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4 The Cotton Action Research Collaboratory

The Cotton Action Research Collaboratory

Cotton is a natural fibre worn throughout the world across socio-economic boundaries and is one
of the world’s most important crops; in 2014-15 it was grown across an estimated 34 million
hectares (~2.5 per cent of the world’s agricultural land) an area comparable to the size of Finland.

Seven businesses came together to spearhead this Cotton Action Research Collaboratory (ARC) with
the ambition of ensuring that producers are able to meet future demand for high quality, ethically
sourced and sustainably grown cotton.

This ARC explored 15 different interventions and the evidence of positive natural capital impacts for
each. This assessment can support business decisions to guarantee that the natural capital
underpinning the industry is used and managed more sustainably. The ARC focused on water,
biodiversity and soil particularly at the growing stage of the supply chain where natural capital
challenges are most prevalent.

The cotton industry is dependent upon natural capital. Sustainable cotton production requires
healthy soils and biodiversity as well as access to sufficient water to provide for the crop’s needs.
These influence the quantity and quality of cotton yields as well as the crop’s ability to cope with
stresses such as drought or pest infestation. If poorly managed, these factors can combine to
threaten cotton supply chains, influence prices and impact farmer livelihoods. There are some
excellent examples of progress. By revealing the evidence of positive natural capital impacts from
different management practices businesses can go further in securing sustainable supplies of cotton.

Making informed decisions about safeguarding the natural resources that cotton production
depends upon is vital to ensure the long-term security of cotton supply chains. This project has
identified the natural capital challenges to cotton production and evaluated evidence on how 15
different interventions impact on natural capital. It is clear that there are opportunities to reduce
negative natural capital impacts and thus reduce business vulnerabilities and risk. The study focused
upon natural capital but acknowledges the broader sustainability issues, such as poverty, labour
issues, and socio-economic resilience within which it sits.

This work is a first step towards assembling the appropriate evidence for best practice around
sustaining natural capital. It will help businesses to have informed discussions with their supply
chains and farmers so these are secured for the future.

The ARC has produced several pieces of work:

e The Threading natural capital into cotton: Doing business with nature report presents the case for
natural capital and cotton and calls on the industry, cotton initiatives and researchers to take some
of its findings forward into action.

« This technical report explores 15 different interventions, including drip irrigation and pesticide use
optimisation, and analyses the scientific evidence regarding the impacts of these practices upon
natural capital.

« The Cotton Tool equips users with some in-depth knowledge of fifteen different cotton
management interventions so that they can then engage on these key areas with supply chain
partners.
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Setting the scene

There are a variety of management interventions that are adopted to improve cotton yields, address
environmental issues, or secure natural capital at the growing stage of the cotton supply chain.
Fifteen key interventions that are commonly considered to be beneficial for natural capital were
selected to be investigated. These were determined by members of the Collaboratory and expert
advisors and fall into four categories:
x
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1. Water consumption

Drip irrigation Deficit irrigation Irrigation with brackish

or saline water
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Recycling cotton

2. Soil fertilisation

Fertilisation using Animal manure

gin waste
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Organic pesticide Pesticide use Habitat management Promoting biocontrol through

optimisation for predators genetic modification
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4. Land and diversity L | 4 ‘9‘ X @

management Crop rotation Habitat diversity Keeping a tidy farm Removing Limiting cotton
volunteer cotton expansion

Water, soil and biodiversity are all fundamental for growing cotton, and it is often assumed that the
above interventions can help to secure these elements; however, this is not fully substantiated.
Without evidence for positive impact upon these natural capital elements it is difficult for businesses
to have meaningful discussions with their supply chains about possible improvements.

This Technical Report describes the finding from a systematic review of the scientific evidence for

the effectiveness of these interventions in delivering positive outcomes for water, biodiversity and
soil. Businesses can use this resource to have confident discussions with their cotton producers to
secure sustainable cotton within their supply chains.

A total of 160 academically and peer reviewed published studies were critically reviewed. The
evidence highlighted whether those interventions had previously been successful in providing
positive impacts on natural capital. The review exposed a geographical imbalance with limited
scientific data available in certain regions.

Many of the interventions, and their sub-elements, are referred to in widely endorsed programmes
and standards that consider Integrated Pest Management (IPM), Good Agricultural Practices (GAP)
core agro-ecological principles, fair prices, decent work, local resource inputs, and natural habitat
conservation.

The systematic review of evidence revealed two messages:

1. There are several evidence based options for cotton farmers and the supply chains to better
manage their natural capital impacts and reduce their vulnerability to its degradation

2. For many of the selected interventions there is poor understanding of how they impact natural
capital within specific contexts
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How to use this document

The 15 key interventions were researched through a systematic review, based on the Conservation
Evidence process® and using a search and filtering framework (Figure 1, page 8). This document
synthesises the 160 different studies that were reviewed to provide evidence on how the 15
interventions impact natural capital. Each chapter represents an intervention and outlines the
underpinning evidence for the impacts of this cotton management intervention on natural capital.

The following 15 chapters include the following sub sections:

Section

Purpose

1 Description

To introduce the intervention

2 Quick facts

To briefly explain the definition and purpose of the
intervention

To introduce the key benefits delivered by the
intervention

3 Synthesis

3.1 Impact summary of the intervention
3.2 Soil

3.3 Water

3.4 Biodiversity

To present the key messages from the individual studies
To outline the impacts on soil, water and biodiversity

4 Evidence review

To detail the individual studies, present their
geographical regions of experimentation

To categorise the evidence according to its quality
(Table 1)

To highlight the impacts on a key areas of interest to
business (Table 2-6)

5 Bibliography

To identify the studies that were critically reviewed

Not all interventions are applicable to all production systems and considerations such as size (small-
scale/large-scale), system (organic/non-organic) and conditions (non-irrigated/irrigated) are

considered within the Cotton tool.

CRR controlled, randomised, replicated
C controlled

RR randomised, replicated

CRep controlled, replicated

CRan controlled, randomised

Rep replicated

Ran randomised

Table 1: The quality of the evidence and studies was categorised.

®*The Conservation Evidence process summarises evidence from the scientific literature about the effects of
conservation interventions, such as methods of habitat or species management. It is designed to support
decisions about how to maintain and restore global biodiversity.

More information at: http://www.conservationevidence.com/
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Including water quality
and/or quantity

6 Water:

Proven positive impact derived from

Biodiversity: Including diversity
e, ™
= and/or abundance

Positive abundance of scientific evidence.
This outcome does not change the status quo
or direct causal relationship has not been

No evidence | established. If current common practice is
abandoned in favour of this intervention, this
indicator will not be influenced.
. Proven negative impact derived from

Negative s .
abundance of scientific evidence.

Limited There is limited evidence to report on impacts.

evidence

Soil: Including structure

and/or fertility

Table 2: Natural capital classification

Table 3: Impact on natural capital elements

Low: Affordable solution for the majority of
farmers in developing as well as developed
countries. Knowledge, risk management or
other non-financial factors could be the only
obstacles preventing implementation.

Increases: Evidence shows that the
intervention increases yields

Medium: The solution faces some capital
requirements, imposing some constraints on
implementation, which may be amplified in a
developing country environment. However,
the solution would produce a reasonable
return on investment if implemented.

Decreases: Evidence shows that the
intervention decreases yields

High: Capital intensive solution, which could
be highly problematic for developing as well as
developed countries to implement due to
financial requirements. The solution may not
be viable from a supply chain perspective.

Is not affected: Yield has not changed
as a result of the intervention

Table 4: Relative values of costs

OVO

Limited evidence: There is limited or
mixed evidence on the impacts of the
intervention on yields and no
conclusion can be drawn

Table 5: Impacts on yield

Increases: Evidence shows that the
intervention generally improves the
spinnability of cotton fibre

Decreases: Evidence shows that the
intervention frequently lowers the
spinnability of cotton fibre

Is not affected: There is no evidence
that the intervention consistently
impacts the spinnability of cotton fibre

Table 6: Impact on fibre quality
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SEARCH

Use the broadest search term possible ('criterion' OR 'synonym' AND 'cotton'). Search titles.

How many studies were found?

Add an extra word to the search.

(‘criterion’ AND 'criterion2 OR 'synonym' AND 'cotton’)

Over 200 Under 50

N

Also search abstracts and keywords.

Start filtering if between 50 and 200 studies have been found. If results show over 200 studies, keep changing the search criteria. If there
clearly is no more than 50 potentially relevant studies, use the results available.

The studies must relate to cotton, must refer directly
to the intervention that is being researched, should be
an experiment, should relate to soil, water and/or
biodiversity

Relates to cotton?

Discusses the intervetion that is being investigated? es

Is it up-to-date? es
e.g. does it discuss a topic or a practice that is still

relevant today?

Does it address soil, water and/or biodiversity?
e.g. no economics, politics, social impacts etc.

NONCNCN

Is it an experiment?
e.g. eliminate non-experimental simulations; reviews
and relevant overviews are low priority

es

FILTERING

No >

No )

DISCARD

No )

No —) Does it consider yields, costs and/or social impacts? ~ Yes No

No

v

Assign low priority

Figure 1: The evidence was reviewed and assessed according to a systematic search and filtering process.
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Water consumption

Section Overview

Cotton production consumes water in the form of either green, blue or grey® water. Production
systems in certain parts of the world, including those of smallholders in Africa, depend upon green
water (rainwater that is stored within soils); rainfed cotton can therefore be considered to be the
most efficient in terms of water use. Three interventions were identified that were relevant for
cotton production systems that depend on blue water (surface and ground water). These were then
evaluated by using particular search criteria (See Appendix 1.1: Primary Search and Appendix 1.2:
Secondary Search).

Section Chapters

<3 Chapter 1: Drip Irrigation Evidence Yield Cost Q“a'”y
! - \
) ’l_i‘ ;
Positive Positive lelted Increases High Increases

Definition and purpose: Installing surface or sub-surface irrigation systems to provide water directly to plant roots and reduce
evaporative water losses
Benefits: Maximises water use efficiency; minimises losses to evaporation; and reduces weed growth

Chapter 2: Deficit Irrigation Evidence Yield Cost O“a'”y
\ I - \
"-‘"‘ i /i_r '
None Positive lelted Decreases Low Is not affected

Definition and purpose: Implementing irrigation schedules that maximise water use efficiency rather than yield per unit area as a means of
reducing water consumption
Benefits: Maximises water use efficiency; relieves pressure on water supplies; and minimises negative impacts to yield or quality

Chapter 3: Irrigation with Evidence Yield Cost Quality
\ Brackish or Saline Water @ @ @ ° ?
iy
-
Negative  Positive None Decreases Decreases

Definition and purpose: Using water with high salt concentration to irrigate crops and to reduce freshwater consumptlon for cotton
production in water scarce areas

Benefits: Reduces reliance on scarce freshwater supplies; and increases cotton production in water scarce areas while potentially
damaging soil structure and causing soil aggregates to disperse (deflocculation)

®Green water is water stored within the soils and replenished by rainfall, blue water is surface or ground water
and the water that is polluted in the course of cotton production is referred to as grey water.
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1 Dripirrigation E 3

1.1 Description ‘)
Cotton can be grown under irrigated or rainfed (‘dry’) conditions. Drip irrigation is generally

considered the most water-efficient way of irrigating a field, as it applies water in precise quantities
directly to the plant’s roots, thereby minimising waste. There are two types of drip irrigation systems

— surface and subsurface. Surface systems apply water through a set of pipes laid on the surface,
whereas subsurface systems moisturise the roots directly through a system of buried tubes, thus
reducing losses due to evaporation and preventing weed growth.

1.2 Quick facts
Definition and purpose: Installing surface or sub-surface irrigation systems to provide water directly
to plant roots and reduce evaporative water losses

Benefits: Maximises water use efficiency; minimises losses to evaporation; and reduces weed
growth

1.3 Synthesis

Drip irrigation has profound impacts on water, moderate impacts on soil and minor impacts on
biodiversity. All conclusions below are based solely on studies examining data from and relating
directly to cotton production.

Six studies (of which two were controlled, randomised and replicated, and two were controlled and
replicated) conclude that drip irrigation increases yield"®. Three studies (including one controlled,
randomised, replicated in Australia) find no effect””.

1.3.1 Impact summary of the intervention
In total, 15 studies were relevant, accessible and reviewed.

Soil Water \ Biodiversity Yield Costs  Quality
Structure Fertility Quality \Quantity\ Diversity Abundance

Limited | Positive | Limited Positive | Limited Limited Increases Increases
evidence evidence evidence | evidence

1.3.2 Soil
One study (controlled, randomised, replicated) concludes that subsurface drip irrigation nearly
eliminates erosion and runoff, as opposed to furrow irrigation™.

The evidence on how drip irrigation affects soil salinity remains inconclusive. A controlled,
randomised, replicated study from China asserts that drip irrigation increases soil salinity more than
flood irrigation!, whereas an experiment from India associates drip irrigation with lower soil salinity
levels than furrow irrigation methods®. Different types of soil and initial salinity in China and India
likely caused the contradictory conclusions.

1.3.3 Water
Ten studies (of which two are controlled, randomised and replicated, two that are controlled and
replicated and one which is replicated) indicate higher water-use efficiency with drip irrigation

)1—8,12,13

compared to other methods (e.g. furrow . One study (controlled, randomised, replicated from

Australia) finds no effect on water savings’. The study notes that its results refer to a specific type of
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heavy clay soil (Vertisol) with high water retention capabilities for which drip irrigation does not
yield extra water use efficiency benefits; in light soils that lose water faster due to gravity however,
drip irrigation has been found more beneficial. One study finds increased water-use efficiency of drip
irrigation only under water-stressed conditions®.

One study (controlled, randomised, replicated) suggests that aerated water applied through drip
irrigation in heavy soils improves yields and achieves higher water efficiency®. The field study
confirmed earlier small-scale experiments with aerated water that had arrived at the same
conclusion.

1.3.4 Biodiversity

Studies tend not to refer to biodiversity. Two studies (both randomised and replicated) show that
furrow irrigation and water-stress are associated with higher incidences of whitefly infestations'**°,
suggesting that implementing drip irrigation may lower these incidences. Some studies suggest that
sprinkler irrigation may act to depress whitefly populations on cotton but do not compare this to the

effectiveness of drip irrigation methods'® and were therefore not assessed as part of the review.

1.4 Evidence review
1.4.1 Asia

1.4.1.1 Water use efficiency of irrigated cotton in Uzbekistan under drip and furrow
irrigation*
Key message: Drip irrigation increases water-efficiency and yields, compared to furrow irrigation.

Location: Tashkent, Uzbekistan

Soil Water Biodiversity Yield
Structure | Fertility Quality Quantity | Diversity | Abundance
Impacts Positive Positive
Quality CRR CRR

A controlled, replicated, randomised experiment conducted in Tashkent, Uzbekistan on deep silt
loam (Calcic Xerosol) aimed to establish cotton water use, yield, and water-use efficiency under full
and deficit irrigation, compare these variables for drip and furrow irrigation, and determine the best
settings for irrigation in order to maximize yield and achieve the best water-use efficiency. Two
irrigation scheduling treatments with drip irrigation and one with furrow irrigation as a control were
used. Irrigation was scheduled when water in the root zone was depleted to 70% of the field
capacity (default value 0.30 m*> m-?). Water-use efficiency for drip irrigation significantly exceeded
water-use efficiency of furrow irrigation (0.82-1.12 kg/m3 compared to 0.55-0.62 kg/m3). Drip
irrigation consumed 18-42% less water and produced 10-19% higher yield, compared to furrow
irrigation.
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1.4.1.2 Localized salt accumulation: the main reason for cotton root length decrease
during advanced growth stages under drip irrigation with mulch film in a saline
soili1

Key message: Drip irrigation increases soil salinity more than flood irrigation.

Location: Xinjiang, China

Soil Water Biodiversity Yield
Structure | Fertility Quality Quantity | Diversity | Abundance
Impacts Negative
Quality CRR

A controlled, randomised, replicated experiment conducted on sandy loam in Xinjiang, China
examined cotton root length and soil salt accumulation in drip irrigation under plastic mulch, using
flood irrigation under plastic mulch as a control. The root length under drip irrigation decreased
during both years of the study. By contrast, it remained unchanged under flood irrigation. The
authors attributed the reduction in length to salt accumulation, as the areas with shorter root length
coincided with areas of higher salt concentration (shorter length was observed when electrical
conductivity exceeded 2.8 mS/cm). Both drip and flood irrigation marked an increase in soil salinity
concentration, but the increase was higher for drip irrigation. Soil salinity increases were also more
localized for drip irrigation, as opposed to flood irrigation with more even distribution.

1.4.1.3 Cotton use and water use efficiency at various levels of water and N through drip
irrigation under two methods of planting!
Key message: Drip irrigation saves water, increases yield.

Location: Punjab, India

Soil Water Biodiversity Yield
Structure | Fertility Quality Quantity | Diversity | Abundance
Impacts Positive Positive
Quality CRep CRep

A controlled, replicated experiment in Punjab, India on loamy sand revealed that the same quantity
of water applied through drip irrigation, as opposed to check-basin irrigation, increased yields by
32% (2144kg/ha to 1624kg/ha). The experiment was performed on an experimental farm with three
drip irrigated plots (treatment) and one check-basin (surface flooding) plot as a control. Additionally,
each treatment was applied on two different methods of sowing — paired rows and conventional
(normal) rows. When the quantity of water was reduced to 75%, the yields were still 12% higher
than the control’s yields at 100% water. When the quantity dropped to 50%, yields were only 2%
lower than the check-basin. Also, paired sowing used half the water than what was required for
normal sowing (due to half the number of laterals required for irrigation), but produced only 16%
less yield (1949kg/ha compared to 2144kg/ha both at 100% water). Drip irrigated paired rows
planting still resulted in 20% higher yield than the check-basin method (1949kg/ha to 1624kg/ha).
The study presented evidence that paired rows planting (as opposed to normal rows) in combination
with drip irrigation offered a cost-effective solution to arid regions, such as Punjab, to conserve
water without sacrificing yield.
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1.4.1.4 Effect of drip and furrow irrigation methods on Bemisia tabaci populations in
cotton fields+
Key message: Furrow irrigation and water stress are associated with higher whitefly populations.

Location: Aydin, Turkey

Soil Water Biodiversity Yield
Structure | Fertility Quality Quantity | Diversity | Abundance
Impacts Positive* | Positive*
Quality RR RR

*Inferred positive impact on biodiversity based on assumed lower use of insecticide.

A replicated, randomised experiment in Aydin, Turkey explored effects of furrow and drip irrigation
on trends in populations of whiteflies (Bemisia tabaci) — a cotton pest. Both drip and furrow irrigated
plots were subjected to different rates of irrigation, specifically 100% (full irrigation), 66% and 33%.
The experiment revealed that populations tended to be higher for furrow than for drip irrigated
plots and then for the 33% treatment in either plots. Nevertheless, the population never reached the
economic injury level in any plot. The study suggested reducing water-stress to reduce populations
of whiteflies, regardless of the method of irrigation.

1.4.1.5 Drip vs. surface irrigation: A comparison focusing on water saving and economic
returns using multicriteria analysis applied to cotton1?
Key message: Drip irrigation is more water-efficient, but not economically viable for farmers.

Location: north-eastern Syria

Soil Water Biodiversity Yield
Structure | Fertility Quality Quantity | Diversity | Abundance
Impacts Positive
Quality Simulation

A simulation based on data collected in north-eastern Syria compared different irrigation systems in
terms of water efficiency and economic returns. The study pointed out that a drip irrigation system,
albeit more water-efficient, would require an upfront investment equal to 24-53% of a local farmer’s
annual income. Variable costs of running different irrigation systems were similar.

1.4.1.6 Comparative effects of drip and furrow irrigation on the yield and water
productivity of cotton in a saline and waterlogged vertisol3
Key message: Drip irrigation saves water, increases yields and is associated with lower soil salinity.

Location: Karnataka, India

Soil Water Biodiversity Yield
Structure | Fertility Quality Quantity | Diversity | Abundance
Impacts Positive Positive Positive
Quality

An experiment in Karnataka, India examined the differences between furrow and drip irrigation and
four quantities of irrigation water based on evapotranspiration (0.8, 1.0, 1.2 and 1.4 times the
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evapotranspiration rate) in regards to water use, yields and soil salinity. Drip irrigated plots
produced 38% higher yields. At the same time, they consumed 21.5% (0.8 evapotranspiration),
16.3% (1.0), 12.3% (1.2) and 9.1% (1.4) of water. Both irrigation methods marked approximately
guadratic increases in yields with increasing quantity of water (11%, 33% and 15% increase as
opposed to 0.8 evapotranspiration rate for drip and 17%, 65% and 30% for furrow). Also, higher soil
salinity occurred in furrow irrigated plots.

1.4.1.7 Effects of different irrigation methods on shedding and yield of cotton?
Key message: Drip irrigation saves water, increases yields.

Location: Anatolia, Turkey

Soil Water Biodiversity Yield

Structure | Fertility Quality Quantity | Diversity | Abundance
Impacts Positive Positive
Quality 4 years 4 years

A four year experiment on clay (cracking, and thus with high infiltration rate 15 mm/h) in Anatolia,
Turkey compared furrow, sprinkler and drip irrigation at different quantities of water. The authors
found that drip irrigation produced the highest yields (2070-4900 kg/ha), followed by furrow
irrigation (2610-3640 kg/ha) and sprinkler irrigation (850-3380 kg/ha). On average, the drip irrigated
plot produced 21% more seed-cotton than the furrow plot and 30% more than the sprinkler system.
The study discovered a quadratic relationship between amount of water applied and yields. In terms
of water-use efficiency, the drip irrigation method achieved the highest with 4.87 kg/ha/mm,
followed by furrow (3.87 kg/ha/mm) and sprinkler (2.36 kg/ha/mm).

1.4.1.8 Deficit irrigation and nitrogen effects on seed cotton yield, water productivity and
yield response factor in shallow soils of semi-arid environment>

Key message: Drip irrigation saves water, increases yields. Deficit irrigation has little to no effect on

water-use efficiency.

Location: Pali-Marwar, India

Soil Water Biodiversity Yield
Structure | Fertility Quality Quantity | Diversity | Abundance
Impacts Positive Positive
Quality CRep CRep

A controlled, replicated experiment on a fine loamy soil in Pali-Marwar, India looked at the
interaction of six levels of deficit irrigation applied through and four levels of nitrogen application.
The authors used drip irrigation to carry out the experiment and a furrow irrigated plot as a control.
The deficit irrigation levels were based on evapotranspiration ratio (1.0 or full irrigation, 0.9, 0.8, 0.7,
0.6 and 0.5). The fertiliser rates were 80, 120, 160 and 200 kg/ha. Lastly, the authors tested the
response to a plant growth mineral spray that either was or was not applied. The furrow irrigated
plot was only tested for full irrigation and 0.5 evapotranspiration and received 140 kg/ha of N
fertiliser. In all comparable cases (that is, full and 0.5 irrigation), the drip irrigation system saved
water and produced superior yields. The fully irrigated drip system used 23% and 28% less water
(14% and 19% for 0.5) and produced 36.5% and 50.1% higher yield than the fully irrigated furrow
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plot in the first and the second year, respectively. Yield declined proportionally with decreasing
quantity of irrigation water. The effectiveness of the plant growth mineral spray also dropped with
decreasing quantity of water (yield increased 16-18% for 1.0-0.8 irrigation, but only 10-12% for
lower irrigation levels).

Water-use efficiency did not vary significantly with different deficit irrigation levels. Still, water-use
efficiency was numerically slightly higher at 0.9-0.7 irrigation than at any other level. Increasing the
level of nitrogen, however, did increase water-use efficiency.

1.4.2 Australia and Oceania

1.4.2.1 Benefits of oxygation of subsurface drip-irrigation water for cotton in a Vertosols
Key message: Aerated water applied through subsurface drip irrigation on heavy clay soils improves
yields and water-efficiency.

Location: central Queensland, Australia

Soil Water Biodiversity Yield
Structure | Fertility Quality Quantity | Diversity | Abundance
Impacts Positive Positive
Quality CRR CRR

A controlled, randomised, replicated study on a Vertosol in Australia investigated the impact of
aerated water applied through subsurface drip irrigation on cotton growth. The treatment was
water with 12% air by volume and the control was normal water with no air added. The authors
chose twelve plots and randomly assigned them to six replications of two irrigation treatments over
seven years. The study found that on average cotton lint yields were 7% higher and gross production
water-use index was 10% higher compared to the control field.™

1.4.2.2 Effects of subsurface drip irrigation rates and furrow irrigation for cotton grown
on a vertisol on off-site movement of sediments, nutrients and pesticides?
Key message: Subsurface drip irrigation minimizes erosion, runoff.

Location: central Queensland, Australia

Soil Water Biodiversity Yield
Structure | Fertility Quality Quantity | Diversity | Abundance
Impacts | Positive Positive Positive
Quality CRR CRR CRR

A controlled, randomised, replicated experiment on a Vertisol in central Queensland, Australia
examined impacts of different types of irrigation on erosion and runoff. The study compared
subsurface drip irrigated plots at different water regimes and furrow plots as controls. Four irrigation
treatments were tested based on crop evapotranspiration rate: 50%, 75%, 90%, 120% (later reduced
to 105%). The study found that furrow irrigation eroded more soil, carrying away 5.97 t/ha, as
opposed to subsurface drip irrigation (2.53 t/ha) and deficit drip irrigation, which did not erode soil
at all. Though subsurface drip irrigation reduces erosion, it can also cause erosion even on heavy clay
soils if more water is applied than required by daily crop evapotranspiration demand. In regards to
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runoff, furrow irrigation caused a higher outflow of nutrients off the field. Nitrogen was removed at
15.1 kg/ha compared to 2.9 kg/ha for drip irrigation. Furrow irrigation also moved 778 g/ha of
phosphorus compared to none for drip irrigation. Deficit drip irrigation did not remove any nitrogen
or phosphorus. Lastly, furrow irrigation and subsurface drip irrigation at 120% removed several
herbicides applied in prior seasons. Overall, however, furrow irrigation removed more herbicides
than drip irrigation. Deficit irrigations removed none (with one exception for drip at 90%).

1.4.2.3 The response of cotton to subsurface drip and furrow irrigation in a Vertisol®
Key message: Drip irrigation does not affect yields or water-use efficiency on Vertisols.

Location: central Queensland, Australia

Soil Water Biodiversity Yield
Structure | Fertility Quality Quantity | Diversity | Abundance
Impacts No effect No effect
Quality CRR CRR

A controlled, randomised, replicated experiment on a Vertisol in central Queensland, Australia
examined impacts of different types of irrigation on cotton yields and quality. The study compared
subsurface drip irrigated plots at different water regimes and furrow plots as controls. Four irrigation
treatments were tested based on crop evapotranspiration rate: 50%, 75%, 90%, 120% (later reduced
to 105%). The experiment confirmed that irrigation above field capacity caused waterlogging, thus
reducing yield. Overall, yields were higher with furrow irrigation, especially in the second year of the
two year study. Nevertheless, the difference between the 75% treatment and furrow irrigation was
negligible in the first year. In terms of water use, drip irrigation demonstrated higher irrigation
efficiencies (crop water use to applied irrigation water) with 80% for the 120% treatment plot and
93% for the 105% treatment plot compared to 65-67% for furrow irrigation. However, water-use
efficiency did not show a clear pattern, as it was higher for drip irrigation in the first year and lower
in the second. The authors suggested that heavy clays such as vertisols retain water better than light
soils, where drip irrigation may prevent loss of water due to gravitation. Also, water-stressed cotton
matured earlier, in particular by 25 days for the 50% treatment group. Lower yields associated with
water-stress, however, could be justified if the introduction of another crop produced water and
pesticide savings. Lastly, lint quality did not show any consistent pattern.
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1.4.3 Europe

1.4.3.1 A comparison between drip and furrow irrigation in cotton at two levels of water

supply®
Key message: Drip irrigation performs better than furrow irrigation under water-stressed conditions.

Location: Cordoba, Spain

Soil Water Biodiversity Yield
Structure | Fertility Quality Quantity | Diversity | Abundance
Impacts Positive No effect
Quality

An experiment performed on sandy loam in Cordoba, Spain compared two irrigation systems (drip
and furrow), three cultivars (Coker, Jaen, Tabladilla) and two quantities of water (full and deficit
irrigation). Deficit irrigation applied 75% of the calculated optimum amount of water. Under both full
and deficit conditions, drip irrigation yielded less than furrow irrigation in the first year and more in
the second year. The study found similar water-use efficiencies for both irrigation methods (6.3-6.5
kg ha*mm™ for drip and 6.2 for kg ha™mm™ for furrow). However, drip irrigation performed better
under deficit conditions (7.2-7.3 kg ha mm™ versus 6.0-6.3 kg ha mm™).

1.4.3.2 Effect of subsurface drip irrigation on cotton plantations!3
Key message: Subsurface drip irrigation is better for dry conditions than surface drip irrigation.

Location: Larissa, Greece

Soil Water Biodiversity Yield
Structure | Fertility Quality Quantity | Diversity | Abundance
Impacts Positive
Quality Rep

A replicated experiment on clay (calcic chromoxerert) in Greece compared surface drip irrigation
(SDI) and subsurface drip irrigation (SSDI) systems in terms of yields and water use efficiency. The
authors divided the experimental field in two with one half under SDI and the other under SSDI.
Additionally, four irrigation treatments were used with different quantitites of water based on crop
evapotranspiration (120%, 100%, 80% and 60%). The advantages of SSDI were prominent especially
during dry conditions and in deficit irrigation when its water-use efficiency exceeded that of SDI by
more than 20%. The experiment showed little difference between the two under full and excessive
irrigation or in wetter conditions. Also, SSDI exhibited weaker weed growth.




18 Dripirrigation | Water consumption

1.4.4 North America

1.4.4.1 The effects of drip or furrow irrigation of cotton on Bemisia argentifoliils
Key message: Furrow irrigation and water stress are associated with higher incidence of Bemisia
argentifolii.

Location: Arizona, USA

Soil Water Biodiversity Yield
Structure | Fertility Quality Quantity | Diversity | Abundance
Impacts Positive* | Positive*
Quality RR RR

*Inferred positive impact on biodiversity based on assumed lower use of insecticide.

A randomised, replicated experiment on sandy loam in Arizona, USA investigated the effects of drip
and furrow irrigation and three irrigation levels (aimed at inducing low, intermediate and high water
stress) on populations of Bemisia argentifolii (sweetpotato whiteflies — common pest). The study
suggested that nymphs and eggs tended to occur in greater number on water-stressed cotton and
on furrow irrigated plots, although this was not the case every year of the study. The authors also
changed cultivars during the study and concluded that Deltapine 77 exhibited greater resistance to
whiteflies than Deltapine 50.

1.4.4.2 Evaluation a of drip vs. furrow irrigated cotton production system?
Key message: Drip irrigation is more water-efficient, does not affect yields.

Location: Arizona, USA

Soil Water Biodiversity Yield
Structure | Fertility Quality Quantity | Diversity | Abundance
Impacts Positive No effect
Quality Low Low

An experiment in Arizona, USA compared the performance of drip and furrow irrigated systems. The
furrow field consisted of Pima silty clay loam and the drip field was 2/3 Gila loam and 1/3 Vinton-
Anthony sandy loam. The study determined that the drip irrigated cotton grew higher and retained
more fruit. The drip irrigated field also maintained stable soil moisture, as opposed to fluctuations
noticed in the furrow field. In terms of water usage, 20-25 acre-inches of water was applied to the
drip irrigated plot, compared to 60 acre-inches for the furrow irrigated one. Yields were similar for
both irrigation methods. However, water-use efficiency was 25 Ibs. of lint per acre-inch of water for
furrow and 70-80 lbs. of lint of acre-inch of water for the drip method. It should be noted that the
study lacked controls, randomization or replication and both fields grew different cultivars, thus
hampering somewhat the validity of the study.
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2 Deficitirrigation \

2.1 Description s
Deficit irrigation maximises water efficiency, rather than yields per unit area. In practice, this means
watering the crop less than would be optimal. Whilst, deficit irrigation reduces water consumption
enormously per unit area (by approximately 25%), there is only a relatively minor drop in yields (5-

15%). In water-stressed regions, this strategy may relieve pressure on water supplies, whist

minimising yield losses.

2.2 Quick facts
Definition and purpose: Implementing irrigation schedules that maximise water use efficiency
rather than yield per unit area as a means of reducing water consumption

Benefits: Maximises water use efficiency; relieves pressure on water supplies; and minimises
negative impacts to yield or quality

2.3 Synthesis

Deficit irrigation primarily affects water consumption with most studies devoted to measuring
efficiency of water use under water-stressed conditions. Two studies relate plant water-stress to
biodiversity. No studies linking deficit irrigation to effects on soils were found. Four studies from the
same author and based on the same experiment with the same conclusions were counted as one in
the total impact counts below™™.

