussed in 2.1.2.  Plants can also “accumulate” nutrients by being particularly good at accessing certain nutrient elements e.g. garlic is known as a selenium accumulator, chicory as a copper and zinc accumulator.  Some plants are efficient at accessing phosphorus either through superior organic acid production from fibrous roots (e.g. grasses) or from fibrous roots with high levels of phosphatase enzyme production (e.g. lupins).   Such plants can be grown in a rotation to potentially increase availability of these elements because some of the elements will be left behind in plant residues.  These elements will be more available to most plants in this organic form than from a bound inorganic form or from deep in the soil profile.

Organic Matter Accumulation/Depletion

The physical act of cultivation tends to reduce the level of soil organic matter but this can be offset by the organic matter present in plant residues.  The effect of plant residues on soil organic matter depends on its C:N (carbon:nitrogen) ratio and the amount of fibre present.  A simple way of distinguishing organic matter accumulators is that they tend to have high root biomass production.  The roots have a higher C:N ratio and greater amount of fibre present than do most shoots and so they are the main sources of humus for improving soil organic matter levels.

Fibrous rooted plants like grasses are used as green manures or as part of a pasture ley to increase soil organic matter levels.

It is interesting to note that where the same crop is grown year after year in the same place i.e. monoculture, crop residues breakdown more completely as the soil microbiology becomes more specialised to this food source.  This means that nutrients from these residues are available as a single flush and soil organic matter levels are lower than in areas that are continuously cropped in rotation.  The rotation effectively favours different microbes in the soil each year meaning more humus and a greater soil microbial diversity.
Effects on soil structure/drainage/pans
Increasing soil organic matter levels with some plants also has an effect on soil structure.  The same plants that are efficient at soil organic matter production (e.g. fibrous rooted grasses and some cereals) are also good at improving soil structure including stable aggregate formation (partly through the properties of humus and also through direct physical and indirect soil biological effects).  With a pasture ley, a period of time of at least two years is usually required to restore soil structure before returning to an extended period of cropping.  In situations where a restorative ley is not possible then green manures with a reasonable grass, cereal or lupin component is beneficial to give the benefits of fibrous root systems.

Root Biomass for microbes and earthworms

High root biomass plants are more beneficial for soil microbial activity and especially for earthworms.  The earthworms diet includes microorganisms living around plant roots and dead plant roots and the microorganisms decomposing them.  Plants like grasses, cereals and lupins etc should be included in a rotation plan to maximise benefits from good soil biological activity and earthworms,  Some deep rooting plants like chicory and dandelion improve the ability for burrowing earthworms to access greater depths (they use old root channels) and improving soil structure and drainage in the subsoil area. 

Earthworms will also benefit from extended periods without cultivation such as when soil is put into restorative pasture ley or with the long growing season of cereal crops.

Disease Specificity

In many cases “soil sickness” can actually be due to a disease that is either soil borne or carried over in residues of the previous crop.  Most diseases have some degree of specificity (i.e. they are specific to a restricted number of host plants).  Some diseases are highly specific and just infect one species (e.g. many rust fungi and some strains of powdery mildew), others are specific to a family (e.g. club root of bassicas) or a wide group of families (e.g. Sclerotinia sclerotiorum).

A rotation offers the potential to overcome the effects of build up of specific plant diseases.  A crop rotation also means that there is likely to be more diversity on a spatial scale as there may be all the years of a full rotation present at any one time on a property.  This also reduces the potential for build up of epidemics of the diseases.

Pest Specificity

Crop rotations can also be useful for reducing the build up of specific pest problems.  

Different Weed Spectrums

Different crops and planting times encourage different types and species of weeds.  If the crop types are rotated in an area this reduces the chances of one particular weed species becoming a significant problem.  

Auto-allelopathy

Some plants secrete large amounts of secondary chemicals (chemicals that appear to have no primary purpose but may serve a role in reducing pest or disease attack, cold damage or in this case plant competition).  There is still some debate as to how significant the reduction in plant competion can be from these secondary chemicals but there may be a competitive advantage for plants that possess this allelopathic capacity.  For many plants, allelopathy may reduce the levels of weed species present e.g. squash plants perhaps being allelopathic against a broad range of weeds but with some plants there seems to be a negative effect on members of the same species (auto-allelopathy).  Such auto-allelopathy might explain something of the soil sickness evident when a certain crop is repeated.  Again it is uncertain how significant this auto-allelopathy is but it is worth mentioning as a possible explanation for “soil sickness”.

Rotations for Pests and Diseases

The use of rotations to increase resilience to pest and disease problems has been mentioned above.  Now we will look at some specific examples of pests and diseases for which rotation is one of the key management tools.