2.3.1 Impact summary of the intervention
In total, 26 studies were relevant, accessible and reviewed.

Soil Water Biodiversity Yield Costs  Quality
Structure Fertility Quality \ Quantity Diversity Abundance

Is not

Positive | Limited Limited Decreases
affected

evidence | evidence

2.3.2 Soil
No effects on soil have been identified.

2.3.3 Water
Fifteen studies (ten randomised and replicated, of which six are also controlled) highlight superior

1518 Five studies (four

water-use efficiency of deficit irrigation, especially under mild water-stress
replicated, of which one is randomised and one controlled) find no effect*>**. Deficit irrigation
represents a typical Pareto 80:20 case: reduced supply of water may decrease yields slightly, but will
maximise water-use efficiency. Deficit irrigation within drip irrigation systems generally finds
highest water-use efficiency - around 70-80% of ‘optimum’ or ‘full irrigation’ level. Thus, for arid
regions experiencing frequent water shortages implementing deficit irrigation using a drip irrigation

system would be worth considering.

Additionally, one replicated study compares surface and subsurface drip systems. The study
recommends subsurface drip irrigation for arid conditions, stressing its superior performance under
water-stress (with no difference found between the two under regular conditions)™.
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As for scheduling optimisation, one study reveals a quadratic relationship between yields and water
guantity, suggesting that under- as well as over-irrigation decrease yields. The same study also
suggests using canopy temperature to schedule irrigation'*. One study (randomised, replicated)
recommends using thermal imagery to measure canopy temperature for irrigation scheduling
purposes™®. One study shows that cotton reacts differently to water stress during different growing
stages”’. A different study, however, indicates that different irrigation intervals do not affect yield or
quality of cotton®.

2.3.4 Biodiversity

In regards to biodiversity, two studies (both randomised, replicated) associate plant water-stress

with higher incidence of whitefly infestations®**°.

2.4 Evidence review
2.4.1 Asia

2.4.1.1 Evaluation of mulched drip irrigation for cotton in arid Northwest China18
Key message: Cotton exhibits different sensitivity to water stress and saline water during different
stages of its life.

Location: Xinjiang, China

Soil Water Biodiversity Yield
Structure | Fertility Quality Quantity | Diversity | Abundance
Impacts Positive Positive
Quality CRR CRR

A controlled, randomised, replicated experiment in Xinjiang, China showed that cotton exhibits
different sensitivities to water salinity and water stress during different parts of the growing season.
Based on numerical simulations and modelling, the study suggested that drip irrigation alternating
fresh and brackish water and subsequent flood irrigation with freshwater (that allows for leaching of
salt accumulated in the soil) would constitute a sustainable irrigation practice.

2.4.1.2 Assessment of yield and water use efficiency of drip-irrigated cotton as affected by
deficit irrigation?
Key message: Deficit irrigation increases water-efficiency.

Location: Damascus, Syria

Soil Water Biodiversity Yield
Structure | Fertility Quality Quantity | Diversity | Abundance
Impacts Positive Negative
Quality RR RR

A randomised, replicated study conducted in Damascus, Syria on sandy clay loam compared water-
use efficiency on plots irrigated with different quantity of water: fully irrigated, 80%, 65% and 50% of
the full irrigation level. Although the fully irrigated plots produced higher seed cotton yield, the
highest water-use use efficiency was found for the 80% deficit irrigation level, which increased




22 Deficitirrigation | Water consumption

water-use efficiency by 8-14% and produced only marginally lower yield. Therefore, deficit irrigation
was found to be more suitable for areas experiencing water shortages. The study also found that
irrigation had little to no effect on fibre quality.

2.4.1.3 Yield and water use efficiency of drip irrigated cotton at different irrigation
intervals and watering regimes’
Key message: Deficit irrigation increases water-efficiency.

Location: The Aegean, Turkey

Soil Water Biodiversity Yield
Structure | Fertility Quality Quantity | Diversity | Abundance
Impacts Positive Negative
Quality

A study conducted in the Aegean region of Turkey examined effects of different irrigation levels on
yields and water use efficiency. The study looked at two irrigation intervals (4 days and 8 days) and
three watering regimes for each interval: 100% (full irrigation), 67% and 33% of full irrigation. Full
irrigation at 8 day interval produced the highest yield, but 67% treatment at 8 day interval achieved
the highest water-use efficiency, saving 33% of water, while sacrificing only 6% of the yield.

2.4.1.4 Different drip irrigation regimes affect cotton yield, water use efficiency and fibre
quality in western Turkey?
Key message: Deficit irrigation increases water-efficiency.

Location: Aydin, Turkey

Soil Water Biodiversity Yield
Structure | Fertility Quality Quantity | Diversity | Abundance
Impacts Positive Negative
Quality CRR CRR

A controlled, randomised, replicated experiment in Western Turkey on Entisols and Fluvisols-
Regosols measured the impacts of different amounts of water applied through drip irrigation. The
control and treatments were based on soil water depletion and were determined as 100% (full
irrigation), 75%, 50%, and 25%. The study discovered a linear relationship between seed-cotton yield
and water use. The 25% treatment achieved the highest water use efficiency and produced the
lowest yield, whereas 100% control resulted in the exact opposite. The study recommended 75%
deficit irrigation as the best option for water stressed arid regions, as this treatment saved 25% of
water, while reducing yield by 17.1%. Looking at fibre quality, the results were inconsistent, but the
scholars claimed that the highest quality was achieved with deficit irrigation.
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2.4.1.5 Effects of deficit drip irrigation on ratios on cotton yield and fibre quality®
Key message: Deficit irrigation increases water-efficiency.

Location: Aydin, Turkey

Soil Water Biodiversity Yield
Structure | Fertility Quality Quantity | Diversity | Abundance
Impacts Positive Negative
Quality CRR CRR

A controlled, randomised, replicated experiment in Western Turkey on loam and sandy loam
measured the impacts of different irrigation water quantities on yield, water use efficiency and fibre
quality. Application of water was determined according to soil water depletion, which was given as
the difference between the depth of water held in the root zone at field capacity and the depth of
water actually held. Four treatment levels (0%, 25%, 50%, 75%) were compared to full irrigation
(100%) used as a control. Water use efficiency was increasing, as the amount of water was
decreasing. However, the study found that reduction of water by 25% led to only a 7.5% drop in
yield, whereas a reduction by 50% decreased yields by 20%. Also, deficit irrigation always decreased
seed-cotton yield, but the difference between full irrigation and the 75% treatment was not
significant. Therefore, 75% irrigation level was found to be the most appropriate solution for
situations of water shortage. The study also indicated that deficit irrigation might have negatively
affected the quality of fibre in some respects (fibre length). However, the difference in the quality of
fibre was significant for only one of the two years of the experiment and response to other
determinants of quality such as fibre strength was inconsistent.

2.4.1.6 Lintyield and seed quality response of drip irrigated cotton under various levels of
water10
Key message: Deficit irrigation greatly increases water-use efficiency, decreases yields slightly.

Location: Northern Iran

Soil Water Biodiversity Yield
Structure | Fertility Quality Quantity | Diversity | Abundance
Impacts Positive Negative
Quality RR RR

A randomised, replicated study in northern Iran compared the performance of cotton crop under
four irrigation regimes: full irrigation (100% of class A pan evaporation), 70%, 40% and 0%). The
authors identified a quadratic relationship between lint yield and irrigation regime. Lint yield
decreased 4% for the 70% treatment and 14% for the 40% treatment. These two treatments also
produced the highest seed quality.
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2.4.1.7 Effect of drip and furrow irrigation methods on Bemisia tabaci populations in
cotton fieldsz+
Key message: Furrow irrigation and water stress are associated with higher whitefly populations.

Location: Aydin, Turkey

Soil Water Biodiversity Yield
Structure | Fertility Quality Quantity | Diversity | Abundance
Impacts Negative* | Negative*
Quality RR RR

* Inferred negative impact on biodiversity based on assumed higher use of insecticide under deficit
irrigation conditions.

A replicated, randomised experiment in Aydin, Turkey explored effects of furrow and drip irrigation
on trends in populations of whiteflies (Bemisia tabaci) — a cotton pest. Both drip and furrow irrigated
plots were subjected to different rates of irrigation, specifically 100% (full irrigation), 66% and 33%.
The experiment revealed that populations tended to be higher for furrow than for drip irrigated
plots and then for the 33% treatment in either plots. Nevertheless, the population never reached the
economic injury level in any plot. The study suggested reducing water-stress to reduce populations
of whiteflies, regardless of the method of irrigation.

2.4.1.8 Applicability of micro irrigation system on cotton yield and water use efficiency??
Key message: More water leads to higher yields, water-use efficiency data do not display a clear
pattern.

Location: Kerman province, Iran

Soil Water Biodiversity Yield
Structure | Fertility Quality Quantity | Diversity | Abundance
Impacts No effect No effect
Quality RR RR

A randomised, replicated study in Kerman province, Iran tested cotton’s response to three different
irrigation regimes (125%, 100% and 75% of plant water requirement) and two ways of arranging the
irrigation pipes (conventional and alternative). The 125% treatment produced the highest yield
(2610 kg/ha), followed by the 100% treatment (2231 kg/ha) and 75% treatment (1406 kg/ha).
According to the authors, however, the difference between the two most water-intensive
treatments was insignificant. Also, conventional pipe arrangement yielded 16% more raw cotton
than alternative arrangement. Conventional arrangement also achieved more favourable water-use
efficiency with the 100% treatment ranking at the top (0.223 kg/m?) followed by the 125% treatment
(0.210 kg/m?>). Nevertheless, the authors recommended the alternative system at 100% irrigation
level as the most suitable for places facing similar climatic conditions as the study area, because it
cost 20% less to implement and produced only 377 kg/m? less yield.
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2.4.1.9 Physiological response and water-saving effect of requlated deficit irrigation in
cotton!1
Key message: Deficit irrigation increases water-use efficiency.

Location: north-western China

Soil Water Biodiversity Yield
Structure | Fertility Quality Quantity | Diversity | Abundance
Impacts Positive Negative
Quality

An experiment on light loamy soil in north-western China subjected pot-grown cotton to three soil
water content levels at late seedling, budding stage or both. Fully watered plants produced the
highest yield, but water-stressed plants performed better in terms of water-use efficiency. The
highest water-use efficiency (0.462 kg m™) was achieved with roughly 77% of the water used to
irrigate the most watered plant. Additionally, the study showed that deficit irrigation could reduce
excessive vegetative growth, thus improving canopy conditions and yield efficiency.

2.4.1.10 Deficit irrigation and nitrogen effects on seed cotton yield, water productivity and
yield response factor in shallow soils of semi-arid environment?21

Key message: Drip irrigation saves water, increases yields. Deficit irrigation has little to no effect on

water-use efficiency.

Location: Pali-Marwar, India

Soil Water Biodiversity Yield
Structure | Fertility Quality Quantity | Diversity | Abundance
Impacts No effect Negative
Quality CRep CRep

A controlled, replicated experiment on fine loamy soil in Pali-Marwar, India looked at the interaction
of six levels of deficit irrigation applied through and four levels of nitrogen application. The authors
used drip irrigation to carry out the experiment and a furrow irrigated plot as a control. The deficit
irrigation levels were based on an evapotranspiration ratio (1.0 or full irrigation, 0.9, 0.8, 0.7, 0.6 and
0.5). The fertiliser rates were 80, 120, 160 and 200 kg/ha. Lastly, the authors tested the response to
a plant growth mineral spray that either was or was not applied. The furrow irrigated plot was only
tested for full irrigation and 0.5 evapotranspiration and received 140 kg/ha of N fertiliser. In all
comparable cases (that is, full and 0.5 irrigation), the drip irrigation system saved water and
produced superior yields. The fully irrigated drip system used 23% and 28% less water (14% and 19%
for 0.5) and produced 36.5% and 50.1% higher yield than the fully irrigated furrow plot in the first
and the second year, respectively. Yield declined proportionally with decreasing quantity of
irrigation water. The effectiveness of the plant growth mineral spray also dropped with decreasing
quantity of water (yield increased 16-18% for 1.0-0.8 irrigation, but only 10-12% for lower irrigation
levels). Water-use efficiency did not vary significantly with different deficit irrigation levels. Still,
water-use efficiency was numerically slightly higher at 0.9-0.7 irrigation than at any other level.
Increasing the level of nitrogen, however, did increase water-use efficiency.
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2.4.1.11 Simulating cotton yield response to deficit irrigation with the FAO AquaCrop
modeli2

Key message: Deficit irrigation saves water, decreases yield, increases water-use efficiency slightly at

80% of the full irrigation level, but has no effect at other levels.

Location: Damascus, Syria

Soil Water Biodiversity Yield
Structure | Fertility Quality Quantity | Diversity | Abundance
Impacts Positive Negative
Quality RR RR

A randomised, replicated experiment on sandy clay loam in Damascus, Syria examined full irrigation
(irrigated at 100% of soil water depletion) and deficit irrigation at 80%, 65% and 50%, aiming to
calibrate the FAO AquaCrop model for the eastern Mediterranean. Yields increased linearly with
additional water. The highest water-use efficiency was for the 80% treatment every year, ranging
between 0.7 and 0.72 kg/m® compared to 0.62 and 0.67 kg/m® for the other treatments. The
AquaCrop model, however, did not predict any visible pattern in water-use efficiency.

2.4.1.12 Evapotranspiration and water use of full and deficit irrigated cotton in the
Mediterranean environment in northern Syria?2
Key message: Deficit irrigation does not affect water-use efficiency.

Location: near Aleppo, Syria

Soil Water Biodiversity Yield
Structure | Fertility Quality Quantity | Diversity | Abundance
Impacts No effect Negative
Quality Rep Rep

A replicated experiment on fine clay 35km from Aleppo, Syria tested cotton yield and water
efficiency performance under four irrigation levels (40%, 60%, 80% and 100% or full irrigation) and
three nitrogen fertilisation levels (100, 150 and 200 kg/ha) using drip irrigation. The study found
linear relationships between yields and nitrogen, yields and water quantity, and water quantity and
water-use efficiency. Water-use efficiency values oscillated between 0.23kg/m? at the 40%
treatment with the lowest nitrogen level to 0.51 kg/m? at full irrigation with the highest nitrogen
level. Therefore, the study concluded that deficit irrigation did not improve water-use efficiency in
cotton production.

2.4.1.13 Effects of deficit irrigation on the yield and yield components of drip irrigated
cotton in a Mediterranean environment!1
Key message: Deficit irrigation increases water-use efficiency, optimum irrigation level is 70%.

Location: Adana, Turkey

Soil Water Biodiversity Yield
Structure | Fertility Quality Quantity | Diversity | Abundance
Impacts Positive Negative
Quality CRR CRR
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A controlled, randomised, replicated experiment on heavy clay in Adana, Turkey examined the
response of cotton to full irrigation (100% of water) and deficit irrigation at 70%, 50% and 0% (or
dryland) water based on crop evapotranspiration. The study identified a quadratic relationship
between irrigation water amount and seed-cotton yield and a near-linear relationship between
evapotranspiration and yield. On average, the 70% treatment saved 26% of water and produced only
6% less yield than full irrigation. The 50% treatment saved 51% of water and produced 23% less yield
than full irrigation. Water-use efficiency values decreased with increasing amounts of water in all
four years of the study. The authors concluded that deficit irrigation significantly affected seed-
cotton yield and recommended 70% deficit irrigation to be used under water-stressed conditions.

2.4.1.14 Yield and water relations of cotton-maize cropping sequence under deficit
irrigation using drip system>
Key message: Deficit irrigation increases water-efficiency.

Location: Coimbatore, India

Soil Water Biodiversity Yield
Structure | Fertility Quality Quantity | Diversity | Abundance
Impacts Positive Negative
Quality CRR CRR

A controlled, randomised, replicated study in Coimbatore, India performed on sandy clay examined
deficit irrigation and its relation to yields. The experiment involved cotton and maize grown in
sequence on a no-till field. Six plots on which different amounts of water were applied were
investigated and one surface furrow irrigated plot was used as a control. The study found a second
degree polynomial relationship between water use and yields (for both cotton and maize), which
was in contrast to cited previous experiments describing a linear relationship. The authors concluded
that mild water stress induced by alternate deficit irrigation (corresponding to 100%
evapotranspiration coefficient once in every three days) achieved the best ratio between yields and
water-use efficiency.

2.4.1.15 Soil moisture distribution and root characters as influenced by deficit irrigation
through drip system in cotton-maize cropping sequence?
Key message: More water stress produced lengthier roots.

Location: Coimbatore, India

Soil Water Biodiversity Yield
Structure | Fertility Quality Quantity | Diversity | Abundance

Impacts
Quality Based on the same experiment as #7

A controlled, randomised, replicated experiment on sandy clay in Coimbatore, India studied the
effect of deficit irrigation on soil moisture distribution and root growth in cotton-maize cropping
sequence. The study was designed to test six treatments based on evapotranspiration: conventional
irrigation at 100 %(full irrigation), 100% and 50% in first and second irrigation cycle (mild deficit),
alternate deficit irrigation at 100% (50% conventional once in six days), conventional drip at 80%,
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80% and 40% in first and second irrigation cycle and 80% in alternate cycle (conventional of 40%
once in six days). Furrow irrigation was used as a control. The results revealed that water stress
influenced root systems of cotton and maize. Water-stressed cotton tended to grow deeper, as its
roots searched for water. Under alternate deficit irrigation, water stress at first reduced the dry
weight, but the plants then recovered quickly and the dry mass of their root systems exceeded the
fully watered plants.

2.4.1.16 Influence of deficit irrigation on growth, yield and yield parameters of cotton-
maize cropping sequence3

Key message: Deficit irrigation increases water-use efficiency, mild water deficit achieves the highest

water-use efficiency.

Location: Coimbatore, India

Soil Water Biodiversity Yield
Structure | Fertility Quality Quantity | Diversity | Abundance

Impacts
Quality Based on the same experiment as #7

A controlled, randomised, replicated experiment on sandy clay in Coimbatore, India studied the
effect of deficit irrigation on yield and yield parameters in cotton-maize cropping sequence. The
study was designed to test six treatments based on evapotranspiration: conventional irrigation at
100 %(full irrigation), 100% and 50% in first and second irrigation cycle (mild deficit), alternate deficit
irrigation at 100% (50% conventional once in six days), conventional drip at 80%, 80% and 40% in
first and second irrigation cycle and 80% in alternate cycle (conventional of 40% once in six days).
Furrow irrigation was used as a control. Full irrigation produced the highest yields and the best yield
parameters such as the most sympodial branches and bolls per plant. Deficit irrigation significantly
influenced all characteristics, but the study concluded that water-use efficiency increased as water
use decreased for both cotton and maize. The mild deficit treatments produced better results in
terms of water efficiency than other treatments (9.0 kg ha® mm™ in both years of the study for 100%
and 50% alternate treatment and 9.2 and 8.9 kg ha™ mm™ for 80% and 40% alternate treatment).

2.4.1.17 Effect of deficit irrigation on yield, relative leaf water content, leaf proline
accumulation and chlorophyll stability index of cotton-maize cropping sequence*
Key message: Cotton physiology parameters react to water stress.

Location: Coimbatore, India

Soil Water Biodiversity Yield
Structure | Fertility Quality Quantity | Diversity | Abundance

Impacts
Quality Based on the same experiment as #7

A controlled, randomised, replicated experiment on sandy clay in Coimbatore, India studied the
effect of deficit irrigation on relative leaf water content, chlorophyll stability index and leaf proline
content in cotton-maize cropping sequence. The study was designed to test six treatments based on
evapotranspiration: conventional irrigation at 100 %(full irrigation), 100% and 50% in first and
second irrigation cycle (mild deficit), alternate deficit irrigation at 100% (50% conventional once in
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six days), conventional drip at 80%, 80% and 40% in first and second irrigation cycle and 80% in
alternate cycle (conventional of 40% once in six days). Furrow irrigation was used as a control. The
results indicated that relative leaf water content and chlorophyll stability index were highest and leaf
proline content was lowest in mildly water stressed plants.

2.4.2 Australia and Oceania

2.4.2.1 Estimation of soil water deficit in an irrigated cotton field with infrared
thermography?16

Key message: Thermal imagery accurately indicates plant water stress and could be used to

schedule irrigation.

Location: near Toowoomba, Queensland, Australia

Soil Water Biodiversity Yield
Structure | Fertility Quality Quantity | Diversity | Abundance
Impacts Positive Positive
Quality RR RR

A randomised, replicated experiment on Vertosol (heavy cracking clay) 20 km west of Toowoomba,
Queensland, Australia investigated the possibility of using thermal imagery (photos of plant canopy
made with infrared cameras) to discover plant water stress and use it to help schedule irrigation.
Four irrigation treatments were examined based on 50%, 60%, 70% and 85% of plant available water
capacity. The study concluded that thermal imagery could be used as an accurate indicator of plant
water stress.

2.4.3 Europe

2.4.3.1 Effect of limited drip irrigation regime on yield, yield components, and fiber
quality of cotton under Mediterranean conditions!
Key message: Deficit irrigation increases water-efficiency.

Location: Athens, Greece

Soil Water Biodiversity Yield
Structure | Fertility Quality Quantity | Diversity | Abundance
Impacts Positive Negative
Quality RR RR

A randomised, replicated experiment conducted on clay loam in Athens, Greece compared the
yields, growth characteristics and fibre quality for cotton under full irrigation (100% of
evapotranspiration) and deficit irrigation (50%) using a surface drip irrigation system. Two cultivars
commonly grown in Greece were tested: Julia and Zoi. Full irrigation produced the highest yields, but
the reduction in yield under deficit irrigation was only 16% for Julia and 28% for Zoi. The study did
not find any statistically significant impact of deficit irrigation on quality characteristics, except for
fibre length, which was 3% shorter for Julia and 3.7% shorter for Zoi.
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2.4.3.2 Effect of subsurface drip irrigation on cotton plantations!>
Key message: Subsurface drip irrigation is better for dry conditions than surface drip irrigation.

Location: Larissa, Greece

Soil Water Biodiversity Yield
Structure | Fertility Quality Quantity | Diversity | Abundance
Impacts Positive Positive
Quality Rep* Rep*

*No difference between surface and subsurface systems under full irrigation.

A replicated experiment on clay (calcic chromoxerert) in Greece compared surface drip irrigation
(SDI) and subsurface drip irrigation (SSDI) systems in terms of yields and water use efficiency. The
authors divided the experimental field in two with one half under SDI and the other under SSDI.
Additionally, four irrigation treatments were used with different quantity of water based on crop
evapotranspiration (120%, 100%, 80% and 60%). The advantages of SSDI were prominent especially
during dry conditions and in deficit irrigation when its water-use efficiency exceeded that of SDI by
more than 20%. The experiment showed little difference between the two under full and excessive
irrigation or in wetter conditions. Also, SSDI exhibited weaker weed growth.

2.4.4 North America

2.4.4.1 Cotton yield and applied water relationships under drip irrigations
Key message: Canopy temperature performed better for drip irrigation scheduling than soil water
replacement methods. There is a quadratic relationship between yields and water quantity.

Location: Lubbock, Texas, USA

Soil Water Biodiversity Yield
Structure | Fertility Quality Quantity | Diversity | Abundance
Impacts Positive Negative
Quality meta- meta-
analysis analysis

A meta-analysis of data gathered between 1988 and 1999 in experimental, controlled, replicated
surface drip irrigation scheduling studies performed on Olton clay loam in Texas, USA concluded that
canopy temperature of 28°C was ideal for scheduling drip irrigation, as it produced higher yields
compared to soil water replacement method. Water was applied to cotton in quantities ranging
from deficit to excessive amounts. The results indicated that yields were positively correlated with
heat. They were also positively correlated with water quantity up to a point. The highest yields were
estimated at 74cm of water applied between planting and crop maturity or at irrigation input of
58cm (the difference was rain).
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2.4.4.2 Cotton response to subsurface drip irrigation frequency under deficit irrigation?3
Key message: Different irrigation intervals do not affect yield or quality.

Location: St. Lawrence region, Texas, USA

Soil Water Biodiversity Yield
Structure | Fertility Quality Quantity | Diversity | Abundance
Impacts No effect No effect
Quality Rep Rep

A replicated experiment on silty clay loam in St. Lawrence region in Texas investigated the impact of
different deficit irrigation frequencies on cotton lint yield and quality over two seasons. Using
subsurface drip irrigation, the study tested irrigating at 4 and 16 day intervals in the first year and 2
and 8 day intervals in the second year. The same total amount of water was applied each year for
each irrigation frequency. No significant differences were found in yields or quality in either year.
The study concluded that irrigation intervals of 16 days or less with subsurface drip irrigation did not
influence cotton response, provided the soil had adequate water holding capacity. Thus, farmers in
water-stressed regions could use more flexibility in managing their water resources.

2.4.4.3 Evapotranspiration of full-, deficit-irrigated, and dryland cotton on the Northern
Texas High Plains?0

Key message: There is a linear relationship between yields and water quantity. Impact of irrigation

on water-use efficiency is inconclusive.

Location: Bushland, Texas, USA

Soil Water Biodiversity Yield
Structure | Fertility Quality Quantity | Diversity | Abundance
Impacts No effect No effect
Quality Low Low

An experiment on clay loam in Northern Texas High Plains compared growth performance, water use
and yields in fully irrigated, deficit irrigated and dryland cotton. The fully irrigated field achieved
better growth parameters, but the growth pattern of dryland and deficit-irrigated cotton was similar
(even though deficit-irrigated cotton grew somewhat more). In terms of water-use efficiency, the
authors found a linear relationship indicating that more water resulted in higher water use
efficiency. Water-use efficiency values in the two years of the study were 0.092 and 0.103 kg m™ for
dryland, 0.144 kg and 0.219 kg m™ for deficit-irrigated and 0.194 and 0.151 kg m™ for fully irrigated
cotton. Therefore, it seems that additional water increased water-use efficiency, but the data did
not reveal any clear pattern. On average, deficit irrigation achieved slightly higher water-use
efficiency than full irrigation. Dryland cultivation was the worst performer in terms of water-use
efficiency.
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2.4.4.4 Evaluation of FAO-56 crop coefficient procedures for deficit irrigation
management of cotton in a humid climate?é

Key message: FAO-56 can be used to estimate crop water needs under deficit irrigation in humid

climates.

Location: Griffin, Georgia, USA

Soil Water Biodiversity Yield
Structure | Fertility Quality Quantity | Diversity | Abundance

Impacts Positive

Quality

An experiment on high sand content (92%) soil in Griffin, Georgia, USA examined the usefulness of
FAO-56 tool (guidelines for computing crop water requirements from the Food and Agriculture
Organization of the United Nations) in humid climates. Cotton was planted in three rainout shelters
and irrigated at different rates (triggered at 40%, 60% and 90% of the available water content). The
paper confirmed that FAO-56 procedure was a reliable method for estimating cotton
evapotranspiration under deficit irrigation in humid climates.

2.4.4.5 Deficit irrigation for enhancing sustainable water use: Comparison of cotton
nitrogen uptake and prediction of lint yield in a multivariate autoregressive state-
space model13

Key message: Deficit irrigation increases water-use efficiency, maximising it at 75% of full irrigation.

Location: Southern High Plains, Texas, USA

Soil Water Biodiversity Yield
Structure | Fertility Quality Quantity | Diversity | Abundance
Impacts Positive Negative
Quality

An experiment on sandy loam in the southern High Plains in Texas, USA examined the performance
of cotton under deficit irrigation. Two irrigation treatments (50% and 75% of the optimum water
quantity based on expected evapotranspiration) were tested. The study did not include a fully
irrigated plot, opting to compare the results against data from earlier studies instead. The results
showed that irrigation at 50% evapotranspiration reduced lint yield by 25% and saved 33% of water,
compared to full irrigation. Irrigating at 75% caused only a 7.8% loss in lint yield, but saved 25% of
water. The authors concluded that the 75% irrigation level offered the best option for water
conservation.
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2.4.4.6 The effects of drip or furrow irrigation of cotton on Bemisia argentifoliiz>
Key message: Furrow irrigation and water stress are associated with higher Bemisia argentifolii
population.

Location: Arizona, USA

Soil Water Biodiversity Yield
Structure | Fertility Quality Quantity | Diversity | Abundance
Impacts Negative* | Negative*
Quality RR RR

* Inferred negative impact on biodiversity based on assumed higher use of insecticide under deficit
irrigation conditions.

A randomised, replicated experiment on sandy loam in Arizona, USA investigated the effects of drip
and furrow irrigation and three irrigation levels (aimed at inducing low, intermediate and high water
stress) on populations of Bemisia argentifolii (sweetpotato whiteflies — common pest). The study
suggested that nymphs and eggs tended to occur in greater number on water-stressed cotton and
on furrow irrigated plots, although this was not the case every year of the study. The authors also
changed cultivars during the study and concluded that Deltapine 77 exhibited greater resistance to
whiteflies than Deltapine 50.
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3 Irrigation with brackish or saline water \

3.1 Description -
As cotton is often grown in arid regions where water is scarce, farmers sometimes have to resort to
lower quality water to irrigate the crop. As a salt-tolerant plant, cotton can withstand relatively high
salt concentrations in the irrigation water. However, using saline or brackish water comes with

serious side-effects such as salt build-up in the soil or lower yields.

3.2 Quick facts
Definition and purpose: Using water with high salt concentration to irrigate crops and to reduce
freshwater consumption for cotton production in water scarce areas

Benefits: Reduces reliance on scarce freshwater supplies; and increases cotton production in water
scarce areas while potentially damaging soil structure and causing soil aggregates to disperse
(deflocculation)

3.3 Synthesis

Irrigation with brackish or saline water affects soil quality through salt build-up within the soil
profile. Minimal impacts on water were found and no effects on biodiversity were identified,
although some could be deduced because negatively impacted soil fertility can be detrimental to
biodiversity.

Two studies (of which one was controlled, both were randomised and replicated) suggest decreasing
spaces between plants to increase yields under saline conditions™?.

It is important to note that saline water can delay or reduce germination significantly but has even
worse effects on subsequent seedling growth by inhibiting influxes of potassium and calcium; these
adverse effects can be alleviated and root growth can be protected through an increased supply of
calcium within the growth medium®*.

3.3.1 Impact summary of the intervention
In total, 16 studies were relevant, accessible and reviewed.

Soil Water \ Biodiversity Yield Costs  Quality
Structure Fertility Quality Quantity\ Diversity Abundance

Negative | Limited | Positive Decreases | Low | Decreases
evidence

3.3.2 Soil
A majority of studies agree that the use of saline and brackish water increases soil salinity with
slightly fewer studies also pointing out negative effects on yield (some show no effect, but there is

no study claiming a positive impact on yield)"*>**,

Four studies (three replicated, of which two are also randomised and one also controlled)

recommend using alternate irrigation or irrigating with freshwater to leach salt>®'***

. Implicitly,
cotton production in arid regions with saline soils (such as Xinjiang, China) will still put pressure on

scarce water resources even if efficient drip irrigation systems are adopted and brackish or saline




36 Irrigation with brackish or saline water | Water consumption

water is used for irrigation. Also, extra water will still be required for leaching the excess salt. These
issues put into question the viability of cotton production in these water stressed regions.

3.3.3 Water
One study from Australia recommends using subsurface drip irrigation to apply aerated water to
increase yields under saline conditions”.

Lastly, one study (randomised and replicated) warns that irrigation with brackish or saline water
reduces water and fertiliser uptake efficiency and increases drainage, thus risking groundwater
contamination’.

3.3.4 Biodiversity
No effects on biodiversity have been identified.

3.4 Evidence review

3.4.1 Asia

3.4.1.1 Plant spacing effect on yield of cotton irrigated with saline waters?
Key message: Narrower spacing will yield more cotton under irrigation with saline water.

Location: Negev, Israel

Soil Water Biodiversity Yield
Structure | Fertility Quality Quantity | Diversity | Abundance
Impacts | Negative Negative*
Quality | RR RR

* Yield will be lower under saline conditions, but narrower spaces will mitigate the loss.

A randomised, replicated experiment on deep silt loam in the Negev, Israel aimed to determine the
effect of plant density on cotton yield under irrigation with saline water. The authors examined two
inter-row spacing widths (75cm and 96.5cm), two intra-row spacing widths (12.5cm and 9cm) and
two salinity levels (5.5 dS/m and 18dS/m). Plants irrigated with saline water grew smaller (71.6cm
and 82.6cm versus 120cm expected in the region). The study concluded that plant density’s effect on
plant height was insignificant. Inter-row spacing could also be reduced because the authors did not
observe any significant competition between plants at narrower spaces between rows. Cotton yield
also increased with narrower spacing. Consequently, row widths narrower than 96.5cm could be
used for the salinity levels tested to increase yield.
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-

3.4.1.2 Drip irrigation of cotton with saline-sodic water3
Key message: Saline water does not affect yields, causes salt accumulation in the soil.

Location: Negev, Israel

Soil Water Biodiversity Yield
Structure | Fertility Quality Quantity | Diversity | Abundance
Impacts | Negative No effect
Quality C C

A controlled experiment on a sandy loam soil in the Negev, Israel water investigated effects of
irrigation at different salinities (measured by electrical conductivity) and with different soil
amendments. A cotton field was irrigated with waster at electrical conductivities 1.0, 3.2, 5.4, and
7.3 dS/m. Each of these plots was also tested for three different soil amendments (gypsum, sulphuric
acid, control). The study showed that salinity levels did not reduce yields, despite salt accumulation,
the fact that salinity slightly depressed plant height, and deeper roots in more saline water. The
water at 3.2 dS/m produced the highest yield (6.2 t/ha) — significantly higher in both years of the
study than all other salinity levels. The authors observed significant accumulation of exchangeable
sodium in the soil profile. Gypsum and sulphuric acid did not reduce the amount of adsorbed sodium
in the root zone, but only moved it from the emitter to underneath the plant row. The authors
recommended applying amendments before the winter rains to prevent this phenomenon.

3.4.1.3 Effect of continuous irrigation with sodic and saline-sodic waters on soil
properties and crop yields under cotton-wheat rotation in northwestern India’
Key message: Use of saline and sodic waters increases soil salinity, decreases yields.

Location: Punjab, India

Soil Water Biodiversity Yield
Structure | Fertility Quality Quantity | Diversity | Abundance
Impacts | Negative Positive* Negative
Quality RR long- - RR long-
term (8 term (8
years) years)

* Positive impact on water quantity assumed, as using saline water implies saving fresh water.

A randomised, replicated, long-term experiment (8 years in duration) on a sandy loam soil in Punjab,
India investigated what would happen to the exchangeable sodium percentage (the amount of
sodium in soil) and yields if sodic and saline-sodic water were continuously used for irrigation. The
experiment tested eight waters containing various concentrations of NaHCO; and NaCl: good quality
canal water (electrical conductivity, or EC, 0.25 dS/m), three sodic waters (EC 0.56, 0.92, 1.16 dS/m),
and four saline-sodic waters (EC 2.85, 2.76, 2.83, and 2.69 dS/m). Saline and saline-sodic irrigation
water increased soil pH, electrical conductivity, and exchangeable sodium percentage. They also
decreased yields. The increase was higher under saline-sodic than saline treatments.
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3.4.1.4 Irrigation and soil management strategies for using saline-sodic water in a cotton-
wheat rotation>

Key message: Alternate irrigation with freshwater and saline water or soil amendments will

eliminate negative effects of saline water on soil quality and crop yields.

Location: Faisalabad, Pakistan

Soil Water Biodiversity Yield
Structure | Fertility Quality Quantity | Diversity | Abundance
Impacts | No effect Positive* No effect
Quality RR - RR

* Positive impact on water quantity assumed, as using saline water implies saving fresh water.

A randomised, replicated experiment on a sandy loam soil in Faisalabad, Pakistan evaluated different
irrigation and soil management strategies for growing cotton. The study examined irrigation at
various salinities with and without soil amendments. Five treatments were tested: irrigation with
freshwater, irrigation with saline-sodic water (EC 3.32 dS/m) only, alternate irrigation with
freshwater and saline-sodic water, irrigation with saline-sodic water and farm manure applied
before sowing at 25 Mg ha™ year™, and irrigation with saline-sodic water and gypsum. The latter
treatment managed to keep the soil pH lower than alternate irrigation or farm manure. The yields
were lower for the saline-sodic water only treatment than for other treatments. Also, treatments
including saline-sodic water increased soil salinity, but the increase was significant exclusively in
saline-sodic water only treatment. Maximum benefit was achieved the alternate irrigation
treatment.

3.4.1.5 An alternative water source and combined agronomic practices for cotton
irrigation in coastal saline soils1®

Key message: Apply mineral fertiliser, gypsum, and polyacrylamide to increase yields, reduce salinity

in the soil. There is no difference between well water and desalinized sea water.

Location: Huanghua city, Hebei province, China

Soil Water Biodiversity Yield
Structure | Fertility Quality Quantity | Diversity | Abundance
Impacts | No effect Positive* No effect
Quality RR - RR

* Positive impact on water quantity assumed, as using saline water implies saving fresh water.

A randomised, replicated experiment on a loamy clay soil in Hebei province, China examined the
effects of different waters, irrigation methods and fertilisation choices. The two main treatments
were local well water and desalinized sea-ice water. Second, the study tested irrigation with and
without polyacrylamide added to the water (PAM — a substance that increases soil infiltration and
prevents erosion by encouraging soil molecules to adhere to one another and form bigger chunks).
Third, the study looked at four fertiliser treatments: a mineral fertiliser, a mineral fertiliser in
combination with an organic one, a mineral fertiliser with gypsum, and a non-fertilized plot. The
authors did not discover any major difference between the two waters used in terms of yields or salt
leaching. PAM-treated water significantly reduced salinity in the topsoil (2.3-3.9 g/kg versus 4.6-8.6
g/kg in untreated). The PAM-treated water also increased yields (compared to the non-fertilized
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plot) by 50% for the mineral fertiliser treatment, 49% for the combination of mineral and organic
fertiliser, and 70% with mineral fertiliser combined with gypsum. Therefore, the authors
recommended gypsum fertilisation as the best practice.

3.4.1.6 Effects of saline water drip irrigation on soil salinity and cotton growth in an Oasis
Field??

Key message: Salt accumulates in the root zone, irrigate with freshwater before sowing next year’s

crop.

Location: Xinjiang, China

Soil Water Biodiversity Yield
Structure | Fertility Quality Quantity | Diversity | Abundance
Impacts | Negative Positive*
Quality Rep -

* Positive impact on water quantity assumed, as using saline water implies saving fresh water.

A replicated experiment in Xinjiang, China tested water of different salinities in cotton over two
seasons. The authors irrigated cotton with water of different salinity levels during the flowering
stage and bud stage. Each year, the authors tested six salinity levels based on the degree of
mineralization. In the first year, the treatments were 0.45 (freshwater), 1.95, 2.40, 2.82, 2.91, and
3.27 (saline groundwater) g/I. In the second year, the treatments were 0.46, 2.24, 3.81, 6.58, and
11.05 g/I. Salt in the region where the study was conducted was not leached naturally by rainwater.
The authors found that if they used water with mineralization greater than 2.24 g/|, the field had to
be irrigated with freshwater before sowing next year’s crop to leach the salt.

3.4.1.7 Effects of different drip irrigation regimes on saline-sodic soil nutrients and cotton
yield in an arid region of Northwest Chinal¢

Key message: More water applied to a soil being reclaimed results in greater increases of soil

nutrients and greater decreases in salinity and sodicity of soil.

Location: Xinjiang, China

Soil Water Biodiversity Yield
Structure | Fertility Quality Quantity | Diversity | Abundance
Impacts Positive Negative Positive
Quality Rep Rep Rep

A replicated experiment in Xinjiang, China showed that there was a linear relationship between the
amount of water applied through irrigation and soil matric potential. The author explained the
relationship by reductions in salinity and sodicity of the soil due to increased leaching. Significant
reductions in soil salinity and sodicity — a problem common to arid regions — were achieved at higher
water use that allowed proper leaching (460-666mm). Soil organic carbon content also increased
significantly due to three years of plant growth.
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3.4.1.8 Evaluation of mulched drip irrigation for cotton in arid Northwest Chinal3
Key message: Cotton exhibits different sensitivity to water stress and saline water during its life.

Location: Xinjiang, China

Soil Water Biodiversity Yield
Structure | Fertility Quality Quantity | Diversity | Abundance
Impacts Positive Positive
Quality CRR CRR

A controlled, randomised, replicated experiment in Xinjiang, China showed that cotton exhibits
different sensitivities to water salinity and water stress during different parts of the growing season.
Based on numerical simulations and modelling, the study suggested that drip irrigation alternating
fresh and brackish water and subsequent flood irrigation with freshwater (that allows for leaching of
salt accumulated in the soil) would constitute a sustainable irrigation practice.

3.4.1.9 Root distribution and growth of cotton as affected by drip irrigation with saline
water1!

Key message: Excessive use of fertiliser exacerbates the negative effects of irrigation with saline

water.

Location: Xinjiang, China

Soil Water Biodiversity Yield
Structure | Fertility Quality Quantity | Diversity | Abundance
Impacts Positive* Negative
Quality - CRR

* Positive impact on water quantity assumed, as using saline water implies saving fresh water.

A controlled, randomised, replicated experiment in Xinjiang, China examined root growth of cotton
under fertilized and unfertilized conditions when irrigated with water of different salinity levels. The
experiment was conducted on six plots, three of which received fertiliser treatment. One plot of
each (fertilized and non-fertilized) underwent fresh water, brackish water or saline water treatment.
The authors discovered that nitrogen fertiliser generally increased root biomass, irrigation with
saline water decreased root biomass, but there was no significant difference between irrigation with
freshwater or brackish water. Also, water salinity did not affect average root length density, root
diameter and root volume, but these variables decreased as nitrogen rates increased. Saline water
seemed to negatively affect nitrogen uptake, yields and water-use efficiency, and the use of nitrogen
fertiliser exacerbated these effects.
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3.4.1.10 Change characteristic of soil salinity on long-term drip irrigation under plastic
film in Xinjiang cotton field'”
Key message: Drip irrigation under plastic mulch decreases soil salinity.

Location: Xinjiang, China

Soil Water Biodiversity Yield
Structure | Fertility Quality Quantity | Diversity | Abundance
Impacts Positive
Quality -

A three year experiment conducted on saline arid soil in Xinjiang, China measured change in soil
salinity over several years of drip irrigation treatment. The authors chose eight plots where cotton
had been grown and which had been drip irrigated for different number of years before the
experiment. The study concluded that after several years of drip irrigating under plastic mulch, soil
salinity would decrease exponentially. Salinity of root growth zone dropped to acceptable levels
after 4 years. Overall, it took 5.7 years to reduce salinity levels in the upper soil layer to 0.5% (down
from a default level of 2.5-7%) and 6.9 years to reduce salinity in the lower layer to 0.5% (from 1.8-
4.2%). Thus, controlling for salinity and water was necessary for over 7 years.

3.4.1.11 Influence of different amounts of irrigation water on salt leaching and cotton
growth under drip irrigation in an arid and saline area's
Key message: The more water is used to leach salt in saline soils, the higher the yields will likely be.

Location: Xinjiang, China

Soil Water Biodiversity Yield
Structure | Fertility Quality Quantity | Diversity | Abundance
Impacts | Positive Negative Positive
Quality RR RR RR

A replicated, randomised study in Xinjiang, China on saline soil attempted to explain the impact of
irrigation on salt leaching. The authors prepared five water treatments with different amounts of
water based on the soil matric potential (water capacity of the soil). All plots received a dose of
compound fertiliser upfront, plus a nitrogen-based fertiliser dissolved in the irrigation water.
Weather events and other adverse circumstances resulted in no yield in the first of the three years
of the experiment, but yields were obtained during subsequent years. The authors arrived at the
conclusion that as soil matric potential decreased, yield also decreased. The reduction in soil salinity
(measured through electrical conductivity) was greatest in the upper soil layer and was getting
progressively smaller with soil depth. Reductions in electrical conductivity between Ocm and 80cm
depth also decreased with decreasing soil matric potential.
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3.4.1.12 The soil-water flow system beneath a cotton field in arid north-west China,
serviced by mulched drip irrigation using brackish water10
Key message: Drip irrigation with brackish water increases soil salinity.

Location: Xinjiang, China

Soil Water Biodiversity Yield
Structure | Fertility Quality Quantity | Diversity | Abundance
Impacts | Negative Positive*
Quality - -

* Positive impact on water quantity assumed, as using saline water implies saving fresh water.

An experiment in Xinjiang, China attempted to map soil water and salinity distribution under
irrigation with brackish water using 29 plastic mulches. Irrigation events created a ‘curved surface of
zero flux’ — a boundary within the soil determining a hydraulic gradient — that controlled the water
movement. Water above this boundary moved upward, whereas water below it moved downward.
Hydrogeology, irrigation regime, climate, plant growth, and mulching would all affect sources and
sinks and boundaries of the soil water flow system. The roots consumed water and nutrients
selectively, leaving salt behind and increasing salt concentration in the root zone. Salinity increased
1.9 times between the beginning and the end of the season.

3.4.1.13 Effects of water salinity and N application rate on water- and N-use efficiency of
cotton under drip irrigation?

Key message: Drip irrigation with brackish and saline water increases soil salinity, reduces yields.

Lower soil salinity and higher nitrogen application rates increase water-use efficiency. Irrigation with

saline water increases the risk of groundwater contamination.

Location: Xinjiang, China

Soil Water Biodiversity Yield
Structure | Fertility Quality Quantity | Diversity | Abundance
Impacts | Negative Negative | Positive Negative
Quality RR RR RR RR

A randomised, replicated experiment on alluvial grey desert soil in Xinjiang, China compared the
performance of cotton crop grown under different irrigation water salinity levels and different
nitrogen fertilisation levels. The experiment used freshwater, brackish water and saline water and
four nitrogen application rates, including one treatment without any nitrogen added. The study
showed that soil water content was higher for brackish and saline (38% higher than fresh and 10%
higher than brackish) water and for non-fertilized plots. The differences in soil water content were
more prominent closer to the surface, whereas in 0.8-1.0m depth the difference was negligible. Soil
salinity increased under brackish and saline water treatments, whereas freshwater treatment saw
only a negligible change. Increases in soil salinity associated with nitrogen application were not
statistically significant. The authors did not observe any significant difference between the two
highest nitrogen application rates (360 kg/hm?* and 460 kg/hm?) in treatments irrigated with brackish
or saline water, implying that higher nitrogen application rates did not affect cotton growth under
high irrigation water salinity levels.
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In terms of yields, brackish water reduced seed cotton yields by 10% in the first year and 16% in the
second year compared to the freshwater treatment. Saline water treatment reduced yields by 23%
and 29% in the first and second year, respectively. For freshwater and brackish water, yield
increased significantly with increasing nitrogen application rate. By contrast, saline water treatment
did not reveal any significant difference in yields between different nitrogen application rate
treatments.

Lastly, both water salinity and nitrogen application rates affected water-use efficiency. Fresh and
brackish water exhibited similar water-use efficiency, which was some 11% higher than that of saline
water. Also, water-use efficiency increased with increasing nitrogen application rates. Nitrogen
uptake was also 16% and 20% higher in brackish water and freshwater, respectively, compared to
saline water. Drainage was 55% higher in the brackish water treatment and 103% higher in the saline
water treatment compared to freshwater, increasing the risk of groundwater contamination.

3.4.2 Australia and Oceania

3.4.2.1 Oxygation enhances growth, gas exchange and salt tolerance of vegetable soybean
and cotton in a saline Vertisol'#
Key message: Aerated water minimizes impact of soil salinity, increases yields.

Location: Queensland, Australia

Soil Water Biodiversity Yield
Structure | Fertility Quality Quantity | Diversity | Abundance
Impacts Positive Positive
Quality CRR CRR

A controlled, randomised, replicated pot experiment on a cracking clay soil (Vertisol) in Queensland,
Australia examined if aerated water (12% air by volume) could minimize the impact of salinity on
plants under oxygen-limiting soil environments. The soil was salinized to electrical conductivities of
2, 8, 14, and 20 dS/m. Each pot with different salinity was assessed with and without the addition of
aerated water. Aerated water increased cotton lint yield by 18% and water-use efficiency by 16%,
compared with the control. Other plant characteristics such as plant height or relative water leaf
content also performed better under oxygation.

3.4.3 Europe

3.4.3.1 Irrigation with saline water in the reclaimed marsh soils of south-west Spain:
impact on soil properties and cotton and sugar beet cropss

Key message: Use saline water for supplementary irrigation does not bring about any major

repercussions.

Location: south-west Spain

Soil Water Biodiversity Yield
Structure | Fertility Quality Quantity | Diversity | Abundance
Impacts | No effect Positive No effect
Quality - - -
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An experiment near Lebrija, south-west Spain examined the effects of irrigation with saline water on
soil characteristics and yields of cotton and sugar beet. Two fields were used. The first was irrigated
with fresh water (1.7 dS/m) all the time, while the other received two irrigations with saline water
(5.9 and 7.0 dS/m). The study showed that there were no differences in drainage behaviour between
the two plots, leading the authors to conclude that saline water did not affect water retention
characteristics of the soil. Though soil salinity (electrical conductivity and exchangeable sodium
percentage) increased immediately after the application of saline water to a maximum of 7.5dS/m, it
decreased gradually after irrigation with fresh water, eventually reaching levels similar to the fresh
water field. Irrigation with saline water did not affect yield. Thanks to irrigation with saline water,
25% less fresh water was consumed.

3.4.4 North America

3.4.4.1 Narrow row cotton under saline conditions?
Key message: Yield decreases with increasing salinization, but can be partially compensated for with
narrower spaces between plants.

Location: California, USA

Soil Water Biodiversity Yield
Structure | Fertility Quality Quantity | Diversity | Abundance
Impacts | Negative Negative*
Quality | C C

* Yield will be lower under saline conditions, but narrower spaces will mitigate the loss.

A controlled experiment in California, USA on fine sandy loam investigated if increasing the density
of cotton plants could increase yields under irrigation with water of different salinity levels. The
rationale was that cotton grows smaller when irrigated with saline water, and so more cotton could
be grown in the same area. The study tested four salinity levels: 0.6, 6, 12, and 18 dS/m. Plants on
salinized plots grew smaller, their leaves were also smaller and thicker. Canopy did not close on
salinized plots, whereas the low salinity plots closed their canopy nearly as much as the control.
Although yields of individual plants decreased with narrower rows, this effect became less
prominent at higher salinity levels. Yield per plant decreased with denser planting, but the total yield
increased because of larger number of plants per unit area. The study concluded that optimum plant
density for attaining maximum yield may differ with different salinity levels.
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Section Overview

Cotton production depends on fertile soil. Production systems often rely on synthetic or mineral
fertilisers to improve soil nutrients for crop growth; these inputs however can be costly and their
manufacture contributes both directly and indirectly to greenhouse gas emissions. There are a
number of alternatives to such fertilisers, three of which were identified and researched using a
number of terms (See Appendix 2.1: Primary Search and Appendix 2.2: Secondary Search).

Section Chapters

Chapter 4: Recycling Cotton Evidence Yield Cost Quality
Gy DO 0 D
Positive Positive None Increases Increases

Definition and purpose: Post-processing use of cotton gin waste (a by-product of separating cotton fibre from seeds) as, for example,
compost as a means of creating value from a by-product and reduce reliance on other inputs to cotton production
Benefits: Improves soil physical, chemical and biological characteristics; reduces reliance on inorganic fertilisers; and improves water quality

Chapter 5: Fertilisation using Evidence Yield Cost Quality
i Plant Waste ) . @ o .?
Positive None Positive Increases Increases

Definition and purpose: Using organic matter (plant waste or compost) to fertilise fields and composting these Ieftover plant residues
to improve soil properties
Benefits: Benefits long term soil health; builds more resilient systems; increases yields; and reduces usage of synthetic fertilisers

Chapter 6: Animal Manure Evidence Yield Cost Quality
L @ @ = QD o >
Positive None None Increases Is not affected

Definition and purpose: Incorporating animal manure into cotton crop fertilisation nutrient management plans as a means of fertilising
crops using an organic waste product
Benefits: Improves soil health; and reduces reliance on synthetic fertiliser
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4 Recycling cotton gin waste N

4.1 Description (1’

Cotton gin waste is a by-product of cotton processing. It consists of husks, stalks, remnants of cotton
bolls and other organic waste. It is often burned or allowed to rot near ginning facilities, because it
is, in certain cases, assumed to have no practical use. However, cotton gin waste can be composted
or otherwise modified and further utilized for improving soil on cotton fields themselves or for other
on farm purposes.

4.2 Quick facts

Definition and purpose: Post-processing use of cotton gin waste (a by-product of separating cotton
fibre from seeds) as, for example, compost as a means of creating value from a by-product and
reduce reliance on other inputs to cotton production

Benefits: Improves soil physical, chemical and biological characteristics; reduces reliance on
inorganic fertilisers; and improves water quality

4.3 Synthesis

Cotton gin waste mostly affects soil, as it can be used in various modifications and combinations
with other substances to improve soil fertility and structure. Cotton gin waste can also affect water
quality through its potential use in water treatment processes. No studies document any effects on
biodiversity.

Only one study referred to recycling cotton gin waste for the production of cotton while others
referred more generally to on farm use for increasing soil fertility on other crop fields or for
improving water quality”.

4.3.1 Impact summary of the intervention
In total, 15 studies were relevant, accessible and reviewed.

Soil Water \ Biodiversity Yield Costs  Quality

Structure Fertility Quality \ Quantity\ Diversity Abundance
Positive | Positive | Positive

Increases Increases

4.3.2 Soil

Seven studies (four randomised, replicated, of which two are also controlled, and one controlled and
randomised) stress the benefits of cotton gin waste for soil structure, especially for soil organic
matter”®. Seven studies (three randomised, replicated, two of which were also controlled, and two
controlled, of which one was randomised and one replicated) cotton gin waste improves or sustains

3-5,6-9

soil fertility . Four studies (all randomised, replicated, three also controlled) also claim that

cotton gin waste increases yields of various crops™>®%.

Cotton gin waste has a high concentration of organic matter; however, if often contains a number of
pathogens and weed seeds. While recycling cotton gin waste is recommended for soil fertility and
conditioning, it does not guarantee complete sterilization of the compost media™’.
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4.3.3 Water

Four experiments (one replicated, one controlled) suggest using cotton gin waste to treat polluted

water™ ™,

4.3.4 Biodiversity
No effects on biodiversity have been identified.

4.4 Evidence review
4.4.1 Asia

4.4.1.1 Changes of organic carbon content in two soils by cotton gin waste amendment, a
by-product of agricultural industry?
Key message: Cotton gin waste increases soil organic matter.

Location: Antalya region, Turkey

Soil Water Biodiversity Yield
Structure | Fertility Quality Quantity | Diversity | Abundance

Impacts | Positive

Quality RR

A randomised, replicated experiment measured changes in organic carbon content in clay and sandy
loam after the addition of cotton gin trash. The experiment was carried out in pots in a greenhouse
with four levels of organic fertiliser (cotton gin trash): 0, 10, 20 and 40 t/ha. An analysis of cotton gin
trash found basic pH (5.96) and high content of organic matter as well as available potassium and
nitrogen. Organic carbon increased in both soils with increasing amounts of cotton gin trash, the
highest occurring in the 40 t/ha treatment. Overall, the increase was higher for clay than for sandy
loam.

4.4.2 Australia and Oceania

4.4.2.1 Changes in Vertisol properties as affected by organic amendments application
rates3
Key message: Cotton gin trash improves soil.

Location: New South Wales, Australia

Soil Water Biodiversity Yield
Structure | Fertility Quality Quantity | Diversity | Abundance

Impacts Positive Positive

Quality CRan CRan

A controlled, randomised study on a cracking clay soil (Vertisol) in New South Wales, Australia tried
to find the optimal rate for application of organic amendments. Five organic fertilisers applied at six
different rates (cotton gin trash, cattle manure, biosolids, composted chicken manure and liquefied
vermicast) were compared with an unamended control. The treatments were observed for six weeks
at 30°C in a growth cabinet. The study concluded that all fertilisers changed the soil’s chemical,
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physical and biological properties. As for cotton gin trash, microbiological properties were not
significantly affected, except for the highest application rate of 120 t/ha. Mean weight diameter of
the soil was not significantly affected, but increases were observed up to 30 t/ha. The light fraction
of organic matter increased significantly, except for the lowest application rate (7.5 t/ha). A
significant increase in nitrate-N (NO3-N) content was observed with the highest increase occurring at
60 t/ha. Similarly, phosphate-P (PO4-P) increased the most at 30 t/ha. No significant changes were
observed for Na concentration, but exchangeable K content increased significantly for all rates,
except 7.5 t/ha. The authors determined that cotton gin trash optimal application rate was 30 t/ha.

4.4.2.2 Organic amendments influence nutrient availability and cotton productivity in
irrigated Vertosols1>
Key message: Organic fertiliser does not affect soil structure, fertility, yields on a Vertosol.

Location: Narrabri, New South Wales, Australia

Soil Water Biodiversity Yield
Structure | Fertility Quality Quantity | Diversity | Abundance
Impacts | No effect | No effect No effect
Quality CRR CRR CRR

A controlled, randomised, replicated experiment on a Vertosol (cracking clay soil) in Narrabri, New
South Wales, Australia examined the influence of organic fertiliser on soil health. Three treatments
based on common local practice were tested: cattle manure (10 t/ha), composted cotton gin trash
(7.5 t/ha), commercial vermicompost liquid (50 L/ha). The results were compared to a control plot
that did not receive any organic fertiliser. All plots were also fertilized with a mineral fertiliser — urea
(60 kg N/ha). The study did not find any significant differences in soil characteristics between
treatments. Microbial biomass, respiration and nutrient uptake were not affected. The data on
exchangeable K and Na concentrations did not display a clear pattern, but except for two occasions
neither differed significantly. The phosphate-P concentration differed significantly only 12 months
after first application (111% for cattle manure and 55% increase for cotton gin trash compared to
the control). Also, vermicompost seemed to increase Zn, Fe, Cu and Mn concentrations. However,
the authors warned that rapid mineralisation of soil organic matter could lead to a long-term decline
in soil carbon stocks. Changes in the soil characteristics were only observed from one year to
another regardless of treatment. Yield did not vary significantly, either. The study concluded that
application of organic fertiliser at the rates used in the experiment did not have any major short-
term effects on soil quality. The authors pointed out that the result was valid for alkaline, swelling
soils typical for Australia’s cotton growing regions. Most similar studies showing positive results of
organic fertiliser application were conducted on acidic, non-swelling soils.
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4.4.2.3 Sorption and desorption of endosulfan sulfate and diuron to composted cotton gin
trashi1

Key message: Composted cotton gin trash sorbs pesticides, reduces contamination of pesticide-

laden water.

Location: Narrabri, New South Wales, Australia

Soil Water Biodiversity Yield
Structure | Fertility Quality Quantity | Diversity | Abundance
Impacts Positive
Quality C

A controlled experiment in Narrabri, New South Wales, Australia examined the potential use of
composted cotton gin trash to remedy water contaminated with pesticides. The authors
hypothesized that composted cotton gin trash could sorb diuron and endosulfan sulfate owing to the
high proportion of organic matter, which helps bind pesticides. The study concluded that composted
cotton gin trash could effectively sorb concentrations of diuron and endosulfan sulfate commonly
found in farm runoff (5-500 pglL-1 and 1-100 uglL-1, respectively).

4.4.3 Europe

4.4.3.1 Degradation and adsorption of terbuthylazine and chloropyrifos in biobed
biomixtures from composted cotton crop residuesi?
Key message: Composted cotton residues in biobeds reduce runoff, improve pesticide degradation.

Location: Volos, Greece

Soil Water Biodiversity Yield
Structure | Fertility Quality Quantity | Diversity | Abundance
Impacts Positive
Quality Rep

A replicated experiment on sandy loam in Volos, Greece investigated the effect of cotton gin trash
on decomposition of common pesticides — terbuthylazine and chlorpyrifos. The authors used
biobeds — a bioremediation system common in Northern Europe (holes in the ground in their
simplest form) that collects pesticide-laden runoff, thus preventing it from spilling off the field. The
biobed contains substances that promote rapid degradation of pesticides. In this study, degradation
was assessed on five substrates: sterilised soil, non-sterilised soil, soil and compost (3:1 ratio), soil
and compost (1:1), and soil and compost and straw (2:1:1). Adsorption was measured in two
treatments: soil, and soil and compost 1:1. The study found out that degradation of terbuthylazine
was slower compared with chlorpyrifos in all substrates studied. Compost biomixtures degraded
terbuthylazine better because organic matter and greater microbial activity destroyed the pesticide
faster. By contrast, degradation of the more lipophilic (that is, soluble in fats, oils, lipids) chlorpyrifos
proceeded slower in compost biomixtures because the organic matter in the compost acted as a
surface of adsorption (K4 = 746 mLg™ compared to Kq = 17 mLg™ for soil). Additionally, the more
alkaline conditions in soil (pH 8.5) compared to compost biomixtures (pH 6.6) might also have
contributed to faster dissolution of chlorpyrifos in that particular medium. The authors concluded
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that composted cotton residues could be used in biobeds, as they promoted degradation of
hydrophilic pesticides (terbuthylazine) and the adsorption of hydrophobic pesticides (chlorpyrifos).

4.4.3.2 Study of composting of cotton residues*
Key message: Crushed cotton waste composts better than uncrushed waste.

Location: Spain

Soil Water Biodiversity Yield
Structure | Fertility Quality Quantity | Diversity | Abundance
Impacts Positive Positive
Quality - -

A study in Spain compared the composting processes of uncrushed and crushed cotton residue. The
residues contained mainly seeds and husks of the flowers. The composting process took 191 days,
after which both crushed and uncrushed composts similarly increased their organic matter contents.
Both treatments also similarly increased the soil pH. The soil nitrogen content also increased in both
treatments, but the increase was much more substantial in the crushed treatment (N-Kjeldahl rose
from 1.34 to 2.96, as opposed to 1.83 to 2.05 for the uncrushed treatment). Overall, the crushed
treatment displayed the highest values of macronutrients and micronutrients.

4.4.3.3 Crushed cotton gin compost on soil biological properties and rice yields
Key message: Cotton gin waste increases soil organic matter, yields, improves soil structure, but
achieves better performance when combined with mineral fertiliser.

Location: Sevilla, Spain

Soil Water Biodiversity Yield
Structure | Fertility Quality Quantity | Diversity | Abundance
Impacts Positive Positive Positive
Quality CRR CRR CRR

A controlled, randomised, replicated experiment on an Aquic Xerofluvent in Sevilla, Spain applied
cotton gin waste on rice fields at different rates. The study tested for 10, 15 and 20 t/ha of cotton
gin waste with and without the addition of mineral fertiliser, comparing the results with a non-
fertilized control. The study concluded that the cotton gin compost was the main cause behind
carbon biomass increase in the soil. All treatment plots exhibited better values in terms of yield,
microbial activity, soil respiration, C/N ratio, other soil biological properties and nutrition than the
control plot. However, the plots that received mineral fertiliser as well performed even better than
the plots with cotton waste only. The authors pointed out that cotton waste contained very little
nitrogen, which was the reason for high C/N ratios in the soil fertilized with organic fertiliser only.
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4.4.3.4 Cotton fertilisation with composts of (sugarbeet) vinasse and agricultural
residues!
Key message: Vinasse combined with organic waste increase cotton yields, do not affect quality.

Location: Sevilla, Spain

Soil Water Biodiversity Yield
Structure | Fertility Quality Quantity | Diversity | Abundance
Impacts Positive
Quality CRR

A controlled, randomised, replicated study in Sevilla, Spain tested mixtures of beet vinasse combined
with different organic wastes. Beet vinasse is a biochemically desugarized remnant of sugarbeet rich
in N, K and organic matter, but due to high salt content, low P content and high density it is not ideal
as a standalone fertiliser. For that reason, it is mixed with other substances. The authors composted
vinasse for seven months with ten different organic wastes: olive-pressed cake, olive-pressed cake
and leonardite, cotton gin trash, cotton gin trash and leonardite, municipal solid waste, tobacco
dust, composted olive-oil-mill effluents, olive-oil-mill sludge, grape marc, and rice husk. The results
of this study were compared against a plot that received mineral fertiliser. A non-fertilized plot was
used as a control. The authors did not observe any differences in quality between the treatments
and control. All treatments produced higher yields than the control. Mineral fertiliser, rice husk,
municipal solid waste and the non-fertilized plot all yielded less than the mean yield commonly
obtained the locality, whereas all the other treatments produced more than the mean.

4.4.3.5 Effects of a compost made from the solid by-product (“alperujo”) of the two-phase
centrifugation system for olive oil extraction and cotton gin waste on growth and
nutrient content of ryegrass®

Key message: Cotton gin waste and alperujo mixture improves soil productivity, but works better in

combination with mineral fertiliser.

Location: Murcia, Spain

Soil Water Biodiversity Yield
Structure | Fertility Quality Quantity | Diversity | Abundance
Impacts Positive No effect
Quality CRep CRep

A controlled, replicated laboratory experiment on calcareous clay loam tested three compost
application rates (0, 40 and 80 t/ha) and two nitrogen fertilisation rates (0 kg N/ha and 60 kg N/ha)
on ryegrass. The compost mixture consisted of cotton gin waste and ‘alperujo’ — a by-product of
olive oil extraction. The mixture had basic pH, high C/N ratio, was rich in organic matter, and had
high potassium and nitrogen content, albeit not bioavailable. It was also low in other nutrients
compared to manure and other composts. The compost slightly stimulated plant growth and
increased yields despite its poor quality; additional nitrogen fertilisation improved soil productivity
considerably more. The authors recommended using compost in combination with mineral fertiliser
to enhance soil productivity.
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4.4.3.6 Effects of the application of a compost originating from crushed cotton gin
residues on wheat yield under dryland conditionss¢
Key message: Cotton gin waste compost improves soil structure, fertility, increases wheat yield.

Location: Sevilla, Spain

Soil Water Biodiversity Yield
Structure | Fertility Quality Quantity | Diversity | Abundance
Impacts Positive Positive Positive
Quality RR RR RR

A randomised, replicated study on calcareous Fluvisol in Sevilla, Spain examined the impact of cotton
gin waste compost on soil fertility. The design tested four treatments: no compost, 20, 40, 60 and 90
t/ha of compost. All treatments also received NH4;NO; at 150 kg N/ha. The study revealed that owing
to its organic matter content cotton gin waste compost improved soil microbial activity, structural
stability and porosity as well as yields.