Specific Disease: Sclerotinia sclerotiorum
The fungus Sclerotinia sclerotiorum is one of the greatest disease concerns for market gardening and broadacre cropping.  It has a wide host range that includes most non-woody crop plants with the exception of some monocotyledon crops such as cereal grains, sweetcorn, maize and grass crops.

The symptoms of sclerotinia are a white fluffy mycelium growing on the surface of a susceptible host with darkened resting bodies forming (2mm to 2cm in size).  The resting bodies are called sclerotia and can survive for three or sometimes more years.

If sclerotinia severely affects a crop residues should be removed with care to avoid leaving sclerotia.  It is further recommended that the area be used to grow non-susceptible crops for the next three years (cereal grains, corn or grass crops).  

The best tactic is to use prevent serious outbreaks in the first place by designing rotations to avoid sclerotinia build up.  Thus there should be at least one year in the rotation of a completely unsusceptible crop and a few years of crops or pasture which will not be too susceptible.  Within a pasture, sclerotinia resistant chicory can be chosen.  There are also sometimes partially sclerotinia resistant cultivars of crops that will reduce the ability for the fungus to multiply.

High soil moisture and poor soil biological activity both favour Sclerotinia, and these factors can be ameliorated by the inclusion of pasture phases and green manures within the rotation.  Beneficial fungi attacking the sclerotia can reduce survival of these resting bodies; most biological control research has focussed on specific myco-parasites such as Trichoderma spp., Coniothyrium minitans and Gliocladium spp.  There has been some potential demonstrated for these fungi as biological control agents as well as resident fungi being responsible in part for relatively disease suppressive soils.

Specific Disease: Club root of brassicas
This can be a devastating disease of most cabbage family plants.  The causal agent is Plasmodiophora brassicae, a myxomycete fungus that makes the roots of susceptible plants enlarge in a club fashion and can cause serious losses.  Above ground symptoms can include stunted, wilted and yellowing shoots.  There is also an increased susceptibility to root rots caused by secondary fungal pathogens.  

Control of club root once it is present in a field is limited even in conventional farms so prevention is the stance to take.  It is best to avoid planting susceptible crops for an indefinite time in an infested field.  The resting spores can last 10 years or more and many weed species act as hosts for the disease (e.g. shepherds purse and other crucifers).  Infection can be reduced at higher pH levels but infection is still possible even above soil pH 7.0.

Rotation with crops of a different plant family (i.e. not Brassicaceae) should be practiced to reduce the chance of the pathogen establishing.  Spread of the pathogen is very limited (with the exception of transfer of contaminated soil) so the protection afforded by rotations is effective.

Ideally a rotation should include grassy plants for a sufficient period of time to improve soil structure as club root is favoured by poorly drained soils.  A pasture phase and/or green manures will also improve soil biological activity aiding natural biological control of the pathogen.

Specific Disease/Pest: Potato Cyst Nematode
Potato cyst nematodes are one of the most economically serious plant parasitic nematodes.  There are two species, Globodera rostochiensis and G. pallida that have similar life cycles and morphology.  There is generally just one generation per crop so it is slow to multiply into an economic problem (even slower if rotation is being practiced).  The dead female bodies act as vessels for egg survival for several years without a host being present.  The nematodes do not actively travel much further than a few centimetres per year with field to field spread being generally due to soil transfer.

Plant parasitic nematodes can be controlled by interplanting or alternating with certain types of plants.  These plants can either be enemy plants that release substances in the soil that negatively affect the nematodes or they can by triggering or trap crops that stimulate the nematodes to hatch.  Once hatched the nematodes either fail to receive suitable nutrition or habitat for breeding or the crop is cultivated in before the nematode has matured. 

White mustard is an enemy plant best used as an intercrop with potatoes but can also be placed in the rotation to reduce the level of potato cyst nematode.  The best triggering plant for potato cyst nematode discovered so far appears to be Solanum sisymbriifolium (wild tomato) but optimised protocols are still in the development phase and the plant is not recorded in New Zealand.  The aim is to grow S. sisymbriifolium after harvesting a potato crop and before any subsequent planting of potatoes.  The weed can be grown as a green manure and although triggering the nematodes to hatch, it is an unsuitable host for the nematode to breed.

Nematodes can also be controlled by soil organisms.  Through having a pasture phase and or green manures in the rotation, there can be higher levels of nematode trapping fungi, predatory nematodes, beneficial bacteria such as fluorescent Pseudomonas and amoeboid organisms all of which have been shown to reduce potato cyst nematode levels.