4.4.3.7 Chemical changes during vermicomposting of sheep manure mixed with cotton
industrial wastes (vermicompost)’
Key message: Vermicomposting reduces salinity, increases mineralization of organic matter.

Location: Barcelona, Spain

Soil Water Biodiversity Yield
Structure | Fertility Quality Quantity | Diversity | Abundance
Impacts | Positive Positive
Quality

A study in Barcelona, Spain examined the variations in chemical composition of sheep manure alone
and in combination with cotton gin waste during 12 weeks of vermicomposting. The authors also
compared the results with treatments without earthworms. The presence of earthworms was
associated with lower salinity. The increase in P, Na and K also indicated that vermicomposting
accelerated mineralization of organic matter. The authors concluded that vermicomposting could be
an alternative method for recovery of industrial wastes as well as a low-cost fertiliser.
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4.4.4 North America

4.4.4.1 Removal of added nitrate in the single, binary and ternary systems of cotton burr
compost, zerovalent iron, and sediment: Implications for groundwater nitrate
remediation using permeable reactive barriers!3

Key message: Cotton burr compost is effective at removing nitrate from contaminated groundwater.

Location: USA

Soil Water Biodiversity Yield
Structure | Fertility Quality Quantity | Diversity | Abundance

Impacts Positive

Quality

An experiment in the U.S. tested the potential of cotton burr compost as a material for remediation
of groundwater nitrogen — a nutrient normally added through mineral fertilisation and a common
water contaminant. The study tested several materials: cotton burr compost by itself, Peerless Fe®
(iron) by itself, aquifer sediment from Elizabeth City, North Carolina by itself, cotton burr compost
and Peerless Fe® 1:1 (weight ratio), cotton burr compost and Peerless Fe° 1:5, iron and sediment 1:1,
cotton burr compost and sediment 1:1, cotton burr compost, iron and sediment 1:1:1, and cotton
burr compost, iron and sediment 1:5:1. The study found that cotton burr compost by itself
effectively removed nitrate from groundwater. It was not advantageous to mix it with any other
substance because cotton burr compost degraded nitrate more efficiently than any of the other
combinations.

4.4.4.2 Composting gin trash reduces waste disposal and pollution problems16
Key message: Chicken manure mixed with cotton gin waste at 1:3 ratio produce quality compost.

Location: Arizona, USA

Soil Water Biodiversity Yield
Structure | Fertility Quality Quantity | Diversity | Abundance

Impacts

Quality

An experiment in Arizona, USA tried to optimize cotton gin trash compost composition in order to
reduce pollution from burning cotton gin trash and provide compost rich in nitrogen. The study
tested different quantities of cotton gin trash mixed with the same quantity of chicken manure (a
nitrogen-rich source), composting the mixture over for days. The ratios of gin trash to chicken
manure (both dry weight) were 1:1, 3:1 and 5:1. The 3:1 ratio produced the most desirable compost
with the most uniform material and the finest particles.
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4.4.4.3 Use of cotton gin trash (CGT) to form a biological lagoon sealant*
Key message: Cotton gin trash can be used as a waste lagoon sealant.

Location: Georgia, USA

Soil Water Biodiversity Yield
Structure | Fertility Quality Quantity | Diversity | Abundance
Impacts Positive
Quality

A study in Georgia, USA looked into the possibility of utilizing cotton gin trash to treat industrial
discharge. The authors constructed soil columns with sandy loam at the top and the bottom and
cotton gin trash of different thickness in the middle. The columns were compacted twice during 15
days that water was allowed to percolate through them. The study found that compacted cotton gin
trash had the potential to be used to seal waste lagoons; ideal layer of cotton gin trash was less than
10cm.

4.4.5 South America

4.4.5.1 Yield of bean plant and changes in pH and soil organic matter as a function of
doses of compost cotton waste3
Key message: Cotton gin waste increases soil organic matter, fertility.

Location: Lavras, Brazil

Soil Water Biodiversity Yield
Structure | Fertility Quality Quantity | Diversity | Abundance
Impacts | Positive Positive Positive
Quality CRR CRR CRR

A controlled, randomised, replicated study conducted on an Acrisol in Brazil examined the effects of
cotton waste compost on soil and plant growth. The study tested five treatments: 0, 20, 40, 60 and
80 t/ha of cotton waste compost. The cotton waste compost increased growth and improved
productive characteristics in beans. It also caused an increase in soil pH and added soil organic
matter.
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5 Fertilisation using plant waste ‘0

.........

5.1 Description

Organic amendments are thought to provide benefits for long-term soil health. Fertilisation using
plant waste implies applying either plant waste or compost to improve soil properties, rather than
synthetic mineral fertiliser. Composting is a form of recycling and allows the creation of value from a
waste product: organic matter left over from previous crop is decomposed and used as organic
fertiliser the next season.

5.2 Quick facts
Definition and purpose: Using organic matter (plant waste or compost) to fertilise fields and
composting these leftover plant residues to improve soil properties

Benefits: Benefits long term soil health; builds more resilient systems; increases yields; and reduces
usage of synthetic fertilisers

5.3 Synthesis

All studies on the use of organic amendments in cotton associate composting or plant wastes with at
least some benefits to soil structure or fertility. There are no studies linking fertilisation of plant
waste and organic fertilisers to effects on water. Although studies provide ample material for
general conclusions to be drawn, one should note that composition of fertiliser mixtures as well as
experimental designs vary across studies.

Four studies (all controlled, randomised and replicated) indicate that compost increases yields
equally or more than mineral fertiliser'™.

5.3.1 Impact summary of the intervention
In total, ten studies were relevant, accessible and reviewed.

Biodiversity Yield \ Costs  Quality

Increases Increases

Positive | Positive Positive Positive

5.3.2 Soil

Eight studies (all of which were replicated, five of which were also controlled and randomised and
one which was also controlled) examining effects of plant waste fertilisation on soil highlight
benefits to soil health">*>%,

Three studies (all of which were replicated, two were also controlled and one was also randomised)
advocate applying organic fertiliser in combination with mineral fertiliser in order to reduce the
amount of mineral fertiliser necessary as well as to improve soil structure and fertility>®°. One study

from Australia (controlled, randomised and replicated) finds little benefit from this treatment™.

One replicated study indicates that compost prevents runoff and erosion’.
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5.3.3 Water
No effects on water have been identified.

5.3.4 Biodiversity
Two studies (both controlled, randomised and replicated) associate some organic substances with
pesticidal properties™®.

5.4 Evidence review
5.4.1 Africa

5.4.1.1 Effects of ploughing frequency and compost on soil aggregate stability in a cotton-
maize rotation in Burkina Faso®
Key message: Organic fertiliser and reduced tillage improve soil structure, prevent erosion.

Location: Bondoukouy, Burkina Faso

Soil Water Biodiversity Yield
Structure | Fertility Quality Quantity | Diversity | Abundance

Impacts | Positive

Quality Rep

A replicated experiment on loam (Luvisol) and sandy loam (Lixisol) in Bondoukouy, Burkina Faso
examined the impacts of mineral and organic fertiliser (compost) in combination with different
tillage frequencies in a cotton-maize sequence. The authors tested annual tillage (ox-ploughing) and
reduced tillage (ox-ploughing in the first year and hand-hoe scarifying in the second year) on eight
fields with four for each type of tillage. The fields were further split into subplots that tested for any
additional benefits from compost (mineral fertiliser was applied to all plots, compost consisting of
crop residues and cow dung only to some). The study concluded that reduced tillage significantly
improved the soil macroaggregate stability in the year of hand hoeing in both types of soil. Added
compost further limited the negative effects of ploughing on soil stability by increasing the mass of
water-stable macroaggregates. The study recommended adding organic fertiliser and reducing
tillage to improve the standard local practice of annual tillage and only applying mineral fertiliser.

5.4.1.2 Ploughing frequency and compost application effects on soil infiltrability in a
cotton-maize rotation system on a Ferric Luvisol and a Ferric Lixisol in Burkina
Faso”

Key message: Compost increases water infiltrability, thus reducing runoff and erosion.

Location: Bondoukouy, Burkina Faso

Soil Water Biodiversity Yield
Structure | Fertility Quality Quantity | Diversity | Abundance

Impacts Positive

Quality Rep

A replicated experiment on loam (Luvisol) and sandy loam (Lixisol) in Bondoukouy, Burkina Faso
examined water infiltration parameters in a cotton-maize sequence. The authors tested annual
tillage (ox-ploughing) and reduced tillage (ox-ploughing in the first year and hand-hoe scarifying in
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the second year) on eight fields with four for each type of tillage. The fields were further split into
subplots that tested for any additional benefits from compost (mineral fertiliser was applied to all
plots, compost consisting of crop residues and cow dung only to some). The authors discovered
higher soil hydraulic conductivities in the Lixisol (saturated soil hydraulic conductivity of 18-
275mm/h) than in the Luvisol (9-48 mm/h). The tillage frequency caused a statistically insignificant
difference most likely due to the specific nature of the soil (prone to crust formation). The addition
of compost, however, did improve soil hydraulic properties.

5.4.2 Asia

5.4.2.1 Prospecting cyanobacteria-fortified composts as plant growth promoting and
biocontrol agents in cotton?

Key message: Cyanobacteria-fortified compost is an effective and environmentally-friendly fertiliser

and biocontrol agent.

Location: Nagpur and Sirsa, India

Soil Water Biodiversity Yield
Structure | Fertility Quality Quantity | Diversity | Abundance
Impacts | Positive Positive Positive* | Positive* Positive
Quality CRR CRR CRR

* Inferred positive impact on biodiversity based on assumed lower use of pesticide.

A controlled, randomised, replicated study looked at biocontrol and biofertilizer potential of
cyanobacteria-based compost formulations in cotton. The study was conducted in two locations in
India — Nagpur and Sirsa. In Nagpur, the bacteria were tested as a fertiliser. In Sirsa, the bacteria
were introduced into a Rhizoctonia-infested (fungi) field. The study concluded that compost-based
formulations with Calothrix sp. and Anabaena sp. performed well, fertilizing the soil about as good
as, or better than, commercial fertiliser. The mixture increased available nitrogen in the soil by 20-
50%. The biofilmed formulation (Anabaena-T. viride) also improved the fungi-infested fields at Sirsa,
recording 11.1% lower plant mortality than commercial Trichoderma formulation.

5.4.2.2 Effect of organic amendments on Verticillium wilt on cotton?
Key message: Certain organic amendments (crab shell, soybean stalk, alfalfa) reduce the incidence
of disease in cotton and support beneficial microbes in soil.

Location: Fengqiu Ecology Station, China

Soil Water Biodiversity Yield
Structure | Fertility Quality Quantity | Diversity | Abundance
Impacts Positive Positive Positive
Quality CRR CRR CRR

A controlled, randomised, replicated experiment at Fengqiu Ecology Station, China evaluated the
effects of organic materials on disease control in cotton, focusing on Verticillium wilt. The study also
looked into the contribution of microorganisms in the rhizosphere (root zone) to disease control.
The experiment was conducted in a laboratory setting as well as in the field. Seven organic
amendments were tested: crab shell, soybean stalk, alfalfa, rice chaff, poultry manure, peanut cake
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and wheat straw. The amendments were also compared with an untreated control. The study
showed that organic amendments could be used successfully for disease control. In the pot trial,
crab shell performed best (80% protection for leaves, 72% for vascular tissues), followed by soybean
stalk (65% and 60%) and alfalfa (63% and 56%). Poultry manure, peanut cake and wheat straw gave
little protection. The field trial results mirrored the results from the pot experiment. The organic
amendments also increased the populations of beneficial soil microbes.

5.4.2.3 Integrated use of farm manure and mineral fertilisers to maintain soil quality for
better cotton>

Key message: Mineral fertiliser can be partially replaced by organic fertiliser without sacrificing

cotton yields.

Location: Faisalabad, Pakistan

Soil Water Biodiversity Yield
Structure | Fertility Quality Quantity | Diversity | Abundance
Impacts Positive No effect
Quality CRR CRR

A controlled, randomised, replicated study on sandy clay loam in Faisalabad, Pakistan examined the
effects of farm manure and mineral fertiliser on yields and soil properties in a cotton field. The
authors designed five treatments — farm manure at 20 Mg ha™*, fermented farm manure at 20 Mg ha
! half the recommended dose of NPK mineral fertiliser combined with farm manure at 20 Mg ha™,
half the recommended dose of NPK with fermented farm manure 20 Mg ha™, full recommended NPK
treatment (170, 85 and 60 kg ha™ — which they compared with a control. The study determined that
combined % NPK with fermented farm manure produced similar results in terms of growth
parameters and soil nutrient concentration as a full dose of mineral fertiliser by itself.

5.4.2.4 Yield and potassium use efficiency of cotton with wheat straw incorporation and
potassium fertilisation on soils with various conditions in the wheat-cotton
rotations system?

Key message: Wheat straw can replace synthetic fertiliser as a source of potassium.

Location: Dafeng and Nanjing, China

Soil Water Biodiversity Yield
Structure | Fertility Quality Quantity | Diversity | Abundance
Impacts Positive Positive Increases
Quality CRR CRR CRR

A controlled, randomised, replicated experiment on a sandy loam soil in Dafeng and a clay loam soil
in Nanjing, China, explored the possibility of replacing a synthetic K fertiliser for another source of
potassium — wheat straw — that is usually burned in China, rather than reused. The study consisted
of five treatments: wheat straw at 4500 kg/ha, wheat straw at 9000 kg/ha, K fertiliser (K,0) at 150
kg/ha and 300 kg/ha. The authors showed that soil available potassium concentration was the key
factor influencing cotton lint yield and potassium use efficiency was higher for wheat straw than for
K fertiliser (and higher for lower quantities of wheat straw or fertiliser). In conclusion, K fertiliser or
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wheat straw applied to soils with low available K concentration improved soil available K
concentration, thus reducing soil K depletion.

5.4.3 Australia and Oceania

5.4.3.1 Organic amendments influence nutrient availability and cotton productivity in
irrigated Vertosols1?
Key message: Organic fertiliser does not affect soil structure, fertility, yields on a Vertosol.

Location: Narrabri, New South Wales, Australia

Soil Water Biodiversity Yield
Structure | Fertility Quality Quantity | Diversity | Abundance
Impacts | No effect | No effect No effect
Quality CRR CRR CRR

A controlled, randomised, replicated experiment on a Vertosol (cracking clay soil) in Narrabri, New
South Wales, Australia examined the influence of organic fertiliser on soil health in a cotton field.
Three treatments based on common local practice were tested: cattle manure (10 t/ha), composted
cotton gin trash (7.5 t/ha), commercial vermicompost liquid (50 L/ha). The results were compared to
a control plot that did not receive any organic fertiliser. All plots were also fertilized with a mineral
fertiliser — urea (60 kg N/ha). The study did not find any significant differences in soil characteristics
between treatments. Microbial biomass, respiration and nutrient uptake were not affected. The
data on exchangeable K and Na concentrations did not display a clear pattern, but except for two
occasions neither differed significantly. The phosphate-P concentration differed significantly only 12
months after first application (111% for cattle manure and 55% increase for cotton gin trash
compared to the control). Also, vermicompost seemed to increase Zn, Fe, Cu and Mn
concentrations. However, the authors warned that rapid mineralisation of soil organic matter could
lead to a long-term decline in soil carbon stocks. Changes in the soil characteristics were only
observed from one year to another regardless of treatment. Yield did not vary significantly, either.
The study concluded that application of organic fertiliser at the rates used in the experiment did not
have any major short-term effects on soil quality. The authors pointed out that the result was valid
for alkaline, swelling soils typical for Australia’s cotton growing regions. Most similar studies showing
positive results of organic fertiliser application had been conducted on acidic, non-swelling soils.

5.4.4 Europe

5.4.4.1 Cotton fertilisation with composts of (sugarbeet) vinasse and agricultural
residues3
Key message: Vinasse combined with organic waste increase cotton yields, do not affect quality.

Location: Sevilla, Spain

Soil Water Biodiversity Yield
Structure | Fertility Quality Quantity | Diversity | Abundance
Impacts Positive
Quality CRR

A controlled, randomised, replicated study in Sevilla, Spain tested mixtures of beet vinasse combined
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with different organic wastes. Beet vinasse is a biochemically desugarized remnant of sugarbeet rich
in N, K and organic matter, but due to high salt content, low P content and high density it is not ideal
as a standalone fertiliser. For that reason, it is mixed with other substances. The authors composted
vinasse for seven months with ten different organic wastes: olive-pressed cake, olive-pressed cake
and leonardite, cotton gin trash, cotton gin trash and leonardite, municipal solid waste, tobacco
dust, composted olive-oil-mill effluents, olive-oil-mill sludge, grape marc, and rice husk. The results
of this study were compared against a plot that received mineral fertiliser. A non-fertilized plot was
used as a control. The authors did not observe any differences in quality between the treatments
and control. All treatments produced higher yields than the control. Mineral fertiliser, rice husk,
municipal solid waste and the non-fertilized plot all yielded less than the mean yield commonly
obtained in the locality, whereas all the other treatments produced more than the mean.

5.4.4.2 Effects of a compost made from the solid by-product (“alperujo”) of the two-phase
centrifugation system for olive oil extraction and cotton gin waste on growth and
nutrient content of ryegrass®

Key message: Cotton gin waste and alperujo mixture improves soil productivity, but works better in

combination with mineral fertiliser.

Location: Murcia, Spain

Soil Water Biodiversity Yield
Structure | Fertility Quality Quantity | Diversity | Abundance
Impacts Positive No effect
Quality CRep CRep

A controlled, replicated laboratory experiment on calcareous clay loam tested three compost
application rates (0, 40 and 80 t/ha) and two nitrogen fertilisation rates (0 kg N/ha and 60 kg N/ha)
on ryegrass. The compost mixture consisted of cotton gin waste and ‘alperujo’ — a by-product of
olive oil extraction. The mixture had basic pH, high C/N ratio, was rich in organic matter, and had
high potassium and nitrogen content, albeit not bioavailable. It was also low in other nutrients
compared to manure and other composts. The compost slightly stimulated plant growth and
increased yields despite its poor quality; additional nitrogen fertilisation improved soil productivity
considerably more. The authors recommended using compost in combination with mineral fertiliser
to enhance soil productivity.

5.4.4.3 Oregano green manure for weed suppression in sustainable cotton and corn fields*
Key message: Oregano green manure inhibits pest growth, increases yields.

Location: Thessaloniki, Greece

Soil Water Biodiversity Yield
Structure | Fertility Quality Quantity | Diversity | Abundance
Impacts Positive Positive
Quality CRR CRR

A controlled, randomised, replicated two year experiment on calcareous loam in Thessaloniki,
Greece studied the potential of oregano green manure as a green herbicide. The study was
conducted with four treatments of different oregano biotypes and two controls, one of which had
weed and the other was weed-free. The study revealed that oregano green manure could supplant
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synthetic herbicides, as the manure reduced the emergence of common purslane by 0-55%, of
barnyard grass by 38-52%, and of bristly foxtail by 43-86%. At the same time, cotton lint yields in
treatment plots exceeded those in the weedy control by 24-88%. However, they were significantly
lower than those in the weed-free control.
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6 Animal manure

6.1 Description ‘I I.

Animal manure, a traditional organic input, can be used as a fertiliser and is thought to provide
benefits for long-term soil health (e.g. by adding organic matter content). While farmers often add
manure to their fields as they perceive its long-term benefits, it is often argued that animal manure
alone cannot provide all the nutrients for a number of reasons including the fact that slow release of
nutrients from manure is not ideal considering cotton’s needs.

6.2 Quick facts

Definition and purpose: Incorporating animal manure into cotton nutrient management plans as a
means of fertilising crops using an organic waste product

Benefits: Improves soil health; and reduces reliance on synthetic fertiliser

6.3 Synthesis

Although there are only a few studies on the environmental effects of animal manure on cotton
production, they all agree on animal manure’s benefits to soil fertility. Some effects on biodiversity
can be inferred from studies exploring the use of organic pesticides to treat cotton fields. Although
studies are generally conclusive, one should note that manures themselves, the composition of
manure mixtures generally, as well as experimental designs vary across locales and studies; for
example, cattle manure can vary greatly in terms of quality and fertiliser value depending on where
it comes from.

Animal manure is often unable to meet crop nutrient demand over large areas because of limited
guantities available, low nutrient content and high labour demands with regards to processing and
application. While there remain significant gaps in experimental design and information,
supplementing animal manures with inorganic fertilisers should be considered®. A more recent study
suggests that adding effective microorganisms to a mixture of inorganic and organic fertilisers would
increase cotton crop yield and save mineral nitrogen fertilisation; however, this again needs further
research’.

6.3.1 Impact summary of the intervention
In total, 7 studies were relevant, accessible and reviewed.

Soil Water \ Biodiversity Yield Costs  Quality
Structure Fertility Quality \ Quantity \ Diversity Abundance

Is not

imi iti Increases
Limited | Positive affected

evidence

6.3.2 Soil

Three studies (two controlled, randomised and replicated, and one long-term) suggest that mixing
animal manure with regular fertiliser reduces the quantity of synthetic fertiliser needed, while
maintaining or improving yield levels>®.

Two studies (one controlled, randomised and replicated) indicate soils’ accelerated mineralisation
of organic matter after addition of animal manure®’.
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Lastly, six studies (of which three were controlled, randomised, replicated, one was long-term and

137 One study concludes that animal

one randomised) agree on improvements of soil fertility
manure has no effect?, although it also notes that it was conducted on a particular type of Australian

soil that differed from where most similar studies had been carried out.

6.3.3 Water
No effects on water have been identified.

6.3.4 Biodiversity
No effects on biodiversity have been identified.

6.4 Evidence review
6.4.1 Asia

6.4.1.1 Integrated use of farm manure and mineral fertilisers to maintain soil quality for
better cotton3
Key message: Mineral fertiliser can be partially replaced by animal manure without sacrificing cotton

yields.

Location: Faisalabad, Pakistan

Soil Water Biodiversity Yield
Structure | Fertility Quality Quantity | Diversity | Abundance
Impacts Positive No effect
Quality CRR CRR

A controlled, randomised, replicated study on sandy clay loam in Faisalabad, Pakistan examined the
effects of farm manure and mineral fertiliser on yields and soil properties in a cotton field. The
authors designed five treatments — farm manure at 20 Mg ha™, fermented farm manure at 20 Mg ha
!, half the recommended dose of NPK mineral fertiliser combined with farm manure at 20 Mg ha™,
half the recommended dose of NPK with fermented farm manure 20 Mg ha, full recommended NPK
treatment (170, 85 and 60 kg ha™) — which they compared with a control. The study determined that
combined % NPK with fermented farm manure produced similar results in terms of growth
parameters and soil nutrient concentration as a full dose of mineral fertiliser by itself.

6.4.1.2 Trend and stability analysis to interpret results of long-term effects of application
of fertilisers and manure to cotton grown on rainfed Vertisols*

Key message: Manure increases yields, improves soil structure. However, it performs best when

combined with conventional fertiliser. Crop rotation increases yields, makes them more stable.

Location: Nagpur, India

Soil Water Biodiversity Yield
Structure | Fertility Quality Quantity | Diversity | Abundance
Impacts Positive Positive
Quality long- long-
term (17 term (17
years) years)
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A long-term experiment on Vertisols in Nagpur, India running from 1985/86 until 2002/03 examined
the influence of cropping systems (monocropping cotton and cotton in rotation with sorghum) and
different fertilisers (manure and mineral) on yield outcomes under rainfed conditions. The study
found that crop rotation as opposed to monocropping gave more stable and higher (1828 kg/ha
versus 1384 kg/ha) yields. The authors also observed that manure and fertiliser applied together
produced the highest mean yield response (1218 kg/ha). Lastly, soil available P and Zn were greater
with manure added than without it.

5.5.1.1 Productivity and sustainability of cotton-wheat cropping system as influenced by
prilled urea, farmyard manure and azotobacter>

Key message: Combination of mineral and organic fertiliser increases yields, maintains long-term

soil fertility.

Location: New Delhi, India

Soil Water Biodiversity Yield
Structure | Fertility Quality Quantity | Diversity | Abundance
Impacts Positive Positive
Quality CRR CRR

A controlled, randomised, replicated experiment on sandy loam in New Delhi, India analysed the
direct and residual effect of mineral, organic and Azobacter-combined sources of nitrogen on the
performance of cotton-wheat rotation over two seasons. The experiment tested for eleven
treatments combining various levels of the three aforementioned fertilisers. The results revealed
that bolls per plant increased with increasing rates of nitrogen mineral fertiliser or mixtures of
mineral fertiliser with organic fertiliser. In particular, 30 kg N/ha (mineral fertiliser) could be saved if
farmyard manure were to be applied. Quality parameters of cotton were not significantly affected
by either treatment. The study concluded that combined application of inorganic, organic and
Azobacter sources of nitrogen increased cotton yield and maintained long-term soil fertility.

5.5.1.2 Effects of farmyard manure and fertilisers on yield, fibre quality and nutrient
balance of rainfed cotton’
Key message: Manure contributes to positive nutrient balance, sustains soil fertility.

Location: Nagpur, India

Soil Water Biodiversity Yield
Structure | Fertility Quality Quantity | Diversity | Abundance
Impacts Positive Positive
Quality CRR CRR

A controlled, randomised, replicated study in Nagpur, India investigated the effects of farmyard
manure, different mineral fertilisers, and their interactions on yield, fibre quality and nutrient
balance. The authors applied 5 Mg/ha of manure or none on plots receiving different combinations
of mineral fertiliser: PK, NK, NP and NPK. The mineral fertilisers used were 60 kg N/ha of urea (N), 13
kg P/ha of super phosphate (P) and 25kg K/ha of muriate of potash (K). The effects of manure and
fertiliser were significant only in the first of the two years of the study, although control plots
generally produced the lowest yield and the plots receiving manure yielded more than any other
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treatments. Of the mineral fertilisers, only N increased yields. The other minerals did not elicit a
significant response. Likewise, interaction between mineral and organic fertiliser did not result in a
significant effect. Fibre quality also remained unaffected by fertilisation, although per cent lint in the
seed cotton was significantly greater in the manure treatments. Lastly, nutrient balance of the tree
minerals (inputs of fertiliser and manure minus outputs represented by crop uptake) was positive for
the plots that were treated with manure and negative in the other plots.

6.4.2 Australia and Oceania

6.4.2.1 Organic amendments influence nutrient availability and cotton productivity in
irrigated Vertosols8
Key message: Organic fertiliser does not affect soil structure, fertility or yields on a Vertosol.

Location: Narrabri, New South Wales, Australia

Soil Water Biodiversity Yield
Structure | Fertility Quality Quantity | Diversity | Abundance
Impacts | No effect | No effect No effect
Quality CRR CRR CRR

A controlled, randomised, replicated experiment on a Vertosol (cracking clay soil) in Narrabri, New
South Wales, Australia examined the influence of organic fertiliser on soil health in a cotton field.
Three treatments based on common local practice were tested: cattle manure (10 t/ha), composted
cotton gin trash (7.5 t/ha) and commercial vermicompost liquid (50 L/ha). The results were
compared to a control plot that did not receive any organic fertiliser. All plots were also fertilized
with a mineral fertiliser — urea (60 kg N/ha). The study did not find any significant differences in soil
characteristics between treatments. Microbial biomass, respiration and nutrient uptake were not
affected. The data on exchangeable K and Na concentrations did not display a clear pattern, but
except for two occasions neither differed significantly. The phosphate-P concentration differed
significantly only 12 months after first application (111% for cattle manure and 55% increase for
cotton gin trash compared to the control). Also, vermicompost seemed to increase Zn, Fe, Cu and
Mn concentrations. However, the authors warned that rapid mineralisation of soil organic matter
could lead to a long-term decline in soil carbon stocks. Changes in the soil characteristics were only
observed from one year to another regardless of treatment. Yield did not vary significantly, either.
The study concluded that application of organic fertiliser at the rates used in the experiment did not
have any major short-term effects on soil quality. The authors pointed out that the result was valid
for alkaline, swelling soils typical for Australia’s cotton growing regions. Most similar studies showing
positive results of organic fertiliser application had been conducted on acidic, non-swelling soils.
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6.4.3 Europe

6.4.3.1 Chemical changes during vermicomposting of sheep manure mixed with cotton
industrial wastess
Key message: Vermicomposting reduces salinity, increases mineralization of organic matter.

Location: Barcelona, Spain

Soil Water Biodiversity Yield
Structure | Fertility Quality Quantity | Diversity | Abundance

Impacts | Positive Positive

Quality - -

A study in Barcelona, Spain examined the variations in chemical composition of sheep manure alone
and in combination with cotton gin waste during 12 weeks of vermicomposting. The authors also
compared the results with treatments without earthworms. The presence of earthworms was
associated with lower salinity. The increase in P, Na and K also indicated that vermicomposting
accelerated mineralization of organic matter. The authors concluded that vermicomposting could be
an alternative method for recovery of industrial wastes as well as a low-cost fertiliser.

6.4.4 North America

6.4.4.1 Long-term effects of poultry litter and conservation tillage on crop yields and soil
phosphorus in cotton-cotton-corn rotation?

Key message: Poultry litter maintains soil fertility by maintaining soil pH and building up phosphorus

in soil.

Location: Belle Mina, Alabama, USA

Soil Water Biodiversity Yield
Structure | Fertility Quality Quantity | Diversity | Abundance
Impacts Positive Mixed
Quality Ran Ran

A long-term (5 years), randomised field experiment on a silt loam in Belle Mina, Alabama, USA
assessed the benefits of poultry litter, conservation tillage and cover crop on cotton lint yields.
Second, the status of phosphorus in soil after long-term application of poultry litter was evaluated.
The study consisted of 11 treatments combining cover crops (or lack thereof), tillage systems and
sources of nitrogen. Cotton was followed by rye or fallow, was conventionally tilled, mulch tilled or
no-tilled, and the source of nitrogen was either none (unfertilized), ammonium nitrate or poultry
litter. Ammonium was applied at 100 kg/ha of N, whereas poultry litter was applied at 100 kg/ha of
N or 200 kg/ha of N. Different tillage systems produced similar yield at 100 kg/ha of N added by
ammonium nitrate. Poultry litter at the same rate reduced yield by 12% in a conventionally tilled
system and by 11% in a minimum tilled system. No-tilled plots with 200 kg/ha of N of poultry litter,
however, gave similar yields as conventionally and mulched tilled plots with ammonium added at
100 kg/ha of N. In terms of soil health, long-term application of poultry manure at 100 kg/ha of N
helped maintain original soil pH in conventional and mulched tillage systems, whereas soil pH
decreased after ammonium application. In no-till plots, manure at 100 kg/ha was not enough to
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maintain pH, but 200 kg/ha did manage to maintain it. Finally, application of poultry litter generally
resulted in build-up of phosphorus.
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Pest management

Section Overview

Cotton production is threatened by a number of different pests. Production systems often rely on
synthetic pesticides to control and manage pest populations; these inputs however can be costly and
can cause significant damage to local water supplies, biodiversity and human health. To avoid
overdependence on synthetic pesticides, a number of other practices are used, three of which were
identified and researched using a number of terms (See Appendix 3.1: Primary Search and Appendix
3.2: Secondary Search). Reviewing ‘Pest management ’ interventions more generally yielded a
number of studies on genetic modification and its impact on biocontrol services. The intervention
‘Promoting Biocontrol using Genetic Modification’ is therefore a compilation of the gm-focussed
studies that were not captured by the other categories. This does not signify that there is a lack of
studies or of evidence since the topic itself was not explicitly researched here.

Section Chapters

Chapter 7: Organic Pesticide Evidence Yield Cost Q”““‘Y
, * .’ ¢ e \ l - \
| 1
'\ e O \E
-
None Limited Mlxed Limited evidence Medium Is not affected

Definition and purpose: Using pesticides made from plants with insecticidal properties to control pests organically
Benefits: Reduces pest incidence; and reduces need for synthetic pesticides

Chapter 8: Pesticide Use Ewdence Yield Cost G‘uallty
Positive Posnwe Posmve Limited evidence Increases

Definition and purpose: Optimising the amount of pesticide used as a means of controlling pests and weeds wh|le minimising
unnecessary pollution or negative impacts on non-target organisms
Benefits: Reduces pesticide use; reduces risk of water pollution; and reduces likelihood of harming beneficial insects

Chapter 9: Habitat Management Evidence Yield Cost Quality
None None Positive Not affected Medium Increases

Definition and purpose: Managing habitats around cotton fields to create favourable natural habitats for beneficial insects
Benefits: Reduces insecticide use; reduced water/soil pollution; and conservation of beneficial insects

Chapter 10: Promoting Biocontrol P i Eo Quality

through Genetic Modification® § W @ -?
‘ ~S_ v
Limited Limited Positive Mixed Mixed Mixed

Definition and purpose: Controlling pests by using crop breeding and genetic modification to promote natural predators
Benefits: Eliminates or delays application of insecticides; promotes natural predation; and reduces water/soil pollution
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Organic pesticide %

\
7.1 Description ‘
Some naturally occurring substances (e.g. a compound extracted from neem tree) can be applied for
pest control in lieu of synthetic pesticides. Organic pesticides like botanical sprays tend to be only
selectively toxic, that is, they are usually not harmful to beneficial insects (although some are), other
animals or humans. Owing to their lower toxicity and natural origin, it is generally assumed that they
do not pollute soil and water.

7.2 Quick facts
Definition and purpose: Using pesticides made from plants with insecticidal properties to control
pests organically

Benefits: Reduces pest incidence; and reduces need for synthetic pesticides

7.3 Synthesis

Studies highlight beneficial effects of organic pesticides on biodiversity, but the evidence is not clear-
cut. Positive effects on water and biodiversity frequently have had to be assumed from studies
whose primary research objective was a different aspect of organic pesticides. Contrary to
expectations, no studies have been identified that would explain impacts of organic pesticides on
water. Effects of any kind on soils have not been found, either.

7.3.1 Impact summary of the intervention
In total, 16 studies were relevant, accessible and reviewed.

Soil Water \ Biodiversity Yield Costs Quality
Structure Fertility Quality \Quantity\ Diversity Abundance

Limited Is not

Limited evidence affected

evidence

7.3.2 Soil
No effects on soil have been identified.

7.3.3 Water
No effects on water have been identified.

7.3.4 Biodiversity

Interactions between different organic substances, other biological agents, such as natural
predators, and cotton are complex. Effects of these interactions vary and are not yet fully
understood. One (controlled, replicated) study claims that neem is selective and not harmful to
natural predatorsl, while two other studies (both randomised, one also controlled) maintain the
opposite®*. One study (controlled, randomised, replicated) concludes that some botanical
substances produce a negative effect on plant-growth promoting bacteria, while others do not®.
Therefore, the impacts of organic pesticides on biodiversity cannot be generalized.

Two studies (both controlled, randomised, replicated) show that botanical pesticides may only have

56
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short-term repellent effects or are not toxic to certain pests at all™”. As two studies specifically
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recommend (both controlled and replicated, one also randomised), organic pesticides work best if
applied in combination with other measures, for example, as part of Integrated Pest management
strategies™’.

7.4 Evidence Review
7.4.1 Africa

7.4.1.1 Field evaluation of the efficacy of neem oil and Beauveria bassiana in cotton
production®

Key message: Natural enemies are more abundant and yield is somewhat higher in fields treated

with biopesticides. However, yield is even higher and production is more economically viable in

fields utilizing synthetic pesticides.

Location: Kandi, N’Dali and Djidja districts, Benin

Soil Water Biodiversity Yield
Structure | Fertility Quality Quantity | Diversity | Abundance
Impacts Positive Positive Negative
Quality CRR CRR CRR

A controlled, randomised, replicated field experiment in Kandi, N’Dali and Djidja districts in Benin
examined the differences in outcomes of four pest management strategies: a standard calendar-
based application or synthetic pesticide, so-called LEC (Lutte Etagée Ciblée), in which farmers applied
synthetic pesticides based on threshold levels of infestation, and two strategies based on organic
pesticides (neem oil alone and neem oil combined with the entomopathogenic fungus Beauveria
bassiana). The results were compared to a control that only received water. The study found that
the plots that had received biopesticide produced 26-42% higher yields than the control and the
conventional and LEC strategy produced 44-55% higher yields. The study recommended using LEC, as
it scored best in terms of profitability as well as yield. The incidence of natural enemies, however,
was highest in the control group and in the fields treated with organic pesticides.

7.4.1.2 Biological, cultural and selective methods for control of cotton pests in Egypt°®
Key message: Strategies aiming to delay the first application of insecticide, which minimize its use,
help preserve beneficial insects.

Location: Egypt

Soil Water Biodiversity Yield
Structure | Fertility Quality Quantity | Diversity | Abundance
Impacts Positive Positive
Quality - -

A paper on pest control strategy in Egypt during the 1980s gave an overview of non-insecticidal
practices such as paying children to collect the eggs of Egyptian cotton leaf worm. The authors
concluded that practices delaying the use of synthetic insecticides helped preserve beneficial fauna.
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7.4.2 Asia

7.4.2.1 Evaluation of botanical and synthetic insecticides for the management of cotton
pest insects19

Key message: Synthetic insecticide is more toxic to pests than botanical insecticide and produces the

highest yields, though botanical insecticide reduces pest populations significantly and still increases

yields, as opposed to an untreated field.

Location: Pakistan

Soil Water Biodiversity Yield
Structure | Fertility Quality Quantity | Diversity | Abundance
Impacts Positive
Quality CRR

A controlled, randomised, replicated experiment compared the performance of neem oilat 1, 1.5
and 2% concentrations, need seed water extract at 1, 2 and 3% concentrations, and a commercial
synthetic insecticide (Polytrin-C). The study evaluated the efficiency of these insecticides on
whiteflies, jassids, thrips, spotted bollworm, pink bollworm. Additionally, the study considered the
impacts on yields. The synthetic pesticide generally achieved a reduction in pest populations
between 75% and 90%. For example, Polytric-C reduced whitefly populations by 87.23%. The
botanical sprays generally performed better at the highest concentrations and reduced the
incidence of pest roughly by 25% to 60%. For example, whitefly populations were reduced by 57.46%
(oil) and 48.29% (water extract). Lastly, the study revealed that neem oil at 1.5% and 2% and neem
seed water extract at 3% increased yield of seed cotton. The treatments produced 676.2 kg/ha, 1095
kg/ha and 1010 kg/ha, respectively, compared to the untreated control that produced only 333.3
kg/ha. Lower concentrations of botanical insecticide yielded quantities statistically similar to the
control. The plots treated with Polytrin-C produced 1600 kg/ha.

7.4.2.2 The joint action of destruxins and botanical insecticides (rotenone, azadirachtin
and paeonolum) against the cotton aphid, Aphis gossypii Glover?
Key message: There are synergies between destruxins and botanical insecticides.

Location: China

Soil Water Biodiversity Yield
Structure | Fertility Quality Quantity | Diversity | Abundance
Impacts Variable Variable
Quality CRep CRep

A controlled, replicated experiment in China mixed destruxins and botanical insecticides to study
their interactions and discover possible synergies. The insecticides consisted of 95% rotenone, 98%
paeonolum and 34% azadirachtin powder. They were mixed with 34.2% destruxins powder at ratios
from 10:0 to 0:10 (increments of 1). The study revealed additive effects in destruxins mixed with
rotenone, azadirachtin and paeonolum for most ratios.
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7.4.2.3 Effects of different neem preparations on comparison to synthetic insecticides on
the whitefly parasitoid Encarsia sophia and the predator Chrysoperla carnea on
cotton under laboratory conditions!

Key message: Neem-based insecticides are not toxic to beneficial predators.

Location: Punjab, India

Soil Water Biodiversity Yield
Structure | Fertility Quality Quantity | Diversity | Abundance
Impacts Positive Positive
Quality CRep CRep

A controlled, replicated laboratory experiment in Punjab, India examined the effectiveness of a
commercial neem-based insecticide and three synthetic insecticides (chlorpyriphos, endosulfan,
triazophos) against immatures and adult emergence of natural predators of Bemisia tabaci
(whitefly). Water was used as a control. The study evaluated toxicity upon contact and feeding
toxicity of the insecticide NeemAzal T/S (1.0%) at 200mg/I, 400mg/|, and 800mg/I. The insecticide
did not cause any effects on immatures of Encarsia sophia at lower concentrations (emergence 21
days after treatment of 88.2% and 84.4% for 200mg/| and 400mg/I, respectively), but it did cause a
significant reduction (54.7% emergence compared to 89.6% in the control) at the highest
concentration. The three synthetic insecticides all showed a significant reduction (emergence ranged
from 13.23% for triazophos to 44.79% for chlorpyriphos). Similar effects were observed in E. sophia
adults: synthetic insecticides nearly eradicated them (e.g. 97% mortality for triazophos), whereas
neem extract caused a much smaller, albeit significant reduction (16-32% mortality, depending on
concentration). Feeding toxicity of neem-based insecticide was dosage-dependent. In case of
Chrysoperla carnea, the study examined the effects three neem-based insecticides, which did not
induce any adverse effects on egg hatchability of the beneficial whitefly predator. The results were
compared to a water control and a triazophos treatment. Triazophos, causing only 5.66%
hatchability, proved extremely toxic. Higher concentrations of neem insecticide somewhat increased
the mortality or first and second instar larvae, but the synthetic insecticide caused over 80%
mortality for all three larvae stages. All three synthetic insecticides showed high contact as well as
feeding toxicity. By contrast, organic insecticides were not toxic to beneficial predators.

7.4.2.4 Residual toxicity and biological effects of neem oil against cotton mealybug!!
Key message: Neem oil is effective against cotton mealybug.

Location: Dera Ismail Khan, Pakistan

Soil Water Biodiversity Yield
Structure | Fertility Quality Quantity | Diversity | Abundance

Impacts
Quality

A laboratory experiment investigated the effect of six concentrations of neem oil (5000, 10000,
15000, 20000, 25000, 30000 ppm) on residual toxicity and on growth regulating effects on cotton
mealybug (Phenacoccus solenopsis). Distilled water was used as a control. Neem oil significantly
affected the days to cocoon formation, pupal period and male adult longevity with 30000 ppm being
the most effective concentration. The study also discovered that females laid significantly fewer eggs




Organic pesticide | Pest management 75

-~

when treated (ranging from 229 eggs for 5000 ppm to 87.89 eggs for 30000 ppm), compared to
control (325.8 eggs). 30000 ppm also eradicated 70% of cotton mealybug nymphs with lower
concentrations having lesser effect. Only 5000 ppm did not produce significant nymph mortality. The
study concluded that neem oil at higher concentrations (25000 and 30000) had significant adverse
effects on cotton mealybug. The authors also discovered that neem oil could be stored up to three
months under shade conditions and still preserve its effectiveness.

7.4.3 Australia and Oceania

7.4.3.1 Effects of neem-fed prey on the predacious insects Harmonia conformis and
Mallada signatus?
Key message: Neem seed extract may adversely affect beneficial natural predators.

Location: Australia

Soil Water Biodiversity Yield
Structure | Fertility Quality Quantity | Diversity | Abundance
Impacts Negative* | Negative*
Quality CRan CRan

* Though not directly toxic, the study showed negative effects of neem on certain predators.

A controlled, randomised experiment in Australia investigated the effects of indirect exposure of
natural predators to neem seed extracts. H. conformis adults and M. signatus larvae (both
predators) were fed Helicoverpa armigera larvae (prey) that had eaten neem oil solution. The
experiment consisted of three treatments: 50 and 200 ppm azadirachtin (active substance from
neem) and 50 ppm endosulfan (a synthetic pesticide). Distilled water was used as a control. The
study concluded that neither pesticide caused direct mortality to the predators at the tested
concentrations. However, both biopesticide treatments adversely affected pupal survival of M.
signatus. The 50 ppm treatment killed some 50% of the individuals. The 200 ppm treatment killed
all. The authors urged caution when applying neem-based pesticides due to their negative effects on
natural predators.

7.4.4 North America

7.4.4.1 Management of Meloidogyne incognita on cotton by use of botanical aromatic-
compounds??
Key message: Botanical substances reduce the incidence of pest, do not affect yield.

Location: Alabama, USA

Soil Water Biodiversity Yield
Structure | Fertility Quality Quantity | Diversity | Abundance
Impacts Positive* Positive* | Positive* No effect
Quality - - - CRR

* Assumed, given that the study mentions negative effects of synthetic pesticides on groundwater
quality and animal health.

A controlled, randomised, replicated experiment in Alabama, USA examined pesticidal properties of
four botanical substances on a sandy loam soil infested with Meloidogyne incognita. Benzaldehyde,
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citral, furfural, menthol, and a-terpineol — all naturally occurring substances — were added to the soil
at rates of 0.10, 0.25, and 0.50 millilitres per kilogram of soil. No compound in any rate reduced
plant height. All rates of citral and menthol increased plant height. All compounds at all rates
reduced the number of Meloidogyne incognita, but the rate of 0.25 ml/kg was as effective as the
higher rate of 0.50 ml/kg in all cases. Thus, the study determined that effective rates were between
0.10 ml/kg and 0.25 ml/kg.

7.4.4.2 Effect of botanical aromatic compounds and seed-surface pH on growth and
colonization of cotton plant growth-promoting rhizobacteria*

Key message: Some botanical substances (furfural) negatively affect plant-growth promoting

bacteria, but others (citral, benzaldehyde) do not and can be used with bacteria as part of Integrated

Pest management .

Location: Alabama, USA

Soil Water Biodiversity Yield
Structure | Fertility Quality Quantity | Diversity | Abundance
Impacts Variable Variable
Quality CRR CRR

A controlled, randomised, replicated experiment in Alabama, USA investigated the interaction
between eleven strains of plant-growth promoting rhizobacteria and three botanical pesticides
(furfural, citral, and benzaldehyde). The authors performed an in vitro test and a field experiment
(both were controlled, randomised, replicated). Furfural and benzaldehyde adversely affected all
bacterial strains in vitro, some of which were killed by the compounds. The strains tolerated citral,
but their growth was still reduced. In the field, citral and benzaldehyde did not produce any effect on
the beneficial bacteria, but furfural reduced the level of colonization across all strains. Citral and
benzaldehyde affected only two strains (IMP 7 colonization was decreased by both, IMP 11 was
increased by benzaldehyde and decreased by citral).

7.4.4.3 Inhibition of aflatoxin production in Aspergillus flavus infected cotton bolls after
treatment with neem (Azadirachta indica) leaf extracts13
Key message: Neem inhibits contamination of cottonseed by aflatoxin from a parasitic fungus.

Location: USA

Soil Water Biodiversity Yield
Structure | Fertility Quality Quantity | Diversity | Abundance

Impacts
Quality

A controlled experiment in the USA studied insecticidal and fungicidal properties of neem. Neem
extract was applied to two treatment groups: one received the extract 48 hours before infestation
with Aspergillus flavus and the other received it at the same time as the infection. The authors
measured fungal growth and aflatoxin production. The treatment 48 hours before inhibited over
98% of aflatoxin production, whereas only a 16% reduction was observed in the treatment with the
simultaneous application. The authors also found that neem leaf extract did not kill the fungus.
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7.4.4.4 Deterrent effects of four neem-based formulations on gravid female boll weevil
feeding and oviposition on cotton squares>
Key message: Neem repels boll weevil for a short period of time, but is not toxic against it.

Location: Weslaco, Hidalgo County, Texas, USA

Soil Water Biodiversity Yield
Structure | Fertility Quality Quantity | Diversity | Abundance

Impacts
Quality

A controlled, randomised, replicated laboratory experiment in Weslaco, Hidalgo County, Texas, USA
tested the reaction of gravid female boll weevils to three commercial neem-based insecticides
(Agroneem, Neemix, Ecozin) and neem extracts of different concentrations (1,036ug, 16,506 ug, 471
ug and 223ug of azadirachtin per mL). The authors dipped 7mm diameter cotton square in a
treatment or a control and released a weevil. They did not find any toxic effects of any formulation
against the boll weevil adults. However, the study found that female boll weevils were positions on
nontreated squares significantly more than on treated ones. The repellent effects, however, did not
last beyond 3 hours in the case of Agroneem and Neemix. Ecozin and bitters repelled the boll weevil
for up to and perhaps beyond 4.5 hours. The study inferred that since the content of azadirachtin
(the supposed active substance in neem) in the bitters had been the lowest of all treatments, but the
bitters repelled nonetheless, some other substance must have contributed to repellence. The
authors also tried aging the treatments in sunlight for 24, 48 and 72 hours. Although some of the
treatments exhibited increased reductions in feeding and oviposition punctures on the leaf squares,
it was concluded that neem-based insecticides were too weak and, thus, not practical for
commercial utilization against boll weevil.

7.4.4.5 Tests of garlic oil for control of the silverleaf whitefly, Bemisia argentifolii Bellows
and Perring in cotton¢
Key message: Garlic is not effective for control of whiteflies.

Location: Arizona, USA

Soil Water Biodiversity Yield
Structure | Fertility Quality Quantity | Diversity | Abundance
Impacts No effect | No effect
Quality CRR CRR

A controlled, randomised, replicated greenhouse experiment in Arizona, USA examined the potential
of garlic products for control of whiteflies. The authors placed healthy, uninfested cotton plants
treated with different garlic products into a greenhouse with infested plants. The treatments
consisted of an extract from chopped garlic, garlic oil (different concentrations of garlic in soybean
oil), and five commercially available garlic-based insecticides. The controls were differed based on
the treatment, as the treatments were tested separately. The garlic extract significantly reduced the
number of whitefly eggs, nymphs and resting adults. However, the authors admitted that the
substance contained some soybean oil that could have contributed to whitefly control. Garlic oil
showed little to no difference from soybean oil (control), giving little to no control of whiteflies. The
commercial products were found somewhat effective, showing reductions in whiteflies in some
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weeks, but their performance did not exceed that of the control. Lastly, the study did not detect
toxicity of garlic in regards to whiteflies, as no dead eggs or nymphs were found. Thus, garlic,
compared to soybean oil, was deemed ineffective for whitefly control.

7.4.5 South America

7.4.5.1 Botanical insecticides applied on Aphis gossypii and its predator Cycloneda
sanguinea on naturally colored cotton3
Key message: Botanical insecticides successfully kill pests, but they also affect their predators.

Location: Brazil

Soil Water Biodiversity Yield
Structure | Fertility Quality Quantity | Diversity | Abundance
Impacts Variable Variable
Quality Ran Ran

A randomised laboratory experiment in Brazil examined the effect of botanical insecticides based on
azadirachtin, aqueous extract, and castor oil on a common cotton pest (aphid) and its predator.
Aphid mortality was 64-100% for azadirachtin, 12-92% for aqueous extract, and 8-68% for castor oil.
The insecticides killed the larvae of the predator as well at even higher rates.

7.4.5.2 Effects of botanical insecticides on the instantaneous population growth rate of
Aphis gossypii Glover (Hemiptera: Aphidae) in cotton1*
Key message: Some botanical insecticides successfully kill pests.

Location: Brazil

Soil Water Biodiversity Yield
Structure | Fertility Quality Quantity | Diversity | Abundance
Impacts Variable Variable
Quality RR RR

A randomised, replicated laboratory study in Brazil investigated the response of Aphid gossypii to
botanical insecticides at different concentrations. The authors tested an insecticide containing
essential oils of neem, karanja and castor beans, one with Derris sp., and three insecticides with
Azadirachta indica (neem). The authors also tested essential oils of Foeniculum vulgare,
Cymbopogom winterianus, Chenopodium ambrosioides, Piper aduncum — all at a range of
concentrations. The first three insecticides nearly exterminated the pest, whereas the three
essential oils had no effect and two insecticides with A. indica increased the pest populations.

7.4.5.3 Effect of neem extract on the cotton aphid?s
Key message: Neem is effective against the cotton aphid.

Location: Sao Paulo, Brazil

Soil Water Biodiversity Yield
Structure | Fertility Quality Quantity | Diversity | Abundance

Impacts

Quality
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A controlled, randomised, replicated laboratory experiment in Sao Paulo, Brazil tested the
effectiveness of neem extract on cotton aphids. The authors prepared aqueous extract of neem in
four concentrations: 23.8mg, 122mg, 410mg, and 1,441mg of neem seed powder per of 100mL of
water. Distilled water was used as a control. With increasing concentration of neem, the number of
cotton aphid molts decreased. On average, cotton aphids subjected to the highest concentration
showed on average only 0.6 molts, those at 410mg showed 2.2 molts and those in the control group
3.5 molts. The authors also observed a change in nymph coloration from yellow to brownish black.
Generally, the study concluded that with increasing concentration of neem extract, adverse effects
on aphids such as mortality or reproductive difficulties also increased. For example, aphids exposed
to the highest concentration showed 85.6% reduction in survival period and 100% mortality after the
first instar, whereas mortality at the second highest concentration reached 60%.

7.4.5.4 Development of Clitoria Ternatea as a biopesticide for cotton pest management:

assessment of product effect on Helicoverpa spp. and their natural enemies16
Key message: A biopesticide based on Clitoria ternatea is effective against the pest species
Helicoverpa, does not harm beneficial insects.

Location: New South Wales, Australia

Soil Water Biodiversity Yield
Structure | Fertility Quality Quantity | Diversity | Abundance
Impacts Positive Positive
Quality CRR CRR

Five related laboratory and field experiments (all controlled, randomised, replicated) in New South
Wales, Australia evaluated extracts from the plant Clitoria ternatea for insecticidal effects on
Helicoverpa species (a common pest) as well as on its natural enemies. C. ternatea was identified as
a plant that Helicoverpa tends to avoid, and so its extract sprayed on cotton could change the pest’s
behaviour, deter feeding or even kill it. The authors tested 10, 15, 20% extract by volume in water in
the first two experiments. In the third experiment, they tested more commercially viable
formulations, opting for a horticultural oil formulation containing C. ternatea for the fourth and fifth
experiments. The controls were always, depending on the experiment, water, an untreated plot or
conventional insecticide. The study concluded that an oil-based formulation with 1-2% (by volume)
C. ternatea mixture successfully deterred Helicoverpa oviposition, larvae feeding, and exhibited
direct mortality to larvae. The substance did not adversely affect beneficial insects.
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8.1 Description

Cotton’s share (by value) of global pesticide consumption has declined substantially (although
changes vary greatly from one country to the next') from 11 per cent in 1988 to 6.8 per cent in
20082. Optimising the use of synthetic pesticides has become a priority for many farmers as this can
reduce costs while retaining high yields of good quality cotton.

8.2 Quick facts
Definition and purpose: Optimising the amount of pesticide used as a means of controlling pests
and weeds while minimising unnecessary pollution or negative impacts on non-target organisms

Benefits: Reduces pesticide use; reduces risk of water pollution; and reduces likelihood of harming
beneficial insects

8.3 Synthesis

Few studies actually review the effects of pesticide optimisation or reduction on soil, water and
biodiversity. However, there is an abundance of materials that discuss harmful effects of pesticide
use on the three aforementioned components of natural capital; such information can be used to
draw conclusions on pesticide use optimisation or reduction. A large group of studies also focuses on
the relation of genetically modified cotton to the environment, connecting the introduction of
genetically-modified cotton to a large reduction in insecticide use (See Chapter 10 ‘Promoting
biocontrol through genetic modification’).

8.3.1 Impact summary of the intervention
In total, 15 studies were relevant, accessible and reviewed.

Soil Water \ Biodiversity Yield Costs = Quality

Structure Fertility Quality \ Quantity \ Diversity | Abundance By i {=T¢]

P . " . . Low | Increases
Positive Positive Positive Positive evidence
8.3.2 Soil

Pesticides used in cotton can contaminate soil and may not decompose easily; their residue can
remain in soil for decades®*. Optimising use therefore alleviates this pressure.

Despite pesticides’ perceived detrimental effects, one study (controlled and replicated) actually
shows a positive, stimulating impact of glyphosate (active ingredient in the commonly used
herbicide ‘Roundup’) on soil and soil microfauna if applied without any other pesticides (otherwise
the opposite effect was observed)®.

8.3.3 Water

Mechanisms, through which pesticides pollute water, are well established. For example, five studies
(one of them a replicated experiment and one of them controlled, randomised and replicated) show
how pesticides can run off the field’? as often occurs with drainage water, or remain in the soil and
percolate deeper and deeper while being firmly attached to small soil particles**?, thereby polluting
surface as well as ground water. Legally mandated recirculation of farm water in many places
prevents water from running off farm, thus mitigating this problem. As two experiments
demonstrate, other precautionary measures, such as ponded wetlands™ or a cover of old crop
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stubble or cotton gin trash™ also have the potential to reduce pesticide concentrations in farm
water.

8.3.4 Biodiversity

Two studies (one of which is controlled, replicated) suggest that pests can be controlled naturally by
delaying spraying or avoiding it completely, thus letting natural processes work undisturbed and
beneficial insects flourish>>.

Pesticides can affect biodiversity in two ways: Firstly, four studies (two replicated and controlled)
expose that pesticides harm beneficial insects — often natural predators potentially able to control

pest RESL

. However, six studies (three of which were controlled, replicated and randomised, two of
which were controlled and replicated) also add that not all pesticides cause harm or harm equally™®
2! Secondly, two studies (a controlled, randomised and replicated experiment, and a field study)

show that water pollution caused by misuse of pesticides impairs fish populations”?.

Three studies (of which one controlled and a review) show that Integrated Pest management (IPM)

positively stimulates biodiversity of beneficial insect populations®***

. Although other studies might
not explore IPM directly, their conclusions imply that pesticide use optimisation and reduction is an

integral, and overall beneficial, component of IPM.

8.4 Evidence review
8.4.1 Africa

8.4.1.1 Assessment of the health status of wild fish inhabiting a cotton basin heavily
impacted by pesticides in Benin (West Africa)”

Key message: Pesticides used in cotton production get washed off the field, pollute water, cause

declines in fish health.

Location: northern Benin

Soil Water Biodiversity Yield
Structure | Fertility Quality Quantity | Diversity | Abundance
Impacts Positive Positive
Quality - -

A study in in Benin examined fish samples (Guinean tilapia and Africa catfish) caught at different
sites within the country’s cotton producing region. Samples were obtained during both rainy and dry
seasons from four locations. One of these was Pendjari River in Pendjari National Park, which lied
outside the agricultural region and was used as a reference. The authors assessed the impact of
pesticides by looking at biometric measurements, plasma sex steroid levels, and gonad and liver
histology of the fish. The analyses indicated that all fish suffered from poorer health, compared to
the reference site.




8.4.1.2 Pesticides used in cotton production affect reproductive development, endocrine
regulation, liver status and offspring fitness in African catfish Clarias gariepinus
(Burchell, 1822)3

Key message: Pesticides used in cotton production cause declines in fish health that manifest

themselves even in the next generation.

Location: Benin

Soil Water Biodiversity Yield
Structure | Fertility Quality Quantity | Diversity | Abundance
Impacts Positive Positive
Quality CRR CRR

A set of controlled, randomised, replicated experiments in Benin compared the effects of endosulfan
and Tihan 175 O-TEQ on health of African catfish. The study examined sexual development, hepatic
status, endocrine regulation, reproductive performances and larval fitness. Chronic exposures to the
two compounds adversely affected fish health, decreasing fertilisation rate, hatching rate, ova and
larval weight, and larval resistance to osmotic choc. Delayed hatching and other abnormalities
persisted even into the next generation.

8.4.1.3 Effect of pesticidal application during the early and late cotton season on the
abundance of certain predators associated with cotton plants13
Key message: Pesticide use negatively affects beneficial insects.

Location: Egypt

Soil Water Biodiversity Yield
Structure | Fertility Quality Quantity | Diversity | Abundance
Impacts No effect | Positive
Quality - -

An experiment in Egypt surveyed the populations of six common predators (beneficial insects) over
three seasons before and after application of several insecticides (kelthane-s, methomyl, D.C. 702,
sumicidin, larvin and deenate). The study concluded that kelthane-s and methomyl reduced the
predator populations by 10.6-17.9%. Also, D.C. 702, sumidicin, larvin and deesate drastically
reduced the population of Chrysoperla carnea. However, since abundance of predators varied in
different years, the effect often was not discernible due to low numbers of certain species. Lastly,
populations of predators were lower in the second half of the growing season.
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8.4.2 Asia

8.4.2.1 Integrated pest management (IPM) helps reduce pesticide load in cotton?22
Key message: Integrated Pest management results in pesticide use reduction, thus contributing to
conservation of beneficial insects.

Location: Punjab, India

Soil Water Biodiversity Yield
Structure | Fertility Quality Quantity | Diversity | Abundance
Impacts Positive Positive
Quality C C

A controlled two-year study in Punjab, India explored the effects of adoption of integrated pest
management (IPM) practices. Ten villages was selected, four of which adopted IPM, four followed
conventional practices, and two villages without any supervision or guidance by the researchers
served as controls. The study discovered that IPM reduced insecticidal applications 3-4 times
compared to non-IPM villages. Only endosulfan was used significantly more by the IPM villages (1.07
and 0.85 applications compared to 0.49 and 0.32 in the first and second year, respectively).
However, IPM villages used significantly less of all other insecticides. Also, they did not use any non-
recommended insecticides, whereas non-IPM villages did. Overall, IPM strategies achieved a
reduction in pest incidence (by 32-75%), a reduction in plant protection (17-34%) and total input
costs (15-21%), and an increase in net profit (54-88%). Lastly, IPM conserved beneficial organisms
(0.8-1.0 natural enemies per plant in IPM versus 0.4-0.7 in non-IPM). The farmers were still
practicing IPM even five years after the study.

8.4.2.2 Persistence and behavior of pesticides in cotton production in Turkish soils5
Key message: Pesticides remain in soil for a long time, some degrade slower in soils with high
organic matter content.

Location: Aydin, Turkey

Soil Water Biodiversity Yield
Structure | Fertility Quality Quantity | Diversity | Abundance
Impacts | Positive
Quality -

An experiment in Aydin, Turkey examined the degradation of two pesticides — trufluralin and
endosulfan — on five fields (four loam fields and one silty loam field). Trufluralin was applied just
before sowing cotton and endosulfan was applied, once the seeds germinated and pests appeared.
Soil samples indicated that as much as 70% of trifluralin eventually degraded. However, the
degradation rate was lowest for soils with high organic matter content, in which sorption of the
pesticide was tightest. Endosulfan degradation depended on soil type and specific isomer, with beta-
endosulfan degrading fastest. 43% of beta-endosulfan had degraded, whereas only 20% of alpha-
endosulfan and endosulfan sulphate had degraded by the time the experiment was over (after one
year).
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8.4.2.3 Influence of pesticides and application methods on pest and predatory arthropods
associated with cotton1#

Key message: The population of sucking pests does not differ significantly between genetically

modified and non-GM cotton. Insecticides affect pests and beneficial insects; foliar application is

more deadly to both.

Location: Aydin, Turkey

Soil Water Biodiversity Yield
Structure | Fertility Quality Quantity | Diversity | Abundance
Impacts Positive Positive
Quality CRep CRep

A two-year controlled, replicated experiment in Sirsa, India compared the impact of several
insecticides applied through different methods (foliar and stem application) on sucking pests and
beneficial insects on genetically modified (Bt) cotton and non-Bt cotton. The insecticides applied
were: imidacloprid 200SL, imidacloprid 70WG, clothianidin 50%, thiomethoxam 25, acetamiprid
20SP, spirotetramat 1500D, buprofezin 20%, fipornil 5% SC, and an untreated control. Foliar
application proved to be more effective compared to stem application both at reducing pest as well
as beneficial insect populations (e.g. imidacloprid killed 56% of beneficial ladybird beetles in foliar
application and only 19% in stem application). Imidacloprid was the most toxic substance. As Bt
cotton only prevents lepidopteran pests (caterpillars), the study confirmed that transgenic and non-
transgenic cotton did not differ in their susceptibility to sucking pests. Similarly, no significant
difference was found in the populations of beneficial insects.

8.4.2.4 Degradation and persistence of cotton pesticides in sandy loam soils from Punjab,
Pakistan+

Key message: Cotton pesticides occur in drainage water, contaminate shallow groundwater, persist

in soil.

Location: Lahore, Pakistan

Soil Water Biodiversity Yield
Structure | Fertility Quality Quantity | Diversity | Abundance
Impacts | Positive Positive
Quality Rep Rep

A replicated experiment on sandy loam soil in Lahore, Pakistan looked at the effects of no-till and
tillage systems on the leaching of several cotton pesticides (carbosulfan, lamba-cyhalothrin,
endosulfan, and monocrotophos) to shallow groundwater. Cotton was grown in lysimeters
(experimental tubes separated from the rest of the plot) as well as next to them to achieve field
conditions. Cotton grown next to the lysimeters, however, was not subjected to any treatments and
was not part of the experiment. Soil samples were also examined in the laboratory. The authors did
not detect any carbosulfan, lamba-cyhalothrin or endosulfan in the drainage water in either tilling
system. However, carbofuran (breakdown product of carbosulfan) and monocrotophos were found
in quantities of over 0.1 pg/L, exceeding EU drinking water limits. Nitrate was found in excess of 10
mg/L and also above safe water drinking limits. Lastly, the study examined the distribution of
pesticides within the soil after 139 days from sowing. Carbofuran and monocrotophos were found
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across the whole soil profile (0-150cm deep) and endosulfan and lambda-cyhalothrin were found in
high concentrations in the top layer (0-10cm), demonstrating the persistence of pesticides in soil.
The study revealed that cotton pesticides occurred in drainage water and persisted in soil. Pesticide
and nitrate concentrations were slightly higher, but not significantly, in no-tillage treatments than in
tillage treatments.

8.4.2.5 Influence of pesticide applications on pest and predatory arthropods associated
with transgenic Bt cotton and nontransgenic cotton plants?2>

Key message: Pesticide reduces certain beneficial insect populations, while it has no effect on

others. Bt cotton does not reduce pesticide use.