Rotations that include potatoes should be designed to have at least a four or five year period of non-host crops.  Cysts with eggs in them can survive longer than this but there is a reduced population level.  The population needs to be above a certain threshold (varying depending on region and conditions) to cause economically significant damage to the crop.  Fortunately the host range is relatively limited being a particular problem on potato and tomatoes as well as affecting eggplant and being able to breed on many wild Solanum species.

Within the potato phases of the rotation crop timing and cultivar choice can help prevent potato cyst nematode issues.  Early potatoes contribute less to the nematode problem and resistant cultivars to various pathotypes of the nematodes are available.  Since the nematodes overcome resistance present in potato cultivars, rotations remain the principal method of control of this serious pest. 
The Abandonment of Rotations (Continuous Cropping)

With the advent of chemical fertilisers, herbicides, pesticides and fungicides, there has been a reduced requirement for rotations and in many cases abandonment of rotations.  Growing the same annual crop in the same area year after year brings simplicity of crop planning, irrigation, mechanisation and marketing.  But it also represents a departure from sound sustainable cropping principles and requires propping up with the use of biocides.  Some of the drawbacks of the abandonment of rotations are listed here. 

Chemical Input Dependent

Without nitrogen fixers occupying part of the rotation, non-legume crops are completely reliant on the importation of nitrogen (which will usually be as chemical fertiliser – but could also be imported organic matter).  Growing nitrogen-fixing legumes as part of the rotation takes advantage of the atmospheric nitrogen present and represents greater nutrient sustainability and independence, and potentially a reduced cost of production.

Growing the same crop year after year will also result in similar nutrient requirements year after year and these nutrients being taken from roughly similar depths.  Variation in crops allows greater nutrient uptake efficiency and will reduce the requirement for fertiliser inputs.

There will also be an increased risk of pests and diseases with soil based organisms being a particular problem.  The dependence on inputs may represent a high cost per hectare and a dependence on external, often international, suppliers.

Less Resilience to Pests, Disease, Environment

Pests, disease and climatic changes can occur rapidly.  A resilient farming system should be able to avoid or withstand such issues or at least recover from them swiftly.  Continuous cropping systems with compromised soil structure and high potential for pest and disease epidemics are not resilient and may be caught out.

Some diseases are relatively difficult to control with fungicides including sclerotinia (a serious outbreak may require fortnightly fungicidal treatment and subsequent soil sterilising) and club root of brassicas (following a serious outbreak it is simply best to avoid planting brassicas in that area indefinitely). 

Resistance Build Up

The regular spraying of a pesticide or fungicide can lead to the development of resistant pest or disease populations.  Developing replacement chemicals can be an expensive process.

Long term soil structure effects

With the growing of the same crop year after year with similar management methods, there can be a greater tendency for soil structural problems to arise, these could include hard pans at the usual depth of cultivation or loss of soil structure.  The absence of soil structure improving cereals or grasses (fibrous roots) and deep rooting plants can be a serious design flaw for the long term sustainability of cropping in that area.

Non-Systems Approach

An organic philosophical argument against the abandonment of rotations is the fact that the system needs to be propped up.  A good rotation design will avoid many of the issues mentioned in this section.  It is more of a systems approach whereas the use of herbicides, pesticides, fungicides and excess chemical fertilisers are a propping up of a poor (non-system approach) design.

Environmental Pollution from Biocides

There is longstanding international concern about the fate of pesticides and herbicides especially with regard to them reaching groundwater or waterways.  Negative effects include direct effects on aquatic organisms, increased concentrations as they go up the food chain and potential effects on human health.  It is often very difficult to remove substances once they have entered into a water reservoir.  

Leaching of Excess Fertiliser Nutrients

Due to reasons mentioned previously, there can be a requirement for fertiliser nutrient additions above and beyond that required for replacement of nutrients removed in produce.  The higher the rate of nitrogen or sulphur fertiliser applied the greater (often exponentially so) the potential for leaching of these nutrients.  With high levels of phosphatic fertiliser application there is also a greater potential for surface runoff on slopes and for eventual downward movement into ground water or leaching into tile drains (leaching of phosphate is also possible in a limited number of soil types).  Nitrogen and phosphorus pollution of water can lead to eutrophication and environmental damage and nitrates in drinking water may be a health concern.

Rotation design
Where possible a pasture phase is to be encouraged.  If space is too limiting then strategic use of green manures and intensive use of added organic matter/compost is recommended to replace as much as possible the value of a pasture phase.  
Livestock in the pasture phase are a way of still deriving income from the pasture areas and actually aids the rate of nutrient cycling.  If livestock are being run, planning should be undertaken to ensure that there is sufficient feed available when it is required. 