Location: Fugou County, Henan Province, China

Soil Water Biodiversity Yield
Structure | Fertility Quality Quantity | Diversity | Abundance
Impacts Variable
Quality RR

A three-year randomised, replicated field experiment on a silty loam in Fugou County, Henan
Province, China examined the effects of pesticides on common pests (aphids and acarid mites) and
beneficial insects (ladybeetles and spiders) in Bt cotton and non-transgenic cotton. The experiment
consisted of four treatments: non-transgenic cotton with and without pesticide applications and Bt
cotton with and without pesticide applications. Insecticides were applied based on thresholds.
Pesticides did not affect ladybeetle populations significantly in any year in any cotton variety. As to
no pesticide treatments, ladybeetle populations were significantly greater on non-transgenic cotton
than on Bt cotton in one year. By contrast, in two out of three years spiders marked a severe
decrease in numbers after pesticide applications regardless of the cotton variety. In plots not treated
with pesticide, spiders fared better in Bt plots where their numbers were greater compared to non-
transgenic plots in two out of three years. As non-transgenic cotton had received eight pesticide
applications and Bt plots had required nine pesticide applications (to control other pests that
became more abundant), the study concluded that Bt did not reduce pesticide use. Regarding
predators, Bt cotton did not affect them and pesticide effects varied.

8.4.2.6 The evolution of cotton pest management practices in China?s
Key message: Owing to lower insecticide use following the adoption of Bt cotton, the number of
natural enemies increased and successfully reduced pest populations.

Location: China

Soil Water Biodiversity Yield
Structure | Fertility Quality Quantity | Diversity | Abundance
Impacts Positive Positive
Quality Review Review

A review discussed the history of cotton pest management in China. The review discussed three
regions. While crop in the Northwestern Region (mostly Xinjiang) is grown by large establishments
similar to those in the U.S. and Australia, the two other large Chinese cotton growing regions
(Changjiang River Region and Yellow River Region) are mostly based on small-holder agriculture that
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the review focused on. As Chinese farmers started relying on insecticides, cotton pest developed
resistance, which required stronger and more frequent insecticide applications. Since the 1980s, the
frequency of cotton aphid infestations increased because insecticides killed most natural enemies.
Eventually, it was not uncommon for a field in the early 1990s to undergo as many as 30 insecticide
applications in one season. Though the adoption of Bt cotton drastically reduced the number of
insecticide applications, the risk of developing pest resistance became a concern. Whereas large
farms would normally set aside a part of their land for non-Bt crop as a ‘refuge’ for non-resistant
pests, small-holders with fields of less than one hectare could not adopt such a strategy. However,
the study found that given that the farmers grew other crops (corn, soybean and peanut), resistance
would not develop because these crops would act as a refuge for non-resistant pests.

8.4.3 Australia and Oceania

8.4.3.1 Integrated pest management in cotton: exploiting behaviour-modifying
(semiochemical) compounds for managing cotton pest?3

Key message: Compounds that modify pest behaviour (semiochemicals) can be utilized in pest

management; they have limited effects on beneficial insects.

Location: Australia

Soil Water Biodiversity Yield
Structure | Fertility Quality Quantity | Diversity | Abundance
Impacts No effect | No effect
Quality Review Review

As the Bt toxin in cotton did not affect sucking pests, a review from Australia mapped research on
semiochemicals (natural compounds that attract or repel pests, or otherwise stimulate their
behaviour) that could help control these pests. The study concluded that the evidence on
semiochemicals proved the usefulness of these substances. They could be used alone or in
combinations with other pesticides in various strategies (e.g. attract-and-kill) to control pests with
limited adverse effects on beneficial insects.

8.4.3.2 Organochlorine pesticides in soil under irrigated cotton farming systems in
Vertisols of the Namoi Valley, north-western New South Wales, Australia3

Key message: Harmful pesticides contaminate soil, remain there over 20 years. They have been

detected up to 1.2m deep, could eventually contaminate groundwater.

Location: near Narrabri, New South Wales, Australia

Soil Water Biodiversity Yield
Structure | Fertility Quality Quantity | Diversity | Abundance
Impacts Positive Positive
Quality

A study in near Narrabri, New South Wales, Australia aimed to find out if organochlorine pesticides
(such as DDT and its breakdown product DDE) were present in the soil up to a depth of 1.2m. 99% of
the 211 soil samples contained detectable organochlorine pesticides. DDE was the most common
with the highest concentrations at all depths analysed (although DDT had been banned in Australia
since 1982), followed by endosulfan sulphate. The authors also detected Difocol and Dieldrin, which
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had gone undetected in previous studies. The authors hypothesized that the compounds were being

transported to lower layers of soil by rain and irrigation, and could potentially contaminate

groundwater.

8.4.3.3 Pesticide removal from cotton farm tailwater by a pilot-scale ponded wetland1®
Key message: Ponded wetlands can remove pesticides from cotton farm tailwater.

Location: New South Wales, Australia

Soil

Water

Biodiversity

Structure | Fertility

Quality

Quantity

Diversity | Abundance

Yield

Impacts

Positive

Quality

A two-year field trial examined if ponded wetland could filter out pollutants (pesticides used in

cotton fields) from irrigation tailwater. The water would first flow to the open pond and then to the

vegetated one. Residues were reduced by 22-53% in the first season and by 32-90% in the second

season. Half-lives of common pesticides were reduced in the open pond. Further reductions

occurred after algal bloom in this pond. The vegetated pond reduced half-lives further. The study

concluded that macrophytes and algae could help clean farm runoff.

8.4.3.4 Management practices for control of runoff losses from cotton furrows under

storm rainfall. II. Transport of pesticides in runoff1

Key message: Cover helps reduce concentrations of pesticide in runoff.

Location: near Emerald, Queensland, Australia

Soil

Water

Biodiversity

Structure | Fertility

Quality

Quantity

Diversity | Abundance

Yield

Impacts

Positive

Quality

A field experiment on a Vertosol near Emerald, Queensland, Australia simulated rainfall (65mm

storm three weeks after planting) to determine how two management options (retention of on-

ground cover and controlling wheel traffic) affect pesticide transport pesticide concentrations in

runoff. The rainfall event was tested on a range of on-ground covers (from 0%, or no cover, to 60%

surface coverage). The covers used were cotton trash (1-2%, 6-10%, and 47-56% cover) and wheat

stubble (15-25% cover and 30-35% cover). The study found that concentrations of all pesticides

(except prometryn) decreased. 45-60% cover reduced concentrations of endosulfan fivefold,

whereas reductions in concentrations of other pesticides were somewhat lower. Also, avoiding

wheel traffic resulted in 20-30% lower concentrations.
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8.4.4 North America

8.4.4.1 Conservation of natural enemies in cotton: role of insect growth regulators in
management of Bemisia tabaci?*

Key message: Selective insect-growth regulators (buprofezin and proxyfen) can be used as part of

integrated pest management, because they are relatively benign to natural predators compared to

conventional insecticides.

Location: Maricopa, Arizona, USA

Soil Water Biodiversity Yield
Structure | Fertility Quality Quantity | Diversity | Abundance
Impacts Positive Positive
Quality CRR CRR

A three-year controlled, randomised, replicated field experiment in Maricopa, Arizona, USA
compared a conventional insecticide and two selective insect-growth regulators (buprofezin and
pyriproxyfen) on whiteflies —a common pest species. An untreated plot was used as a control.
Additionally, each plot was split in two (treated and untreated with insecticide) for control of Lygus
hesperus. The study found that the insect-growth regulators reduced 8 out of 20 taxa of beneficial
organisms, including very common ones, in at least one year. However, data suggested that other
factors aside from toxicity (e.g. reduction in prey availability) contributed to these reductions. The
treatment with conventional insecticides reduced nearly all taxa, causing more serious and quicker
reductions than the insect-growth regulators. Compared with the control as well as the conventional
treatment, predator:prey ratios were significantly higher with the insect-growth regulators. The
study also testified that the conventional insecticide applied to control the populations of Lygus
hesperus diminished the selective nature of the insect-growth regulators. The authors
recommended using buprofezin and pyriproxyfen to control whiteflies, citing their selectivity and the
potential to use them in integrated pest management strategies.

8.4.4.2 Conservation of natural enemies in cotton: comparative selectivity of acetamiprid
in the management of Bemisia tabacil8

Key message: Acetamiprid is less selective to natural predators than buprofezin or pyriproxyfen, can

be used in later stages of crop growth when selectivity is less important.

Location: Maricopa, Arizona, USA

Soil Water Biodiversity Yield
Structure | Fertility Quality Quantity | Diversity | Abundance
Impacts Variable Variable
Quality CRR CRR

A two-year controlled, randomised, replicated field study in Maricopa, Arizona, USA examined the
effects of acetamiprid and two selective insect-growth regulators (buprofezin, pyriproxyfen) on
whiteflies (pest) and their natural predators. An untreated plot was used as a control. Acetamiprid
produced lower pest densities than the insect-growth regulators and severely negatively affected 9
out of 17 taxa of beneficial arthropods. For 8 taxa, its effects roughly equalled those of a regular
broad-spectrum insecticide. The insect-growth regulators, however, significantly reduced only 4 taxa
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and 3 of those were omnivores primarily considered plant pests, rather than beneficial organisms.
Predator:prey ratios increased with the use of all three substances, but the ratios were higher with
the two insect-growth regulators. The authors recommended using acetamiprid for whiteflies in
later stages when selectivity matters less.

8.4.4.3 Plant compensation, natural biological control, and herbivory by Aphis gossypii on
pre-reproductive cotton: the anatomy of a non-pest!?

Key message: Cotton aphid does not cause damage that would justify the use of chemical pesticides,

it can be controlled naturally.

Location: Central Valley, California, USA

Soil Water Biodiversity Yield
Structure | Fertility Quality Quantity | Diversity | Abundance
Impacts Positive* | Positive*
Quality Assumed | Assumed

* The study mentions that foregoing pesticide treatments will benefit natural enemies.

A controlled, replicated study in the Central Valley, California, USA explored the ability of cotton to
compensate for pest damage incurred early in the season. The study established four treatments
with different densities of cotton aphids: control with as few aphids as possible, two medium levels,
and high level with as many aphids as possible. Aphicide (pirimicarb) was used to suppress aphids in
the control. All predators were manually removed from the high density plants and controlled by a
low rate of carbaryl. The study reported that cotton leaf area had been reduced by up to 58% and
total above-ground plant biomass had been reduced by 45%. However, by harvest time the plants
had recovered in terms of the timing of crop maturation and the yield and quality of cotton fibre.
Even the more serious outbreaks during one of the two years of the study were suppressed by
natural enemies prior to the initiation of flower bud production. The authors recommended not
controlling aphid populations through pesticide applications during early-season, because the
damage aphids caused did not cause economic losses.

8.4.4.4 Disruptive sublethal effects of insecticides on biological control: altered foraging
ability and lifespan of a parasitoid after feeding on extrafloral nectar of cotton
treated with systemic insecticides!>

Key message: Selective insecticides can still affect natural enemies.

Location: USA

Soil Water Biodiversity Yield
Structure | Fertility Quality Quantity | Diversity | Abundance
Impacts Negative Negative
Quality

A study in the USA tested the impact of three systemic insecticides (acephate, imidacloprid, aldicarb)
on the parasitoid Microplitis croceipes — wasp. The results were compared against a control of plants
sprayed with water. The authors discovered that after feeding on nectar contaminated with systemic
insecticides, M. croceipes’ longevity and its host foraging ability decreased.
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8.4.4.5 The contribution of conservation biological control to integrated control of
Bemisia tabaci in cotton?°

Key message: Natural predators can be conserved by the use of selective insecticides; together they

will successfully suppress pests.

Location: Maricopa, Arizona, USA

Soil Water Biodiversity Yield
Structure | Fertility Quality Quantity | Diversity | Abundance
Impacts Positive Positive
Quality CRR CRR

A controlled, randomised, replicated experiment in Maricopa, Arizona, USA attempted to quantify
the contribution of conserved natural enemies towards pest suppression. The experiment tested
four plots — one treated with conventional broad-spectrum pesticide, two treated with different
types of selective insect growth regulators, and an untreated control. Each plot was split in two —
treated and untreated with Lygus hesperus. Based on the causes of mortality of whiteflies (Bemisia
tabaci), the study revealed that conserved natural enemies reached levels similar to the control in
plots treated with insect growth regulators and were the main cause of mortality of whiteflies there.

8.4.4.6 Soil microbial activity is affected by Roundup WeatherMax and pesticides applied
to cottons
Key message: Glyphosate-based herbicides (such as Roundup) benefit soils and soil microfauna.

Location: Texas, USA

Soil Water Biodiversity Yield
Structure | Fertility Quality Quantity | Diversity | Abundance
Impacts | Variable Variable
Quality CRep CRep

A laboratory, controlled, replicated experiment on a clay loam soil in Texas, USA examined how
combinations of pesticides affected soil microbial activity. The study evaluated carbon and nitrogen
mineralization as a proxy for microbial activity. The pesticides tested were: fluometuron, trifluralin,
aldicarb, and mefenoxam + pentachloronitrobenzene (PCNB). The treatments comprised each
individual pesticide alone, each pesticide mixed with glyphosate, glyphosate by itself, and an
untreated soil was used as a control. All treatments were applied to a soil that had been previously
sown with cotton. Soils treated with glyphosate unaccompanied by any pesticides exhibited greater
carbon mineralization after 30 days, compared to all other treatments, which resembled the values
of the control. However, soil microbial activity was reduced under glyphosate applications combined
with fluometuron, aldicarb, and mefenoxam + PCNB, compared to when these substances were
applied without glyphosate. The authors concluded that glyphosate altered the soil microbial
response to other pesticides.
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8.4.4.7 Coccinellids in cotton: population response to pesticide application and feeding
response to cotton aphids!”

Key message: Some, but not all, pesticides negatively affect common beneficial insects; numbers of

beneficial insects follow pest populations.

Location: Georgia, USA

Soil Water Biodiversity Yield
Structure | Fertility Quality Quantity | Diversity | Abundance
Impacts Variable
Quality CRep

A two-year controlled, replicated experiment in Georgia, USA examined the effects of an insecticide
(imidacloprid) and a fungicide (chlorothalonil) on populations of a beneficial insect species
(coccinellids) predating on the cotton aphid. The study also followed the development of the cotton
aphid population. The experiment comprised four treatments: chlorothalonil applied in weekly
intervals, imidacloprid applied in weekly intervals, imidacloprid applied when aphid populations
exceeded a threshold of 30 aphids per leaf or were present on 50% of the plants, and an untreated
control. Greatest cotton aphid populations and coccinellid densities were observed in the fungicide
treatment during both years of the study. The authors attributed non-random prey search behaviour
of the coccinellids (that searched for places with highest aphid densities) as the reason for their high
concentrations in the fungicide treatment, speculating that their numbers would drop in the long-
term due to constant fungicide use. In both years, coccinellid populations closely tracked those of
the aphid. The lowest coccinellid populations were observed in the weekly imidacloprid treatment.

8.4.4.8 Lethal and sublethal effects of insecticides on two parasitoids attacking Bemisia
argentifoliils

Key message: Insecticides adversely affects beneficial insects, but the toxicity varies. Certain

beneficial organisms can be integrated with the use of certain insecticides.

Location: Texas, USA

Soil Water Biodiversity Yield
Structure | Fertility Quality Quantity | Diversity | Abundance
Impacts Positive Positive
Quality CRep CRep

A controlled, replicated laboratory experiment in Texas, USA tested the toxicity of six insecticides
(buprofezin, azinphos-methyl, endosulfan, thiodicarb, methyl-parathion, bifenthrin, and water as a
control) on the early and late pre-emergence stages of two parasitoids (desirable beneficial
organisms) Eretmocerus tejanus and Eretmorecus mundus. The study found that all insecticides had
adverse effects on the two organisms, but their toxicity varied. Thiodicarb proved to be the least
toxic to early larvae; 65.9% of E. tejanus larvae (water 86.2%) and 35.8% E. mundus larvae (water
81.1%) emerged as adults. By contrast, bifenthrin was the most toxic, recording an emergence rate
of 3.8% and 0, respectively. The emergence rate for the remaining insecticides oscillated between
5% and 36%. In the late pre-emergence stage (after parasitization as parasitoid pupae), thiocarb,
buprofezin and endosulfan did not differ significantly from the water control in the case of E.
tejanus. The emergence rates ranged between 78.1% and 89.5%, compared to water at 97.7%. The
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other insecticides proved toxic. In the case of E. mundus, only buprofezin marked a 92.2%
emergence rate (compared to 94.5% for water), whereas the rate was 0 to 56.3% for all other
insecticides. Longevity was also adversely affected by insecticides, except for buprofezin and
azinphos-methyl in the case of E. tejanus, as these two substances did not reduce its longevity
significantly.

8.4.4.9 Effect of selective insecticides on the natural enemies Coleomegilla maculata and
Hippodamia convergens, Geocoris punctipes, and Bracon mellitor, Cardiochiles
nigriceps, and Cotesia marginiventris in cotton?1

Key message: Selective insecticides are not toxic to certain natural enemy species, but they will

always negatively affect several.

Location: Georgia, Mississippi, USA

Soil Water Biodiversity Yield
Structure | Fertility Quality Quantity | Diversity | Abundance
Impacts Negative Negative
Quality CRR CRR

A laboratory experiment (controlled, replicated) and a field experiment (controlled, randomised,
replicated) in the USA tested the toxicity of three insecticides on natural enemies. The three
insecticides were lambda cyhalothrin, spinosad, and S-1812. Three methods were selected to
examine these substances: topical application in a laboratory to check for direct toxicity, a residual
toxicity study in the field to observe the effect of insecticide residues on leaves, and a field study
comparing the natural enemy populations before and after insecticide application. In all trials, water
was used as a control. The study found that lambda cyhalothrin exhibited the greatest toxicity in
topical tests, adversely affecting each natural enemy species. However, its residues were not toxic to
two species, one of which was the predator H. convergens. The number of cotton aphids (pest
species), though increasing in all treatments, was significantly higher in lambda cyhalothrin than in
all other treatments. As the numbers of aphids increased, so did the population of the predator H.
convergens, since this species was susceptible to lambda cyhalothrin residues (as shown by the
laboratory test). The authors assessed the other two insecticides as having good to excellent
selectivity. However, each significantly adversely affected several natural enemy species.
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8.4.5 South America

8.4.5.1 Determination of pesticides multiresidues in shallow groundwater in a cotton-
growing region of Mato Grosso, Brazil®
Key message: Cotton pesticides pollute shallow groundwater, exceed safe levels.

Location: Mato Grosso, Brazil

Soil Water Biodiversity Yield
Structure | Fertility Quality Quantity | Diversity | Abundance
Impacts Positive
Quality -

A study in Mato Grosso, Brazil aimed to develop a method to test groundwater for the presence of
common cotton pesticides. The presence of the following twelve pesticides was analysed in shallow
groundwater samples collected at two cotton farms: lufenuron, azoxystrobin, thiamethoxan,
teflubenzuron, carbofuran (a breakdown product of carbosulfan), diafenthurion, thiacloprid,
imidacloprid, aldicarb, carbendazin, diuron, acetamiprid, methomyl, and triflumuron. Of these, eight
were detected (acetamiprid, aldicarb, cabendazin, diuron, imidacloprid, methomyl, teflubenzuron).
Acetamiprid and carbofuran were detected most frequently with detection rates of 4% and 9%,
respectively. Carbofuran was also the pesticide most frequently detected in high concentrations.
18% of the water samples contained at least one pesticide; the pesticide concentration would
sometimes exceed European Union limits for safe drinking water.

8.4.5.2 Selectivity of pesticides used on cotton to Trichogramma pretiosum reared on two
laboratory-reared hosts!?
Key message: Synthetic pesticides harm beneficial insects.

Location: Mato Grosso, Brazil

Soil Water Biodiversity Yield
Structure | Fertility Quality Quantity | Diversity | Abundance
Impacts Negative
Quality CRep

A controlled, replicated laboratory experiment in Mato Grosso, Brazil examined the side-effects of
21 different pesticides (insecticides, fungicides, herbicides and plant growth regulators) on the
Trichogramma wasp — a beneficial insect — in its pupal and adult stages. The wasp is a highly
effective and easily breedable parasitoid of many cotton pests, especially the cotton leafworm. The
pupae received direct sprays, while the adults were exposed to the treatments through parasitism
on sprayed eggs. Reactions to different pesticides varied greatly depending the host that the wasps
had been reared on or the developmental stage of the wasp. Though sometimes pesticides did not
seem to affect certain populations in certain cases (e.g. insect growth regulator lufenuron and
organophosphate insecticide monocrotophos had no effect on the pupae developing in the host
Ephestia kuehniella), negative effects were observed for most pesticides.
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9 Habitat management for predators _‘_

9.1 Description

Rather than using pesticides, it is possible to control pests by managing farm or landscape level
habitats that support beneficial insects, bacteria or fungi. The alternative — pest control by broad-
spectrum synthetic insecticide — reduces biodiversity by killing beneficial insects and potentially
leads to pest resurgence in a field with no natural enemies. Beneficial insects can be nurtured
through various means: this chapter (Habitat management for predators) investigates managing
habitat around cotton fields to control pests, Chapter 12 (Habitat diversity) discusses how managing
habitat diversity within cotton fields, through intercropping for example, can harbour beneficial
insects. Managing habitats for pest control is a form of biological control; Chapter 10 (Promoting
biocontrol through genetic modification) presents genetic modification as a means of controlling
pest populations as this was unearthed in a number of other intervention reviews.

9.2 Quick facts
Definition and purpose: Managing habitats around cotton fields to create favourable natural
habitats for beneficial insects

Benefits: Reduces insecticide use; reduces water/soil pollution and promotes conservation of
beneficial insects

9.3 Synthesis

An overwhelming majority of studies on managing habitats for predators investigates the direct
effects of the intervention on pest populations. Very few cotton-related studies discuss the impact
of this intervention on natural capital, i.e. soil, water or biodiversity.

9.3.1 Impact summary of the intervention
In total, nine studies were relevant, accessible and reviewed.

Soil Water Biodiversity Yield Costs Quality

Structure Fertility Quality \ Quantity Diversity Abundance

” " Medium | Increases
Positive Positive

9.3.2 Soil
No effects on soil have been identified.

9.3.3 Water
No direct effects on water have been identified.

9.3.4 Biodiversity
Studies generally highlighted the functions of landscape, vegetation and crops other than cotton in
promoting beneficial insect populations’.

Six studies (two of which were randomised and replicated and three of which were reviews)
concluded on positive impacts of habitat management on biological diversity and abundance by
luring pests away from cotton production to adjacent Bt-fields®?, to maize fields** and to wheat
fields®. Nevertheless, as one study points out, adjacent fields may also harbour cotton pests’.




98 Habitat management for predators | Pest management

9.4 Evidence Review

9.4.1 Asia

9.4.1.1 Maize benefits the predatory beetle, Propylea japonica (Thunberg), to provide
potential to enhance biological control for aphids in cotton®

Key message: Placing maize fields next to cotton fields will benefit natural predator populations,

thus enhancing biological pest control in cotton.

Location: China

Soil Water Biodiversity Yield
Structure | Fertility Quality Quantity | Diversity | Abundance
Impacts Positive Positive
Quality Ran Ran

A three-year randomised field study in China analysed the behaviour of cotton aphids and their
predators — Propylea japonica. The experiment looked into the oviposition preference, preferred
crop patches to inhabit and feeding behaviour of P. japonica, comparing crop and maize fields with
different area ratios (100/0, 75/25, 50/50, 25/75 and 0/100) and different spatial arrangements. The
study found that predators preferred maize to cotton, but they actively searched for aphids, and
thus would venture into cotton fields, where aphids were more abundant. In conclusion, maize could
serve as a habitat for predators that could enhance biological control in cotton.

9.4.1.2 Evaluation of winter wheat as a potential relay crop for enhancing biological
control of cotton aphids in seedling cotton®
Key message: Wheat next to cotton conserves natural predators, helps suppress pest in cotton.

Location: Roayang County, Hebei Province, China

Soil Water Biodiversity Yield
Structure | Fertility Quality Quantity | Diversity | Abundance
Impacts Positive Positive
Quality RR RR

A randomised, replicated experiment in Roayang County, Hebei Province, China over two seasons
explored the effects of wheat planted adjacent to Bt cotton on insect populations (both pests and
beneficial), determined their spatial distribution, and investigated the time of migration of natural
enemies from wheat to cotton. The treatments were wheat plots and cotton plots with a 0.3m strip
of bare soil between them. The authors found a linear relationship between pest abundance and the
distance from field edge. Other insects were also affected by the spatial arrangement of the
experiment. The predators could keep the pest populations at the edges of cotton fields under the
threshold level of 100 aphids per m” The wheat fields proved successful in conserving the predator
populations.
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9.4.1.3 The evolution of cotton pest management practices in China3
Key message: Owing to lower insecticide use following the adoption of Bt cotton, the number of
natural enemies increased and successfully reduced pest populations.

Location: China

Soil Water Biodiversity Yield
Structure | Fertility Quality Quantity | Diversity | Abundance
Impacts Positive Positive
Quality Review Review

A review discussed the history of cotton pest management in China. The review discussed three
regions. While crop in the Northwestern Region (mostly Xinjiang) is grown by large establishments
similar to those in the U.S. and Australia, the two other large Chinese cotton growing regions
(Changjiang River Region and Yellow River Region) are mostly based on small-holder agriculture that
the review focused on. As Chinese farmers started relying on insecticides, cotton pest developed
resistance, which required stronger and more frequent insecticide applications. Since the 1980s, the
frequency of cotton aphid infestations increased because insecticides killed most natural enemies.
Eventually, it was not uncommon for a field in the early 1990s to undergo as many as 30 insecticide
applications in one season. Though the adoption of Bt cotton drastically reduced the number of
insecticide applications, the risk of developing pest resistance became a concern. Whereas large
farms would normally set aside a part of their land for non-Bt crop as a ‘refuge’ for non-resistant
pests, small-holders with fields of less than one hectare could not adopt such a strategy. However,
the study found that given that the farmers grew other crops (corn, soybean and peanut), resistance
would not develop because these crops would act as a refuge for non-resistant pests.

9.4.1.4 Effects of land use and insecticides on natural enemies of aphids in cotton: First
evidence from smallholder agriculture in the North China Plain*

Key message: Landscapes with a higher proportion of maize and grassland exhibit higher ladybeetle

populations in cotton fields.

Location: North China Plain, China

Soil Water Biodiversity Yield
Structure | Fertility Quality Quantity | Diversity | Abundance
Impacts Positive Positive
Quality Review Review

A study based on household datasets and cotton field surveys in North China Plain, China found that
there was a positive association between the average population of ladybeetles (natural predator)
and the proportion of maize area. Secondly, the presence of maize area in the landscape increased
the number of ladybeetles in cotton. Third, the study identified a negative association between the
density of ladybeetles and the area proportion of cotton. These relationships were statistically
significant. Lastly, ladybeetle densities increased with increasing time period from the last insecticide
application and the volume of insecticide used had a significant negative impact on ladybeetle
densities.
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9.4.2 Australia and Oceania

9.4.2.1 Lure-and-kill as reduced-risk strategy for managing Helicoverpa spp. on
conventional cotton crops within transgenic cotton fields?

Key message: Luring pests from a conventional field to an adjacent Bt-field with an attractant that

kills them reduces insecticide use, thus conserving beneficial insects.

Location: Queensland, Australia

Soil Water Biodiversity Yield
Structure | Fertility Quality Quantity | Diversity | Abundance
Impacts Positive Positive
Quality - -

A controlled experiment in Queensland, Australia tested a commercial attractant containing, among
other things, a feeding stimulant (20% sucrose) and a toxic compound (0.5% thiodicarb). The goal
was to lure pests (cotton bollworm) from a conventional cotton field a to a genetically modified
cotton field where they would be killed after ingesting the toxic attractant. The treatments included
fields positioned at different distances from a field with transgenic cotton treated with the
attractant. A control field of transgenic cotton untreated with the attractant was used for
comparison. The study showed that the method reduced the cotton bollworm population in the
conventional cotton plot by 91.5%, as compared to 40% in conventional cotton next to the
untreated control field. The results led the authors to conclude that this lure-and-kill strategy could
help conserve beneficial insects in conventional cotton and lower costs of pest control thanks to
reduced use of pesticide.

9.4.2.2 An Australian approach to IPM in cotton: integrating new technologies to
minimise insecticide dependence3

Key message: Bt cotton integrated with a comprehensive, mutually reinforcing set of measures

(breeding, selective pesticides, natural predators, intercropping,...) can reduce reliance on chemical

insecticides, protect soil, water, biodiversity.

Location: Australia

Soil Water Biodiversity Yield
Structure | Fertility Quality Quantity | Diversity | Abundance
Impacts Positive Positive
Quality Review Review

A study reviewed pest management approaches designed to reduce environmental damage in the
Australian cotton industry. The author pointed out the environmental and economic costs of
reliance on chemical pesticides and then outlined a mix of measures that would reduce the use of
these substances. He proposed using selective chemicals (labelled as more expensive than broad-
spectrum ones), nurture host plant resistance (e.g. through conventional breeding of resistance
traits inherent to cotton), protect beneficial insects, increase habitat diversity (e.g. through
intercropping and using food sprays) and plant Bt cotton. The author also highlighted a number of
outstanding issues, for example, the relatively higher costs of new chemicals, the complexity and
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economic costs of maintaining habitat diversity or the risk of pest resistance to Bt cotton (as well as
strategies to manage this risk).

9.4.2.3 Evidence of a latitudinal gradient in spider diversity in Australian cotton?
Key message: Biodiversity increases from high to low latitudes.

Location: Australia

Soil Water Biodiversity Yield
Structure | Fertility Quality Quantity | Diversity | Abundance
Impacts Variable Variable
Quality - -

A study at seven locations across Australia aimed to find out if latitudinal gradient (that is,
biodiversity increases the close one gets to the equator) applied to species in a monoculture. Spiders
were sampled in seven locations (1-3 fields in each location were sampled 3-5 times) in different
latitudes and different climatic conditions. Although some theories had speculated that biodiversity
increased due of increasing diversity of habitats the closer one were to the tropics, the authors
showed that spider diversity increased even within a single habitat.

9.4.3 North America

9.4.3.1 Effects of adjacent habitat on populations of stink bugs in cotton as part of a
variable agricultural landscape in South Carolina”

Key message: Adjacent fields may harbour cotton pests and some crops, such as peanut, attract

them more than others.

Location: South Carolina, USA

Soil Water Biodiversity Yield
Structure | Fertility Quality Quantity | Diversity | Abundance
Impacts Variable
Quality -

A two-year study in North Carolina, USA investigated if there was a difference in stink bug (a pest
species) numbers depending on which type of vegetation had been planted next to cotton. The
authors looked at peanut, corn, soybean, cotton, and woodlands. Pest density was greatest in cotton
adjacent to peanut and boll injury was significantly greater in cotton adjacent to peanut and
soybean, compared to all other habitats.
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9.4.4 Worldwide

9.4.4.1 Habitat management to conserve natural enemies of arthropod pests in
agriculture!
Key message: Habitat management enhances biological control, benefits biodiversity.

Location: Worldwide (review)

Soil Water Biodiversity Yield
Structure | Fertility Quality Quantity | Diversity | Abundance
Impacts Positive Positive
Quality Review Review

The authors reviewed available Evidence on habitat management — a process aiming to create an
environment favouring beneficial insects in crops. The review distinguished three levels, on which
habitat management could take place: within-crop, within-farm and at the landscape level. The
authors mentioned several constituent factors essential to the process, namely availability of food
(nectar, pollen, honeydew), shelter, microclimate allowing beneficial insects to overwinter or seek
refuge (e.g. from environmental extremes and pesticides), and habitat for alternative hosts or prey.
The authors also mentioned the necessity to pay close attention to temporal availability of the
aforementioned resources (for example, to encourage early season activity) as well as to spatial
arrangements. Negative aspects and risks were also discussed: some land could be put out of
production, farmers would have little control over the community in the habitat once it is created,
and there may be a risk of establishing plants that could potentially turn into invasive weeds. When
referring directly to cotton, the study commended cotton-wheat relay intercropping in China that
had helped reduce cotton aphid damage, as natural enemies could feed on prey in wheat and then
disperse to emerging cotton.
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10 Promoting biocontrol through genetic modification

10.1 Description

Pest management can be carried out through different mechanisms including pesticide use
(Chapters 7 and 8), on farm conservation and promotion of natural predators (Chapter 9),
maintenance of on field habitat diversity (Chapter 12), disruption of pest life cycles and reproduction
and the use of pest resistant strains of crops. The searches on pest management interventions
(Chapters 7-9) brought up a number of studies on the use of genetic modification to promote
biocontrol services; these were clustered to constitute a separate intervention that specifically
explores how genetic modification as a pest management tool impacts on water, soil and
biodiversity.