The following list of Basic Rotation Guidelines is quoted from Lampkin (1990, ‘Organic Farming’, p. 132)
· Deep rooting crops should follow shallow rooting crops, helping to keep the soil structure open and assisting drainage.

· Alternate between crops with high and low root biomass – high root biomass provides soil organisms, particularly earthworms, with material to live on.  The grass/clover ley can be valuable in this respect.

· Nitrogen fixing crops should alternate with nitrogen demanding crops – ideally it should be possible to meet all the farm’s nitrogen requirements from within the system.

· Wherever possible, catch crops, green manures and undersowing techniques should be used to keep the soil covered as much as possible, protecting it from erosion risks and reducing nutrient leaching, particularly in winter.

· Crops which develop slowly and are therefore susceptible to weeds should follow weed suppressing crops.

· Alternate between leaf and straw crops (important for weed suppression).

· Where a risk of disease or soil borne pest problems exists, potential host crops should occur only once in the rotation at adequate time intervals; to some extent this is indicated by the concept of self-tolerance of crops.

· Use variety and crop mixtures where possible (suitable for on-farm use, but marketing may be more problematic).

· Alternate between autumn sown and spring sown crops (distribution of work load, different weed species germination.

The following points should also be considered:

· suitability of individual crops with respect to climate and soil;

· balance between cash and forage crops (and market situation);

· seasonal labour requirements and availability;

· cultivations and tillage operations.

An overriding principle of rotations is that there should be flexibility.  When an issue such as high weed pressure or a specific pest or disease arises in an area, an appropriate next step should be selected even though this might represent a departure from the original plan.  

Examples of Sound Rotations
At the BHU we have a number of model systems that have been very well designed by the founder of the BHU Bob Crowder.  Below are examples of intensive, semi-intensive and arable rotations.

Intensive

	Year 1
	Year 2
	Year 3
	Year 4 
	Year 5
	Year 6

	Carrot
Parsnip

Celery

Lettuce

Salads


	Cucurbits
Tomato

Pepper

Aubergine
	Potato
Onion

Garlic

Leek

Shallot

Beet

Spinach
	Sweetcorn
	Pea
Bean
	Brassicas



This system requires compost input with cover crops and/or organic mulch additions to maintain soil structure and organic matter levels
Semi-intensive
	Year 1
	Year 2
	Year 3
	Year 4 
	Year 5
	Year 6

	Pasture
Grass

Legume

Forb
	Gross feeders
Potato

Brassica

Salad
	Alliums
Leek

Onion

Garlic
	Cereals
Oats

Wheat 

Ryecorn

Barley
	Maize & beans
Maize

Dry beans

Sweetcorn

Broadbean
	Cucurbits 
Pumpkin 

Squash

Courgette




Pasture phase is mown to waste (or grazed) and effectively for 18 months covering two winters, cover crops are used extensively with cereal between year 2 and 3, winter cereal used for year 4, winter legume sown between year 4 and 5, and winter legume undersown into maize and maturing over winter in year 5.  Key strategic times for fertiliser and/or compost applications are during the pasture phase and after cereals are harvested.
At the BHU the cereal break (year 4) has been removed and the pasture phase extended by 1 year to give the following;
Semi-intensive too

	Year 1
	Year 2
	Year 3
	Year 4 
	Year 5
	Year 6

	Pasture
Grass

Legume

Forb
	Pasture
Grass

Legume

Forb
	Gross feeders
Potato

Brassica

Salad
	Alliums
Leek

Onion

Garlic
	Maize & beans
Maize

Dry beans

Sweetcorn

Broadbean
	Cucurbits 
Pumpkin 

Squash

Courgette




Arable 

	Year 1-3
	Year 4
	Year 5
	Year 6
	Year 7
	Year 8

	Pasture
Grass

Legume

Forb
	Small seed or Vegetable
Linseed

Vegetable 

Oil seed

Buckwheat 
	Cereal (winter)
Oats

Wheat 

Ryecorn

Barley
	Legume
Dry beans

Clover

Lupin
	Small seed
Linseed

Oil seed

Buckwheat 
	Cereal (winter)
Oats

Wheat 

Ryecorn

Barley


Fertiliser should be applied during the pasture phase and prior to the legume phase (can be used for other crops but these will show the greatest response).  Green crops for grazing used where possible with Italian ryegrass between years 5 and 6 if a winter legume is not used for year 6.  winter cereal in year 8 should be out early enough to sown in pasture late summer/early autumn.
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