10.2 Quick facts
Definition and purpose: Controlling pests by using crop breeding and genetic modification to
promote natural predators

Benefits: Eliminates or delays application of insecticides; promotes natural predation; and reduces
water/soil pollution

10.3 Synthesis

An overwhelming majority of studies on biocontrol of cotton investigates the effects of various
biological agents on pests rather than on natural capital. The searches on pest management
interventions did not identify any studies that have experimented with the release of natural
predators on cotton pests but a number did point to how the use of genetically modified cotton
species impact pest populations by enhancing biocontrol; some impacts on natural capital were also
highlighted. While the synthesis highlights primarily positive impacts of this intervention on soil,
water and biodiversity they should not overshadow any impacts on human health, labour and/or
wellbeing; considering local contexts and expert advice is crucial for appropriate decision making.
Due to the nature of the search criteria that was used to draw evidence on promoting biocontrol
through genetic modification, the results are inconclusive; a number of other searches and studies
would have to be included in the review to yield any sort of categorical claims.

10.3.1 Impact summary of the intervention
In total, 11 studies were relevant, accessible and reviewed.

.: e an _‘ | e vivad

10.3.2 Soil
Very few studies explored impacts on soil structure and/or fertility. One study (controlled and
replicated) highlighted that glyphosate-based herbicides can benefit soils and soil microfauna®.

10.3.3 Water
No direct effects on water have been identified.
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10.3.4 Biodiversity

A number of studies, including those whose primary objective is not research into Bt cotton as well
as three reviews and a survey represented in this Evidence review, agree that Bt cotton reduces
insecticide use and enhances the populations of beneficial insects”*. An economic analysis from
Pakistan also confirms that Bt cotton farmers use pesticides less extensively and generally opt for
those of lower toxicity, compared to non-Bt farmers®. Only one experiment (randomised, replicated)
when Bt cotton was first used in China claims that Bt cotton does not reduce pesticide use’.

Lastly, five studies (one randomised and replicated, one long-term data analysis and two reviews
from Australia and China) conclude that genetically modified (Bt) cotton enhances biocontrol, as it

is generally associated with lower pesticide use and higher incidence of beneficial insects*>®°.

10.4 Evidence Review

10.4.1 Asia

10.4.1.1 Influence of pesticide applications on pest and predatory arthropods associated
with transgenic Bt cotton and nontransgenic cotton plants’

Key message: Pesticide reduces certain beneficial insect populations, while it has no effect on

others. Bt cotton does not reduce pesticide use.

Location: Fugou County, Henan Province, China

Soil Water Biodiversity Yield
Structure | Fertility Quality Quantity | Diversity | Abundance
Impacts Variable
Quality RR

A three-year randomised, replicated field experiment on a silty loam in Fugou County, Henan
Province, China examined the effects of pesticides on common pests (aphids and acarid mites) and
beneficial insects (ladybeetles and spiders) in Bt cotton and non-transgenic cotton. The experiment
consisted of four treatments: non-transgenic cotton with and without pesticide applications and Bt
cotton with and without pesticide applications. Insecticides were applied based on thresholds.
Pesticides did not affect ladybeetle populations significantly in any year in any cotton variety. As to
no pesticide treatments, ladybeetle populations were significantly greater on non-transgenic cotton
than on Bt cotton in one year. By contrast, in two out of three years spiders marked a severe
decrease in numbers after pesticide applications regardless of the cotton variety. In plots not treated
with pesticide, spiders fared better in Bt plots where their numbers were greater compared to non-
transgenic plots in two out of three years. As non-transgenic cotton had received eight pesticide
applications and Bt plots had required nine pesticide applications (to control other pests that
became more abundant), the study concluded that Bt did not reduce pesticide use. Regarding
predators, Bt cotton did not affect them and pesticide effects varied.
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10.4.1.2 Bt cotton, pesticide use and environmental efficiency in Pakistané
Key message: Bt cotton farmers in Pakistan are more environmentally efficient than non-Bt farmers.

Location: Punjab, Pakistan

Soil Water Biodiversity Yield
Structure | Fertility Quality Quantity | Diversity | Abundance

Impacts

Quality

An economic analysis based on surveys conducted in Punjab, Pakistan showed that adoption of Bt
cotton increased yields and reduced pesticide applications. When they did resort to pesticide, the
adopters of Bt technology used pesticides with lower toxicity. The authors quantified the
environmental benefit of Bt cotton, claiming that Bt farmers produced cotton with 37% higher
environmental efficiency.

10.4.1.3 Widespread adoption of Bt cotton and insecticide decrease promotes biocontrol
services10
Key message: Bt cotton supports natural predators, thus enhancing biocontrol services.

Location: China

Soil Water Biodiversity Yield
Structure | Fertility Quality Quantity | Diversity | Abundance
Impacts Positive Positive
Quality Long- Long-term

term data | data
analysis analysis
(20 years) | (20 years)

A study examining data gathered between 1990 and 2010 from 36 sites in China examined the
relationship between genetically modified pest resistant cotton (Bt cotton), insecticide use,
abundance of natural predators and biocontrol services. The authors observed that insecticide use
declined sharply after the introduction of Bt cotton. The abundance of cotton pest was highest and
the abundance of predators lowest in plots treated with insecticides, while the insecticide-free plots
showed the exact opposite trend. Three neighbouring crops (maize, peanut and soybean) also
benefited from reduced pesticide sprays. The study concluded that Bt cotton enhanced biocontrol
services, since it increased abundance of natural predators.

10.4.1.4 Evaluation of winter wheat as a potential relay crop for enhancing biological
control of cotton aphids in seedling cotton®
Key message: Wheat next to Bt cotton conserves natural predators, helps suppress pest in cotton.

Location: Roayang County, Hebei Province, China

Soil Water Biodiversity Yield
Structure | Fertility Quality Quantity | Diversity | Abundance
Impacts Positive Positive
Quality RR RR
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A randomised, replicated experiment in Roayang County, Hebei Province, China over two seasons
explored the effects of wheat planted adjacent to Bt cotton on insect populations (both pests and
beneficial), determined their spatial distribution, and investigated the time of migration of natural
enemies from wheat to cotton. The treatments were wheat plots and cotton plots with a 0.3m strip
of bare soil between them. The authors found a linear relationship between pest abundance and the
distance from field edge. Other insects were also affected by the spatial arrangement of the
experiment. The predators could keep the pest populations at the edges of cotton fields under the
threshold level of 100 aphids per m” The wheat fields proved successful in conserving the predator
populations.

10.4.1.5 The evolution of cotton pest management practices in China®
Key message: Owing to lower insecticide use following the adoption of Bt cotton, the number of
natural enemies increased and successfully reduced pest populations.

Location: China

Soil Water Biodiversity Yield
Structure | Fertility Quality Quantity | Diversity | Abundance
Impacts Positive Positive
Quality Review Review

A review discussed the history of cotton pest management in China. The review discussed three
regions. While crop in the Northwestern Region (mostly Xinjiang) is grown by large establishments
similar to those in the U.S. and Australia, the two other large Chinese cotton growing regions
(Changjiang River Region and Yellow River Region) are mostly based on small-holder agriculture that
the review focused on. As Chinese farmers started relying on insecticides, cotton pests developed
resistance, which required stronger and more frequent insecticide applications. Since the 1980s, the
frequency of cotton aphid infestations increased because insecticides killed most natural enemies.
Eventually, it was not uncommon for a field in the early 1990s to undergo as many as 30 insecticide
applications in one season. Though the adoption of Bt cotton drastically reduced the number of
insecticide applications, the risk of developing pest resistance became a concern. Whereas large
farms would normally set aside a part of their land for non-Bt crop as a ‘refuge’ for non-resistant
pests, small-holders with fields of less than one hectare could not adopt such a strategy. However,
the study found that given that the farmers grew other crops (corn, soybean and peanut), resistance
would not develop because these crops would act as a refuge for non-resistant pests.

10.1.1.1 Performance of Bt cotton (MECH-162) under Integrated Pest management in
farmers’ participatory field trial in Nanded district, Central India8

Key message: Integrated Pest management with Bt cotton is associated with thriving populations of

beneficial insects.

Location: Nanded district, India

Soil Water Biodiversity Yield
Structure | Fertility Quality Quantity | Diversity | Abundance
Impacts Positive Positive Positive
Quality - - -

An experiment in India compared non-genetically modified MECH-162 cotton cultivar, and Bt MECH-
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162, and conventional cotton in an integrated pest management (IPM) regime, and non-genetically
modified conventional cotton grown in a non-IPM regime. The Bt plot exhibited the lowest incidence
of pest and crop damage. The same plot also produced the highest seed cotton yield. The study also
showed that the natural enemy population was highest in the IPM plot growing conventional cotton,
followed by the Bt IPM plot. The non-IPM conventional plot, which received the most insecticide
applications, had lowest natural enemy populations. The authors hypothesized that the lower
number of natural enemies on Bt cotton was caused by lack of prey, rather than by the effects of the
Bt toxin.

10.4.2 Australia and Oceania

10.4.2.1 An Australian approach to IPM in cotton: integrating new technologies to
minimise insecticide dependence#*

Key message: Bt cotton integrated with a comprehensive, mutually reinforcing set of measures

(breeding, selective pesticides, natural predators, intercropping,...) can reduce reliance on chemical

insecticides, protect soil, water, biodiversity.

Location: Australia

Soil Water Biodiversity Yield
Structure | Fertility Quality Quantity | Diversity | Abundance
Impacts Positive Positive
Quality Review Review

A study reviewed pest management approaches designed to reduce environmental damage in the
Australian cotton industry. The author pointed out the environmental and economic costs of
reliance on chemical pesticides and then outlined a mix of measures that would reduce the use of
these substances. He proposed using selective chemicals (labelled as more expensive than broad-
spectrum ones), nurture host plant resistance (e.g. through conventional breeding of resistance
traits inherent to cotton), protect beneficial insects, increase habitat diversity (e.g. through
intercropping and using food sprays) and plant Bt cotton. The author also highlighted a number of
outstanding issues, for example, the relatively higher costs of new chemicals, the complexity and
economic costs of maintaining habitat diversity or the risk of pest resistance to Bt cotton (as well as
strategies to manage this risk).

10.4.3 North America

10.4.3.1 Soil microbial activity is affected by Roundup WeatherMax and pesticides applied
to cotton?

Key message: Glyphosate-based herbicides (such as Roundup) alters soil microbial response to

other pesticides.

Location: Texas, USA

Soil Water Biodiversity Yield
Structure | Fertility Quality Quantity | Diversity | Abundance
Impacts | Variable Variable
Quality CRep CRep
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A laboratory, controlled, replicated experiment on a clay loam soil in Texas, USA examined how
combinations of pesticides affected soil microbial activity. The study evaluated carbon and nitrogen
mineralization as a proxy for microbial activity. The pesticides tested were: fluometuron, trifluralin,
aldicarb, and mefenoxam + pentachloronitrobenzene (PCNB). The treatments comprised each
individual pesticide alone, each pesticide mixed with glyphosate, glyphosate by itself, and an
untreated soil was used as a control. All treatments were applied to a soil that had been previously
sown with cotton. Soils treated with glyphosate unaccompanied by any pesticides exhibited greater
carbon mineralization after 30 days, compared to all other treatments, which resembled the values
of the control. However, soil microbial activity was reduced under glyphosate applications combined
with fluometuron, aldicarb, and mefenoxam + PCNB, compared to when these substances were
applied without glyphosate. The authors concluded that glyphosate altered the soil microbial
response to other pesticides.

10.4.3.2 Farm-scale evaluation of the impacts of transgenic cotton on biodiversity,
pesticide use, and yield?
Key message: Bt cotton reduces insecticide use, enhances biodiversity.

Location: Arizona, USA

Soil Water Biodiversity Yield
Structure | Fertility Quality Quantity | Diversity | Abundance
Impacts Positive Positive Positive
Quality Survey Survey Survey

A two-year survey of 81 commercial farms in Arizona examined the differences between two types
of transgenic cotton (pest resistant Bt and pest resistant with herbicide resistance) and conventional
cotton in terms of yields, pesticide use and impacts on biodiversity. The study found that Bt cotton
reduced insecticide use. Bt cotton with herbicide resistance did not affect herbicide use. Regardless
of the number of insecticide applications, Bt cotton produced higher yield. Nevertheless, the three
types of cotton had quite similar yields, which the authors attributed to higher use of insecticide
with conventional cotton to control key pests. Lastly, regarding non-target species, insecticides
reduced the diversity of non-target insects.

10.1.1.2 Impacts of Bt transgenic cotton on integrated pest management3
Key message: Bt cotton reduces the need to use insecticide, thus enhancing the abundance and
diversity of beneficial insects.

Location: USA

Soil Water Biodiversity Yield
Structure | Fertility Quality Quantity | Diversity | Abundance
Impacts Positive Positive
Quality Review Review

A review from the U.S. discussed the impacts of Bt cotton on targeted pests (lepidopteran insects —
caterpillars) as well as on other pests and beneficial insects. Between 1996 and 2008, over 140

million kilograms of insecticide active ingredient was saved. Thus, the study showed that Bt cotton
was responsible for a major worldwide reduction in insecticide use in cotton. Although several pest
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species became more abundant, they could be easily managed through integrated pest
management. Also, the reduction in insecticide use enhanced biocontrol due to more abundant
natural enemies of other pests. Lastly, the study reported that experiments on Bt cotton
unequivocally demonstrated that Bt protein had no effects on natural enemies.

10.1.1.3 Arthropod abundance and diversity in Bt and non-Bt cotton fields!1
Key message: Genetically modified cotton does not harm biodiversity.

Location: Arizona, USA

Soil Water Biodiversity Yield
Structure | Fertility Quality Quantity | Diversity | Abundance
Impacts No effect | No effect
Quality - -

A two-year study in Arizona, USA surveyed arthropods (beneficial insects) in plots with genetically
modified (Bt) cotton, non-Bt cotton, and a mixture (75% genetically modified, 25% non-Bt), aiming to
determine any differences in abundance and diversity of the insect population. More arthropods
were collected from the mixed plots than Bt plots. Still, abundance did not differ significantly
between Bt and non-Bt. Regarding diversity, 57 families was found in mixed plots, 55 in non-Bt plots,
and 47 in Bt plots. Again, however, the differences in diversity were attributed to differences in
abundance, rather than differences between cultivars. Within row mixture plots, abundance and
diversity did not differ significantly.

Note: Genetically modified cotton was not the main search topic for this section; rather, it was a
consolidation of studies found through several other intervention searches. This section is only
framed in the context of genetically modified cotton for pest management.
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Land and diversity management

Section Overview

Cotton production requires suitable and available land within appropriate landscapes. Careful land
management is crucial for resilient production systems. There are a number of interventions that
address land and diversity management, five of which were identified and researched using a
number of terms (See Appendix 4.1: Primary Search and Appendix 4.2: Secondary Search).

Section Chapters

. : Evidence Yield Cost Qualit
#~  Chapter 11: Crop Rotation o= p Y
IR Xy @ @
\ ’ -
L= S
Positive Limited Positive Increases Medium Increases

Definition and purpose: Growing a rotation of different crops in different years and during different seasons to improve long-term soil
fertility and nutrition with time as well as to enhance biological control
Benefits: Eliminates or delays application of insecticides; promotes natural predation; and reduces water/soil pollution

Chapter 12: Habitat Diversity Evidence vield Cost Quality
L/ -
ﬁs é
None None Positive Increases Medium Increases

Definition and purpose: Safeguarding habitat diversity on farmed lands and managing different types of vegetation within-crop and
within-field to protect insects, including the beneficial insects that predate upon cotton pests and maintain soil fertility and structure
Benefits: Reduces incidence of pests; reduces insecticide use; protects other species; and maintains ecological productivity

. Chapter 13: Keeping a Tidy Farm . Evidence Yield Cost Quality
203200 D

Limited None None Increases Increases
Definition and purpose: Removing weeds and spontaneously appearing crops from cotton fields to reduce competmon for nutrients
and remove potential harbours of pests
Benefits: Increases crop yields; and reduces pest populations

Chapter 14: Removing Evidence Yield Cost Quality
Volunteer Cotton 0‘ | ) N =
i é s -
None None None  Limited Evidence Medium Increases

Definition and purpose: Removing volunteer (spontaneously appearing) cotton from cotton fields to remove harbours for cotton pests,
prevent wasting fertiliser and moisture on unwanted crops and avoid unfavourable gene flows
Benefits: Maintains yields and quality

Chapter 15: Limiting Cotton Evidence Yield Cost Quality

None None Positive Limited Evidence Low Is not affected
Definition and purpose: Limiting cotton expansion to previously farmed land to avoid clearing new areas of natural habitat for cotton production
Benefits: Reduces controversies over land rights; prevents clearing; and decreases loss of native biodiversity
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%
11.1 Description ‘u\r
Crop rotation is the practice of growing different crops in sequence (whereas in a continuous system
the same one crop is grown all the time). Rotating crops is used to maintain soil fertility, increase
yields as well as to facilitate pest management. Crop rotation is a form of on field habitat diversity
management that occurs across temporal scales. It allows soils to be replenished and a better

11 Crop rotation

exchange of nutrients whilst preventing some pests from establishing themselves.

11.2 Quick facts

Definition and purpose: Growing a rotation of different crops in different years and during different
seasons to improve long-term soil fertility and nutrition with time as well as to enhance biological
control

Benefits: Increases yields; improves soil health; mitigates losses of soil organic carbon resulting from
cultivation; and stimulates beneficial insects and soil microbes

11.3 Synthesis

As crop rotation has been relatively thoroughly researched, plentiful evidence exists regarding its
impacts on soil (although research is heavily skewed towards Australia and the U.S.). However,
studies regarding the impacts on water and biodiversity are sparse, even though rotations clearly
influence both. This lack of evidence for these two natural capital variables is acknowledged even in
the few studies that investigate them.

Crop rotation is now a widely adopted recommended practice. Most studies (eleven, including five
of which were randomised and replicated) across several regions report that yields increase in crop
rotations compared to cotton planted continuously*™. Only one study (controlled, replicated and
long-term) reports negligible effects of crop rotations on yields™.

11.3.1 Impact summary of the intervention
In total, 18 studies were relevant, accessible and reviewed.

Soil Water Biodiversity Yield Costs Quality
Structure Fertility Quality\ Quantity Diversity Abundance

Positive | Positive Limited Positive Positive Increases | Medium | Increases
evidence

11.3.2 Soil

Crop rotation undoubtedly benefits soil, but the actual mechanisms are only partially clear. For
example, many studies report on soil organic carbon, but they fail to agree on precise benefits. Two
studies (one controlled, replicated and long-term, and a review) claim that crop rotations do not
return enough carbon to the soil, albeit they may slow down the depletion caused by cultivation®*.
One study (randomised, replicated) finds no change in soil organic carbon®. Three independently
conducted studies all from the same controlled, long-term experiment (Alabama’s ‘Old Rotation’

lasting over 100 years) report that soil organic matter increases over time“*’.

Three studies (two randomised, replicated) show that crop rotation allows better access of air to
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soil, as rotating crops tends to reduce compaction®'"**.

Three studies (one randomised, replicated, and a review) highly recommend rotating wheat with

3,8,14

cotton, asserting its superiority over other crops™®™". One study recommends both legumes and

cereals®™.

Although crop rotation seems to provide tremendous benefits, several studies agree that tillage
systems have a greater effect on the crop™®.

Lastly, two studies (both randomised and replicated) suggest that exchangeable cations in soil
decrease with crop rotation**!, while one study shows exchangeable cations remain unaffected™.

11.3.3 Water

Two studies (both randomised, one of which is also replicated) show that crop rotation results in
minor benefits in water use efficiency. One of these studies (long-term, randomised) highlights that
crop rotation improves water-use efficiency especially under water stress’. The second study
(randomised, replicated) shows that total amount of water used does not differ significantly
between rotations and tillage systems, but improvements in water use efficiency result from higher
yield in rotations, rather than less water used®.

11.3.4 Biodiversity

Three studies (one controlled, randomised, replicated, one controlled long-term and one review)

suggest that crop rotation has positive effects on micro- and macrofauna in soil">*>.

One study (randomised, replicated) suggests that some crop rotations help control weeds'®.

11.4 Evidence Review
11.4.1 Africa

11.4.1.1 Maitrise des mauvaises herbes de la culture cotonniére par des rotations
culturales en Céte d’lIvoirel¢
Key message: Some rotations, notably corn-cotton-rice and rice-cotton corn, reduce weeds.

Location: Bouaké, Cote d’Ivoire

Soil Water Biodiversity Yield
Structure | Fertility Quality Quantity | Diversity | Abundance
Impacts Positive
Quality RR

A randomised, replicated three year experiment in Bouaké, Céte d’lvoire compared seven crop
rotations (corn-cotton-rice, cotton-rice-peanuts, rice-peanuts-corn, peanuts-corn-cotton, rice-
cotton-corn, cotton-corn-peanuts, and cotton-cotton-cotton. The study found that corn-cotton-rice
and rice-cotton corn reduced weed incidence the most, as the population densities of weeds
decreased by 83%.
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P

11.4.1.2 Carbon losses and primary productivity decline in savannah soils under cotton-
cereal rotations in semiarid Togo1?

Key message: Cereal-cotton crop rotation does not add enough carbon to the soil to maintain long-

term soil fertility.

Location: Dalanda and Elavagnon, Togo

Soil Water Biodiversity Yield
Structure | Fertility Quality Quantity | Diversity | Abundance
Impacts No effect No
change
Quality CRep CRep
long-term long-
term

A meta-analysis of data from thirty years of controlled, replicated field experiments in Dalanda and
Elavagnon, Togo investigated the impacts of rotations and fertiliser over a period of thirty years. In
the first ten years, the experiments differed to some degree. In the subsequent twenty, the
experiment continued as cereal-cotton rotation and continuous cotton. Aside from various rotations,
the treatments in Dalanda also included different rates of fertiliser (no fertiliser, recommended rate
and 1.5 times recommended rate). However, yields of all crops declined over the 30 years,
irrespective of crop rotation, fertiliser use or crop residue management. The authors concluded that
rotations did not add enough carbon to offset carbon depletion and decomposition that was high in
continuously cultivated tropical, sandy soils such as those found in Togo.

11.4.2 Asia

11.4.2.1 Trend and stability analysis to interpret results of long-term effects of application
of fertilisers and manure to cotton grown on rainfed Vertisols19

Key message: Manure increases yields, improves soil structure. However, it performs best when

combined with conventional fertiliser. Crop rotation increases yields, makes them more stable.

Location: Nagpur, India

Soil Water Biodiversity Yield
Structure | Fertility Quality Quantity | Diversity | Abundance
Impacts Positive Positive
Quality long- long-
term (17 term (17
years) years)

A long-term experiment on Vertisols in Nagpur, India running from 1985/86 until 2002/03 examined
the influence of cropping systems (monocropping cotton and cotton in rotation with sorghum) and
different fertilisers (manure and mineral) on yield outcomes under rainfed conditions. The study
found that crop rotation as opposed to monocropping gave more stable and higher (1828 kg/ha
versus 1384 kg/ha) yields. The authors also observed that manure and fertiliser applied together
produced the highest mean yield response (1218 kg/ha). Lastly, soil available P and Zn were greater
with manure added than without it.
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11.4.2.2 Biodiversity of foliage arthropods in the mixed crop zone and cotton-wheat zone in
Punjab Province, Pakistan®

Key message: Mixed cropping system with smaller plots and a greater variety of crops is better for

biodiversity than mono-cropping.

Location: Punjab, Pakistan

Soil Water Biodiversity Yield
Structure | Fertility Quality Quantity | Diversity | Abundance
Impacts Positive
Quality -

A study in Punjab, Pakistan surveyed two major crop zones to determine differences in biodiversity.
One was a mixed zone dominated by smallholder agriculture and a great diversity of crops, and the
other a cash crop zone characterized by cotton-wheat rotation, extensive mono-cropping and more
widespread use of pesticides. Three orders out of five detected were found in significantly greater
diversity in the mixed zone and one (Araneae — spiders) was more diverse in the cotton-wheat zone,
leading the authors to conclude that the mixed system with fewer applications of synthetic
chemicals was better suited for biodiversity conservation.

11.4.3 Australia and Oceania

11.4.3.1 A review of the changes in soil quality and profitability accomplished by sowing
rotation crops after cotton in Australian Vertosols from 1970 to 20063

Key message: Crop rotation, especially cotton-wheat, improves soil health by adding soil organic

content and improving nitrogen fixation, exhibits positive effects on biodiversity.

Location: Australia

Soil Water Biodiversity Yield
Structure | Fertility Quality Quantity | Diversity | Abundance
Impacts | Positive Positive Positive Increases
Quality Review Review Review Review

A study from Australia reviewed crop rotation experiments in Australia between 1970 and 2006.
Most experiments assessed 1:1 cotton rotations, whereas there research into complex (three or
more crops) or more unconventional rotations was lacking. While crop rotations generally improved
soils, overall depletion of soil organic carbon continued in Australia even after introduction of crop
rotation at a rate of roughly 0.22 to 0.35 kg/m”. An estimated amount of 2-3 kg/m? of organic
matters needs to be returned to soil every year, yet rotations were adding back only 0.8-1.2 kg/m”.
The review, therefore, endorsed especially rotations returning above 2 kg/m? of residues per
growing cycle to soil. Management practices, for example intensive tillage, crop stubble burning, and
excessive water and N application rates were also weakening the positive effects of crop rotation.
Nevertheless, yields were overall better in rotation than in monoculture. Physical and chemical
properties were also improving. Leguminous cover crops improved nitrogen fixation.

Though few studies on biodiversity were in existence, the authors found generally positive effects of
crop rotation on soil macro- and microfauna. Likewise, better biodiversity provided benefits for soil.
For example, more abundant ants increased soil organic matter, nitrates and phosphates.
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While some studies reported better results with different rotation crops (e.g. safflower), they proved
to be inconvenient for farmers for various reasons (for example, safflower is thorny). The authors
recommended adopting cotton-wheat rotation as a long-term solution for Australian farmers.

11.4.3.2 Soil properties and crop yields in a dryland Vertisol sown with cotton-based crop
rotations11
Key message: Crop rotation increases yields, loosens compacted soil.

Location: Warra, Queensland, Australia

Soil Water Biodiversity Yield
Structure | Fertility Quality Quantity | Diversity | Abundance
Impacts | Positive No effect Increases
Quality | RR RR RR

A randomised, replicated, twelve-year experiment on a Vertisol in Warra, Queensland, Australia
aimed to investigate impacts of different cereal and leguminous crops sown in rotation with cotton
under a dryland system on yields, physical and chemical properties of soil. The five treatments
tested were continuous cotton, cotton-sorghum, cotton-wheat double cropped, cotton-chickpea
double cropped followed by wheat, and cotton-wheat. The study found that air-filled porosity of the
soil under continuous cotton exhibited the lowest values (i.e. was the most compacted), with
sorghum-cotton also having low values, whereas cotton-wheat double cropped had the highest. Soil
organic carbon concentrations were not affected by crop rotation, were already low and decreased
with depth. Exchangeable cations were not affected by rotation, either. Yields were similar among all
treatments, except cotton-sorghum, which produced the lowest yields. Average cotton lint yields
were 0.66 t/ha for continuous cotton, 0.54 t/ha for cotton-sorghum, 0.71 t/ha for cotton-wheat
double cropped, 0.76 t/ha for cotton-chickpea double cropped followed by wheat, and 0.67 t/ha for
cotton-wheat. The authors recommended including wheat in a rotation, as it would likely result in
better soil structure and higher cotton-lint yield than either rotation with legumes or sorghum.

11.4.3.3 Impact of crop rotation and minimum tillage on water use efficiency of irrigated
cotton in a Vertisol®

Key message: Crop rotation increases yield and crop water use efficiency, although the total amount

of water required does not change.

Location: Narrabri, New South Wales, Australia

Soil Water Biodiversity Yield
Structure | Fertility Quality Quantity | Diversity | Abundance
Impacts Positive Increases
Quality RR RR

A six-year randomised, replicated experiment on a Vertisol near Narrabri, New South Wales,
Australia aimed to quantify the impact of two tillage systems and wheat in rotation with cotton on
crop water use efficiency. The treatments were continuous cotton monoculture under conventional
tillage, continuous cotton under minimum tillage, and cotton-wheat rotation under minimum tillage.
In terms of yield, cotton-wheat rotation proved most productive with 1,624 kg/ha of lint, followed
by minimum tilled continuous cotton with 1,447 kg/ha and conventional continuous cotton with
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1,373 kg/ha. Overall, wheat rotated with cotton improved water-use efficiency in some years and
application efficiency in all years. However, the total amount of irrigation water used did not differ
significantly between treatments. Rather, the improvement in crop water use efficiency of the
cotton-wheat rotation (some 12% compared to conventionally tilled continuous cotton) happened
as a result of higher yield.

11.4.3.4 Effect of crop rotation and residue management on properties of cracking clay
soils under irrigated cotton-based farming systems of New South Wales13

Key message: Rotating cotton with cereal or leguminous crops improves soil physical and chemical

properties; retaining stubble in the field is superior to burning it.

Location: Macquarie and Namoi Valleys in New South Wales, Australia

Soil Water Biodiversity Yield
Structure | Fertility Quality Quantity | Diversity | Abundance
Impacts Positive Positive
Quality - -

A study sampled data from five commercial farms with Vertisol soils in the Macquarie and Namoi
Valleys in New South Wales, Australia and evaluated for a number of soil quality criteria: the particle
size distribution, the dispersion index, the plastic limit, the percentage of coarse and fine particulate
soil organic matter, soil respiration rate, soil reactivity, soil aggregate density, pH, nitrate-N, and
exchangeable Ca, Mg, K and Na. The effects of rotations differed between variables and the two
locations. Nevertheless, based on the results the authors recommended rotating cotton with cereal
or leguminous crops, as they improved soil physical and chemical properties, as compared to
continuous cotton. Also, retaining crop residue, rather than burning it, was seen as improving soil
properties.

11.4.3.5 Residual effects of cotton-based crop rotations on soil properties of irrigated
Vertosols in central-western and north-western New South Wales*
Key message: Crop rotation improves soil health, especially cotton-wheat rotation.

Location: Warren and Merah North, New South Wales, Australia

Soil Water Biodiversity Yield
Structure | Fertility Quality Quantity | Diversity | Abundance
Impacts | Positive Positive
Quality - -

A study examining samples of a Vertisol at two locations in New South Wales, Australia assessed the
effects of crop rotation history. At Warren, the rotations were continuous cotton, long-fallow cotton,
cotton and high input wheat, cotton and low input wheat, cotton and green manured field pea. At
Merrah North, the rotations were continuous cotton, long-fallow cotton, cotton and green manured
faba bean (then replaced by sorghum), cotton and dolichos, and cotton and fertilized dolichos. Best
soil structure occurred where cotton-wheat rotations had been sown, especially those with high
input (fertilized) wheat. At Merrah North, the values at the long fallow field were similar to cotton-
wheat rotation.
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11.4.3.6 Rotation crops for irrigated cotton in a medium-fine, self-mulching, grey Vertosol8
Key message: Wheat rotation performs better than legume rotation, all rotations improve soil.

Location: Wee Waa, New South Wales, Australia

Soil Water Biodiversity Yield
Structure | Fertility Quality Quantity | Diversity | Abundance
Impacts | Positive No effect Increases
Quality RR RR RR

A randomised, replicated experiment on a Vertosol in Wee Waa, New South Wales, Australia aimed
to evaluate the changes in soil organic carbon, nitrate-N, soil structure, cotton growth and yield. The
paper also looked at economic issues. The treatments were cotton followed by nitrogen fertilized
wheat (140 kg/ha of N in the first year and 120 kg/ha in thereafter), cotton followed by unfertilized
wheat, cotton followed by unfertilized legumes harvested, and cotton followed by unfertilized
legumes incorporated into the field. The study found that soil organic carbon was unaffected by the
rotation, as there was no net loss or gain. However, soil compaction was lower with all rotation
crops. Sharp increases in soil nitrate were observed in the leguminous rotations. Lint yield and fibre
quality were higher in the wheat rotations.

11.4.4 North America

11.4.4.1 Influence of management practices on soil organic matter, microbial biomass and
cotton yield in Alabama’s “Old Rotation™?

Key message: Winter legume and crop rotation increase soil microbial activity, organic matter

content, yields.

Location: Auburn, Alabama, USA

Soil Water Biodiversity Yield
Structure | Fertility Quality Quantity | Diversity | Abundance
Impacts Positive Positive Positive Positive Increases
Quality C, long- C, long- C, long- C, long- C, long-
term (99 | term (99 term (99 | term (99 term (99
years) years) years) years) years)

A 99 years long controlled experiment on a sandy loam soil evaluated the effect of winter legumes in
different cotton rotations on soil organic matter content, soil microbial biomass and yield. The
experiment consisted of six treatments: cotton only (planted every year, no rotation) without a
winter legume cover crop or fertilisation, cotton only with winter legume and without fertilisation,
cotton only without winter legume and fertilized with 134kg of N per hectare per year, cotton
rotated with corn with a winter legume and without fertilisation, cotton rotated with corn with a
winter legume and with the aforementioned fertilisation, and cotton rotated with corn and
soybean/rye (three year rotation) with legume and without fertilisation (controls are treatments
without legumes). Only some of the treatments were replicated and if they were, it was only twice,
so this experiment is, for all intents and purposes, considered not replicated. The cotton in rotation
with a winter legume had a higher seed cotton yield than cotton planted without rotation. Winter
legume yield did not differ among treatments that had it. The three year rotation exhibited higher
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organic matter and carbon in the top 10cm than all other four rotations. Cotton without rotation
(that is, also without winter legume) had lower organic carbon content than all other treatments.
Lastly, the cotton-corn rotations and the three year rotation had higher microbial biomass than the
three other rotations and soil microbial biomass was lower in most months in cotton only
treatments without winter legume.

11.4.4.2 Use of winter leqgumes as banker plants for beneficial insect species in a sorghum
and cotton rotation systems
Key message: Legumes (vetch and faba, in particular) provide refuge for beneficial insects.

Location: Tifton, Georgia, USA

Soil Water Biodiversity Yield
Structure | Fertility Quality Quantity | Diversity | Abundance
Impacts Positive Positive
Quality CRR CRR

A three-year controlled, randomised, replicated experiment in Tifton, Georgia, USA aimed to assess
the potential of different winter cover crops to harbour beneficial insects and pests and to relay
them into the cotton and sorghum crops planted later. Nine treatments, including three controls,
were tested: Austrian winter pea, faba bean, blue lupin, white vetch, winter rye. The controls were:
fallow with standard fertiliser, fallow with natural fertiliser, fallow without fertilisation. Over the
three years of the study, beneficial insects were most abundant in the faba, vetch and lupin crops.
Relay was observed, as all insects tended to appear in the sorghum and cotton crops. Faba stands
were poor, according to the study, so the authors did not recommend using it as a cover crop. Vetch
and lupin, therefore, emerged as ideal cover crops because they consistently sustained pea aphids
(not a pest of sorghum or cotton) and coccinellids (beneficial insects).

11.4.4.3 Improved growth and nutrient status of an oat cover crop in sod-based versus
conventional peanut-cotton rotations1’

Key message: Crop rotation improves soil, sod-based one more so than conventional peanut

rotation.

Location: Quincy, Florida, USA

Soil Water Biodiversity Yield
Structure | Fertility Quality Quantity | Diversity | Abundance
Impacts Positive
Quality -

An experiment on a sandy loam soil in Quincy, Florida, USA compared the performance of a
conventional rotation (peanut-cotton-cotton) and sod-based rotation (Bahiagrass-Bahiagrass-
Peanut-Cotton). In both rotations, oat was used as the winter cover crop. The goal of the study was
to determine the plant growth and shoot biomass production of oat. Another goal was to investigate
the influence of the summer crop (peanut, cotton or bahiagrass) on oat shoot N, P, and K
concentrations and total uptake. Oat grown in the sod-based rotation had greater biomass, leaf
chlorophyll and leaf sap NOs-N concentrations, compared to oat in the conventional rotation.
Increased oat growth and N in the sod-based rotation indicated greater soil quality.
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11.4.4.4 A historical summary of Alabama’s Old Rotation (circa 1896): The world’s oldest,
continuous cotton experiment?

Key message: Crop rotation and winter legume cover crops increase soil organic matter, preserving

soil fertility.

Location: Auburn, Alabama, USA

Soil Water Biodiversity Yield
Structure | Fertility Quality Quantity | Diversity | Abundance
Impacts | Positive Positive Increases
Quality Clong- Clong- Clong-
term term term

A meta-analysis of data from a long-term (over 100 years) experiment in Auburn, Alabama, USA
document the effect of winter legumes, corn and soybean on yields and soil health. The treatments
consisted of 1) continuous cotton without winter legumes, 2) continuous cotton with legumes, 3)
continuous cotton with N fertiliser, 4) two year cotton-corn rotation with winter legumes, 5) two
year cotton-corn rotation with winter legumes and N fertiliser, and 5) three year cotton-winter
legumes-corn rotation followed by grain-soybean. Fertiliser was added at 134 kg/ha per year.
Crimson clover had been used as the only kind of winter legume since 1990. The results showed that
yield of cotton increased over time, as fertiliser rates kept increasing, and it also increased with
addition of winter legumes. Yield declined gradually when no legumes or N fertiliser were used,
before eventually stabilizing at about half the beginning yield. The results also indicated that winter
legumes increased yield as much as or higher than N fertiliser. Long-term planting of winter legumes
also increased soil organic carbon, thus improving soil structure and fertility. The two year rotation
with winter legumes and N and all the three year rotations had higher soil organic carbon than the
other rotations. Cotton only with winter legumes exhibited lower soil organic carbon than all other
rotations. Overall, the authors showed that winter legume cover crops built soil organic carbon,
supplied additional nitrogen, and reduced erosion during the winter.

11.4.4.5 Stratification of nutrients in soil for different tillage regimes and cotton rotations+*
Key message: Crop rotation increases yields, but tillage system displays a greater effect.

Location: Burleson County, Texas, USA

Soil Water Biodiversity Yield
Structure | Fertility Quality Quantity | Diversity | Abundance
Impacts Mixed Increases
Quality RR RR

A four-year randomised, replicated experiment on a silty clay loam soil in Burleson County, Texas,
USA aimed to determine the distribution of macro- and micronutrients in soil between Ocm and
90cm depth, comparing different tillage regimes, crop rotations and nitrogen fertilisation rates. The
treatments were continuous cotton monoculture under reduced tillage, continuous cotton
monoculture under conventional tillage, and cotton-corn rotation under conventional tillage.
Additionally, each of these underwent three different nitrogen application rates for cotton (0, 80
and 160 kg/ha). There was only one nitrogen rate for corn (90 kg/ha). Soil pH was significantly higher
for unfertilized continuous cotton under conventional tillage, compared to the other two systems.
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Also, reduced tillage had 14% and 19% higher plant-available phosphorus in soil than continuous
cotton and the rotation, respectively. However, compared to the rotation treatments, cotton lint
yields were significantly lower for 0 kg/ha (and 160kg/ha of nitrogen of both continuous cotton. On
average, reduced tillage continuous cotton had 55% higher yields than conventional continuous
cotton and cotton-corn rotation had 66% higher yields than conventional continuous cotton.
Therefore, rotation significantly increased yield. However, the authors also concluded that inclusion
of corn decreased plant-available micronutrient concentrations below 0-15cm relative to the
continuous cotton at the 160 kg/ha nitrogen fertilisation rate. Yet, crop rotation did increase
micronutrient concentrations relative to monoculture on plots without fertiliser. The rotation also
had significantly lower K, Ca, Mg, Na and SO, concentrations than conventional continuous cotton.

11.4.4.6 Cotton and corn rotation under reduced tillage management: impacts on soil
properties, weed control, yield, and net returné

Key message: Crop rotation increases yields, helps maintain soil health, but effects of tillage on soil

were of greater consequence.

Location: Stoneville, Mississippi, USA

Soil Water Biodiversity Yield
Structure | Fertility Quality Quantity | Diversity | Abundance
Impacts Positive Increases
Quality RR RR

A six-year randomised, replicated experiment on a silty loam soil in Stoneville, Mississippi, USA
compared soil properties, weed control, yields, and net return in continuous cotton and corn-cotton
rotation. The treatments consisted of continuous cotton, continuous corn, cotton-corn rotation, and
corn-cotton rotation. Additionally, each of these was tested for glyphosate-resistant genetically
modified cotton and conventional cotton cultivar. The authors showed that soil organic carbon in
the top 5cm of the soil increased progressively regardless of rotation. The improvements were
attributed to tillage practices. However, in the second half of the study some differences in soil
organic carbon were observed. Lowest values were measured in continuous cotton, since corn left
behind greater amount of residues after harvest than cotton. Cotton yield was found to increase in
rotation by 10-32% for the conventional seed and by 14-19% for the genetically modified cultivar,
compared to continuous cotton.

11.4.4.7 Cotton-grain sorghum rotation under extreme deficit irrigation conditions?
Key message: Crop rotation increases yields under water-stressed conditions, likely has no effect on
water-use efficiency, but makes water management more flexible.

Location: Halfway, Texas, USA

Soil Water Biodiversity Yield
Structure | Fertility Quality Quantity | Diversity | Abundance
Impacts No effect Increases
Quality Ran Ran

An eight-year long randomised experiment on clay loam in Halfway, Texas, USA compared cotton in
different rotations with sorghum to continuous cotton under deficit irrigation conditions. The study
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found that in years of below average rain cotton following sorghum would yield 18% to 44% more
lint than continuous cotton. In years of average rain, cotton in rotation gave higher yields (21%), but
this increase had partially been caused by increased irrigation. The authors noticed little difference
in yields in years of above average rain. In regards to water-use efficiency, the data did not display a
clear pattern.

In adverse weather, sorghum residue provided protection to cotton plants from blowing sand, thus
reducing the number of field operations necessary to prevent blowing sand. The rotation also likely
reduced the number of disease outbreaks in cotton.

11.4.4.8 Soil C, N and crop yields in Alabama’s long-term ‘Old Rotation’ cotton experiment’
Key message: Crop rotation and winter legume cover crops increase soil organic matter, preserving
soil fertility.

Location: Auburn, Alabama, USA

Soil Water Biodiversity Yield
Structure | Fertility Quality Quantity | Diversity | Abundance
Impacts Positive Positive Increases
Quality Clong- Clong- Clong-
term term term

A study drawing on data from a long-term (Alabama’s Old Rotation - over 100 years) cotton
experiment in Auburn, Alabama, USA analysed the trend in soil organic carbon and nitrogen cycling
in soil. The treatments were 1) continuous cotton without winter legumes, 2) continuous cotton with
legumes, 3) continuous cotton with N fertiliser, 4) two year cotton-corn rotation with winter
legumes, 5) two year cotton-corn rotation with winter legumes and N fertiliser, and 5) three year
cotton-winter legumes-corn rotation followed by grain-soybean. Additionally, the treatments were
fertilized at different rates, creating additional treatments. The authors showed that long-term use
of winter legumes resulted in higher soil organic carbon values compared to continuous cotton (9.5
g/kg of carbon to 4.2 g/kg). A significant quadratic cotton yield response was observed to increasing
soil organic carbon. Winter legume cover crops were estimated to supply between 100 kg/ha to 190
kg/ha of nitrogen to soil. Where no nitrogen had been applied, either by fertiliser or from a legume,
cotton crop removed around 13 kg/ha of nitrogen annually.
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12 Habitat diversity

12.1 Description

Habitat diversity within this chapter refers to diversity of vegetation within crop and within field as a
means of improving soil quality and controlling pests. It compares to Chapter 9 on ‘Habitat
management for predators’ but focusses primarily on intercropping for enhancing soil quality rather
than for controlling pests.

12.2 Quick facts

Definition and purpose: Safeguarding habitat diversity on farmed lands and managing different
types of vegetation within-crop and within-field to protect insects, including the beneficial insects
that predate upon cotton pests and to maintain soil fertility and structure

Benefits: Reduces incidence of pests; reduces insecticide use; protects other species; and maintains
ecological productivity

12.3 Synthesis

The search mostly yielded studies focusing on genetic diversity of cotton itself and these results have
been incorporated into Chapter 10. Studies pertaining to habitat diversity —an all-encompassing
term — look, for the most part, into biodiversity effects. Soil and water are not discussed.

12.3.1 Impact summary of the intervention
In total, seven studies were relevant, accessible and reviewed.

Soil Water Biodiversity Yield Costs Quality
Structure Fertility Quality \ Quantity\ Diversity Abundance

Limited Positive Positive Increases | Medium | Increases
evidence

12.3.2 Soil
Studies on habitat diversity in cotton generally remain silent on soils. One experiment shows that
lucerne (alfalfa), though perhaps providing minor benefits, does not influence overall soil quality™.

12.3.3 Water
No effects on water have been identified.

12.3.4 Biodiversity
Overall, six studies (two of which were randomised, replicated and controlled, two controlled and
one review) suggest that habitat management enhances biocontrol and conserves biodiversity>”.

In particular, five studies (four controlled studies, two of which are also randomised and replicated)
highlight that intercropping helps control pests®®®.
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12.4 Evidence Review
12.4.1 Asia

12.4.1.1 Impact of habitat manipulation on insect pests and their natural enemies in
hybrid cotton”
Key message: Intercropping helps control pests, increases yield.

Location: Anand, Gujarat state, India

Soil Water Biodiversity Yield
Structure | Fertility Quality Quantity | Diversity | Abundance
Impacts Positive Positive Positive
Quality C C C

A controlled three-year field experiment in Anand, Gujarat state, India aimed to determine the
effects of intercropping on cotton pests and beneficial insects. The study’s treatments were: cotton
intercropped with Cassia occidentalis at a ratio of 6 to 1 with maize or zinnia planted at 10% of the
cotton plants, the same treatment except with the release of two beneficial insects (Trichogramma
chilonis and Chrysoperla carnea), cotton sprayed with need based insecticide treatments, and an
untreated control. The study concluded that pest populations were reduced significantly in
intercropped plots, compared to the control. Reductions of different pests ranged between 68% and
85%. As a result, the intercropped plots also produced higher yield.

12.4.1.2 Assessment of cotton aphids, Aphis gossypii, and their natural enemies on aphid-
resistant and aphid-susceptible wheat varieties in a wheat-cotton relay
intercropping system>

Key message: Intercropping favours beneficial insects, thus contributing to pest control.

Location: Hebei province, China

Soil Water Biodiversity Yield
Structure | Fertility Quality Quantity | Diversity | Abundance
Impacts Positive
Quality CRR

A two-year controlled, randomised, replicated study in Hebei province, China examined four wheat
varieties intercropped with cotton and how they affected pests (cotton aphid) and predator
populations. The study consisted of five treatments: four wheat varieties with different levels of
resistance (from susceptible to resistant) to wheat aphids and one treatment of genetically modified
(Bt) cotton monoculture. The authors concluded that intercropped fields preserved and increased
the populations of beneficial insects. Also, the beneficial insect populations differed significantly
between individual wheat varieties; they were most abundant in wheat susceptible to wheat aphid
and least abundant in a resistant variety.
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P

12.4.1.3 Impact of alfalfa/cotton intercropping and management on some aphid predators
in Chinas
Key message: Intercropping favours beneficial insects, thus contributing to pest control.

Location: Xinjiang, China

Soil Water Biodiversity Yield
Structure | Fertility Quality Quantity | Diversity | Abundance
Impacts Positive
Quality C

A controlled study in Xinjiang, China observed a cotton field intercropped with alfalfa, investigating
whether cutting alfalfa would lead to migration of beneficial insects from alfalfa strips to cotton. The
alfalfa belt in the field had been divided into six blocks, three of which were to be cut and three were
designated as controls and did not receive any treatment. Cotton aphid populations grew
significantly slower in cotton near cut alfalfa when compared with aphids near uncut alfalfa. At the
same time, beneficial insect populations grew significantly faster in cotton next to cut alfalfa,
compared to cotton next to uncut treatments.

12.4.2 Australia and Oceania

12.4.2.1 Can lucerne strips improve soil quality in irrigated cotton fields??
Key message: Lucerne (alfalfa) strips may have some beneficial effects on soil, but do not improve
soil quality overall.

Location: New South Wales, Australia

Soil Water Biodiversity Yield
Structure | Fertility Quality Quantity | Diversity | Abundance
Impacts | No effect
Quality -

A two-year experiment on a Vertisol and an Alfisol in New South Wales, Australia evaluated the use
of lucerne strips for improving soil quality. Compared to cotton, lucerne strips exhibited higher air-
filled porosity and higher organic carbon in the sub-soil at two of the tree farms where research had
been conducted (one farm only displayed higher organic carbon content at the soil surface).
Lucerne also seemed to increase soil strength and reduce soil salinity. Also, earthworm activity was
higher at two out of three farms. Nevertheless, the authors concluded that lucerne strips did not
affect soil quality, as only one farm (that at the research centre) marked an overall improvement.
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12.4.3 North America

12.4.3.1 Interplanting alfalfa as a source of Metaseiulus occidentalis for managing spider
mites in cotton3
Key message: Lucerne (alfalfa) provides habitat for beneficial insects.

Location: San Joaquin Valley, California, USA

Soil Water Biodiversity Yield
Structure | Fertility Quality Quantity | Diversity | Abundance
Impacts Positive Positive
Quality - -

A two-year experiment in San Joaquin Valley, California, USA investigated whether alfalfa (lucerne)
provided habitat for the western predatory mite (beneficial predator) that would predate upon, and
thus control, spider mites (pest species). In the first year, three four metre wide strips of alfalfa were
planted, one of which was in the middle and the other two on the edges, in a single cotton field. The
second year the design was changed to eight smaller plots and narrower bands of alfalfa. Western
predatory mite successfully established itself in alfalfa during both years. Its density was higher near
alfalfa (and density of spider mites was lower there as well), leading the authors to infer that alfalfa
was the source. However, spider mites were effectively controlled and cotton yield was higher near
alfalfa only in the second year of the study. Nevertheless, the authors concluded that alfalfa had
potential to serve as a habitat for western predatory mites.

12.4.4 South America

12.4.4.1 Assessment of fennel aphids and their predators in fennel intercropped with cotton
with colored fibers#*
Key message: Intercropping helps control pests.

Location: Montandas, Paraiba, Brazil

Soil Water Biodiversity Yield
Structure | Fertility Quality Quantity | Diversity | Abundance
Impacts Positive Positive
Quality CRR CRR

A two-year controlled, randomised, replicated study in Montandas, Paraiba, Brazil evaluated if
intercropping fennel and cotton would more effectively control fennel aphids. The study tested the
following treatments: two rows of fennel and one row of cotton, three rows of fennel and one row
of cotton, one row of fennel and two rows of cotton, two rows of fennel and three rows of cotton
and sole fennel. Additionally, each of these five treatments was either treated or untreated with
insecticides, giving a total of ten treatments. The fennel aphid populations were significantly larger
in sole fennel plots and the predator populations were significantly larger in intercropped plots.
Overall, fennel aphids reduced fennel yield by 80% in the sole plots, compared to 30% in the
intercropped plots. Thus, the results confirmed the hypothesis that intercropping fennel and cotton
could reduce the fennel aphid populations.
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12.4.5 Worldwide

12.4.5.1 Habitat management to conserve natural enemies of arthropod pests in
agriculture?
Key message: Habitat management enhances biological control, benefits biodiversity.

Location: Worldwide (review)

Soil Water Biodiversity Yield
Structure | Fertility Quality Quantity | Diversity | Abundance
Impacts Positive Positive
Quality Review Review

The authors reviewed available Evidence on habitat management — a process aiming to create an
environment favouring beneficial insects in crops. The review distinguished three levels, on which
habitat management could take place: within-crop, within-farm and at the landscape level. The
authors mentioned several constituent factors essential to the process, namely availability of food
(nectar, pollen, honeydew), shelter, microclimate allowing beneficial insects to overwinter or seek
refuge (e.g. from environmental extremes and pesticides), and habitat for alternative hosts or prey.
The authors also mentioned the necessity to pay close attention to temporal availability of the
aforementioned resources (for example, to encourage early season activity) as well as to spatial
arrangements. Negative aspects and risks were also discussed: some land could be put out of
production, farmers would have little control over the community in the habitat once it is created,
and there may be a risk of establishing plants that could potentially turn into invasive weeds. The
study commended cotton-wheat relay intercropping in China that had helped reduce cotton aphid
damage, as natural enemies could feed on prey in wheat and then disperse to emerging cotton.
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13 Keeping a tidy farm

13.1 Description

In order to support plant growth, weeds competing for nutrients need to be removed. While this is
normally achieved through the use of synthetic herbicides before sowing and after crop emergence,
there are also ‘cultural’, or non-chemical, methods that suppress weeds, such as hoeing and the use
of cover crops. A related problem is that of ‘volunteer crops’ — crops from the previous season that
emerge spontaneously in or near the field (Chapter 14 ‘Removing volunteer cotton’).

13.2 Quick facts
Definition and purpose: Removing weeds and spontaneously appearing crops from cotton fields to
reduce competition for nutrients and remove potential harbours of pests

Benefits: Increases crop yields; and reduces pest populations

13.3 Synthesis

Nearly all published studies on weed or unwanted substance control for cotton production focus on
measuring the efficacy of individual substances against weeds. Studies that discuss ‘cultural’, or non-
chemical, methods of controlling weeds still focus on efficacy, rather than on their contribution to
the environment. There are no studies that would explore the impacts of weed control within cotton
fields on soil, water or biodiversity.

13.3.1 Impact summary of the intervention
In total, two studies were relevant, accessible and reviewed.

Soil Water Biodiversity Yield Costs  Quality
Structure Fertility Quality Quantity Diversity Abundance
Limited Increases | Low | Increases
evidence
13.3.2 Soil

No effects on soil have been identified.

13.3.3 Water
No effects on water have been identified.

13.3.4 Biodiversity
No effects on biodiversity have been identified.
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13.4 Evidence Review
13.4.1 Europe

13.4.1.1 Oregano green manure for weed suppression in sustainable cotton and corn fields?
Key message: Oregano green manure inhibits pest growth, increases yields.

Location: Thessaloniki, Greece

Soil Water Biodiversity Yield
Structure | Fertility Quality Quantity | Diversity | Abundance
Impacts Positive Positive
Quality CRR CRR

A controlled, randomised, replicated two year experiment on calcareous loam studied the potential
of oregano green manure as herbicide. The study was conducted with four treatments of different
oregano biotypes and two controls, one of which had weed and the other was weed-free. The study
revealed that oregano green manure could supplant synthetic herbicides, as the manure reduced
the emergence of common purslane by 0-55%, of barnyard grass by 38-52%, and of bristly foxtail by
43-86%. At the same time, cotton lint yields in treatment plots exceeded those in the weedy control
by 24-88%. However, they were significantly lower than those in the weed-free control.

13.4.2 North America

13.4.2.1 Evaluation of three winter cereals for weed control in conservation-tillage
nontransgenic cotton?

Key message: Cover crops help control weeds, reduce the number of herbicide applications,

increase yields.

Location: near Headland, Alabama, USA

Soil Water Biodiversity Yield
Structure | Fertility Quality Quantity | Diversity | Abundance
Impacts Positive
Quality CRR

A three-year replicated experiment on a fine sandy loam examined the effects of three cover crops
(black oat, rye, wheat) on weed control in a conservation tillage system. The results were compared
to a fallow. Additionally, applying herbicide pre-emergence, pre- and post-emergence, and not at all
was tested. The study found that no cover crop could adequately control weeds without a herbicide.
However, black oat and rye used with pre-emergence herbicide only achieved similar results as the
pre- and post-emergence system. Also, systems with a cover crop tended to produce higher yields.
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14 Removing volunteer cotton

14.1 Description

Volunteer cotton grows on its own, rather than being sown. For example, cotton could germinate
from seeds from previous harvests and act as a weed in subsequent harvests. In other cases, cotton
plants grow voluntarily on field margins, such volunteer cotton can shelter pests or carry infections
that can be transmitted to the planted crop through irrigation water or wind-driven rains. These
volunteer cotton crops compete for nutrients with current crops,upset harvest purity and potentially
harbour pests. Volunteer crops usually need to be weeded manually or mechanically, but chemical
control or keeping a field fallow are two other methods that are often adopted, although they are
sometimes not efficient. Removing volunteer cotton constitutes an important part of ‘Keeping a tidy
farm’ (Chapter 13).

14.2 Quick facts

Definition and purpose: Removing volunteer (spontaneously appearing) cotton from cotton fields to
remove harbours for cotton pests, prevent wasting fertiliser and moisture on unwanted crops and
avoid unfavourable gene flows

Benefits: Maintains yields and quality

14.3 Synthesis

There are no studies that explore impacts of volunteer cotton weed control in cotton production
systems on soil, water or biodiversity. Similarly, the sparse body of evidence on volunteer cotton in
other crop fields examines cotton’s response to herbicides as a weed, rather than the environmental
effects of its removal.

14.3.1 Impact summary of the intervention
In total, 2 studies were relevant, accessible and reviewed.

Costs Quality

Medium | Increases

14.3.2 Soil
No effects on soil have been identified.

14.3.3 Water
No effects on water have been identified.

14.3.4 Biodiversity
No effects on biodiversity have been identified.
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14.4 Evidence Review
14.4.1 Australia and Oceania

14.4.1.1 Adaptive management of pest resistance by Helicoverpa species (Nocuidae) in
Australia to the Cry2Ab Bt toxins in Bollard II cotton?
Key message: Second generation Bt cotton is showing increasing resistance to Cry2Ab toxin.

Location: Australia

Soil Water Biodiversity Yield
Structure | Fertility Quality Quantity | Diversity | Abundance

Impacts

Quality

Increasing resistance to Cry2Ab toxin, with increasing frequency of Cry2Ab resistance alleles, in
second generation Bt cotton — warning of potential failures of the technology. Mitigation strategies
were discussed including mandating larger structured refuges, applying insecticide to crops late in
the season, and restricting the area of Bollgard Il cotton.

14.4.1.2 The winter carry-over of angular leaf spot infection in Arizona Cotton fields?
Key message: Angular leaf spot of cotton (Phytomonas malvacearum) is capable of surviving the
winder on seed left unpicked in the field Second generation.

Location: Arizona

Soil Water Biodiversity Yield
Structure | Fertility Quality Quantity | Diversity | Abundance

Impacts

Quality

Presents evidence that the causal organism of angular leaf spot of cotton (Phytomonas
malvacearum) is capable of surviving the winder on seed left unpicked in the field. Infections from
volunteer seedlings can be transmitted to the planted crop through irrigation water or wind-driven
rains. Some suggested methods: turning cattle on the fields after the harvesting of the crop, raking
and burning the plant debris, and early cultivation to destroy the volunteer seedlings before
irrigation.

14.5 Bibliography

1Downes, S., Mahon, R.J., Rossiter, L., Kauter, G., Leven, T., Fitt, G. & Baker, G. (2010). Adaptive management
of pest resistance by Helicoverpa species (Nocuidae) in Australia to the Cry2Ab Bt toxin in Bollgard Il cotton.
Evolutionary Applications, 3(5-6), 574-584. Doi: 10.111/j.1752-4571.2010.00146.x

zHare, J.F. & King, C., J. (1940). The winter carry-over of angular leaf spot infection in Arizona Cotton fields.
Phytopathology, 30(8), 679-684.
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15 Limiting cotton expansion

15.1 Description

Clearing land and converting it to fields for productive purposes, including cash crop farming is a
common practice. This raises a number of issues around governance, land management and
conservation. To increase cotton supply while avoiding expansion into new lands, cotton expansion
can be limited to previously farmed land.

15.2 Quick facts
Definition and purpose: Limiting cotton expansion to previously farmed land to avoid clearing new
areas of natural habitat for cotton production

Benefits: Reduces controversies over land rights; prevents clearing; and decreases loss of native
biodiversity

15.3 Synthesis

Although a sizeable body of research on land issues exists, very few studies discuss environmental
effects of opening new land for cotton production. Only studies from Africa have been found during
the review process. No studies that would link cotton production to clearing of the Amazon (or any
other parts of the world, for that matter) have been discovered. General assumptions can be made
regarding the natural capital impacts of limiting cotton expansion.

15.3.1 Impact summary of the intervention
In total, three studies were relevant, accessible and reviewed.

Soil Water Biodiversity Yield Costs (olTE1[14Y]

Structure Fertility Quality Quantity Diversity Abundance
Limited Positive Low
evidence

Is not
affected

15.3.2 Soil
No effects on soil have been identified.

15.3.3 Water
No effects on water have been identified.

15.3.4 Biodiversity

Expansion of cotton production to new land often drives habitat destruction. Three studies (one
review) link the expansion of cotton production in Africa to loss of African elephant habitat’? and
general biodiversity loss>.
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15.4 Evidence Review
15.4.1 Africa

15.4.1.1 Cotton fields drive elephant habitat fragmentation in the Mid Zambezi Valley,
Zimbabwe?
Key message: Cotton fields drive elephant habitat fragmentation in Zimbabwe.

Location: Mid Zambezi Valley, Zimbabwe

Soil Water Biodiversity Yield
Structure | Fertility Quality Quantity | Diversity | Abundance
Impacts Positive
Quality -

A study in Mid Zambezi Valley, Zimbabwe used remote sensing (MODIS, or Moderate Resolution
Imaging Spectroradiometer — a satellite imagery system) and regression analyses to determine
whether cereal fields or cotton fields drove woodland fragmentation (which, in turn, drives elephant
habitat loss) along the Zambezi River. The analysis showed that cotton fields had contributed more
to habitat fragmentation than cereal fields, especially at the wildlife frontier with newly opened up
agricultural areas. Also, elephant frequency increased where cotton fields were abundant and small
compared to the cereal fields. Lastly, increased distances between patches of woodland repelled
elephants from the Mid Zambezi Valley.

15.4.1.2 Delineating the drivers of waning wildlife habitat: the predominance of cotton
farming on the fringe of protected areas in the Mid-Zambezi Valley, Zimbabwe!
Key message: Cotton fields reduce wildlife habitat in Zimbabwe.

Location: Mid Zambezi Valley, Zimbabwe

Soil Water Biodiversity Yield
Structure | Fertility Quality Quantity | Diversity | Abundance
Impacts Positive
Quality -

A study in Mid Zambezi Valley, Zimbabwe aimed to determine land use changes since 1980 until
2011 and review their potential drivers (population growth, increase in cattle population linked to
plough-based agriculture, and expansion of cotton farming). The area dedicated to farming
increased exponentially within the study area, reaching 47% from 5-15% in one of the districts. The
population in the study area also almost doubled between 1992 and 2002. 64% of the farm sampled
were ‘immigrant households’, that is, people who migrated to the area after 1980. Immigrant
farmers tended to cultivate larger areas (including larger areas of cotton, in particular). The authors
determined, however, that farmland increased faster than human population. Despite increases in
these variables, crop damage caused by wildlife decreased, suggesting decreasing wildlife densities.
The study concluded that cotton farming was the most important driver of wildlife habitat reduction,
arguing that without a cash crop like cotton land use changed would not have been as extensive or
rapid.
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15.4.1.3 Cotton expansion and biodiversity loss in African savannahs, opportunities and
challenges for conservation agriculture: a review paper based on two case studies3
Key message: Cotton drives biodiversity loss in Africa; conservation agriculture could help.

Location: Africa

Soil Water Biodiversity Yield
Structure | Fertility Quality Quantity | Diversity | Abundance
Impacts Positive Positive
Quality Review Review

A review of two similar farming areas in Africa — one in West Africa and another one in Mid Zambezi
Valley — looked at the role of cotton production in land use change and biodiversity loss. The authors
also explored the possibilities that could alleviate these environmental pressures. The study
suggested that conservation agriculture would increase nutrient uptake efficiency, conserve water
resources, and be a good fit for both environments overall. However, the farmers faced a number of
constraints that would have to be dealt with first. For example, due to their risk-averse nature, they
would avoid changes and investments whose benefits would arrive only in several years.

15.5 Bibliography
1Baudron, F., Corbeels, M., Andersson, J. A., Sibanda, M., & Giller, K. E. (2011). Delineating the drivers of

waning wildlife habitat: The predominance of cotton farming on the fringe of protected areas in the Mid-
Zambezi Valley, Zimbabwe. Biological Conservation, 144(5), 1481-1493. doi: 10.1016/j.biocon.2011.01.017

2Sibanda, M., & Murwira, A. (2012). Cotton fields drive elephant habitat fragmentation in the Mid Zambezi
Valley, Zimbabwe. International Journal of Applied Earth Observation and Geoinformation, 19, 286-297. doi:
10.1016/j.jag.2012.05.014

3Baudron, F., Corbeels, M., Monicat, F., & Giller, K. E. (2009). Cotton expansion and biodiversity loss in African
savannahs, opportunities and challenges for conservation agriculture: a review paper based on two case
studies. Biodiversity and Conservation, 18(10), 2625-2644. doi: 10.1007/s10531-009-9663-x
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Appendices

Appendix 1: Water consumption Search Criteria

A total of 57 studies was relevant, accessible and reviewed.

Appendix 1.1: Primary Search

Source

Search terms

Number of potentially
relevant studies found

Date of search

Web of Science

drip / trickle / micro
irrigation cotton (field
TITLE: drip OR trickle
OR micro AND irrigat*
AND cotton)

108

29 June, 2015

Web of Science

deficit / incomplete /
supplemental /
regulated irrigation
cotton (field TITLE:
deficit OR incomplete
OR supplemental OR
regulat* AND irrigat*
AND cotton)

22

6 July, 2015

Web of Science

brackish saline cotton
(field TITLE: brack* OR
saline AND cotton)

20

16 July, 2015

Appendix 1.2: Secondary Search

Source Search terms Number of additional | Date of search
studies found
Google Scholar drip furrow cotton 2 2 July, 2015
‘Deficit irrigation’ 1 6 July, 2015
‘Drip irrigation’ sources | drip/trickle/micro 11 29 June, 2015
irrigation cotton (field
TITLE: drip OR trickle
OR micro AND irrigat*
AND cotton)
‘Drip irrigation’ 7 29 June, 2015
Web of Science grey water cotton 0 22 July, 2015
(field TITLE: grey AND
cotton)
Google Scholar grey water cotton 0 22 July, 2015

Keywords: deficit irrigation, soil salinity, saline water irrigation, furrow versus drip irrigation, vertisol,
plastic mulch, arid regions; drip irrigation, arid region, plant water stress, canopy temperature,
water-use efficiency; salinity, exchangeable sodium percentage, brackish water
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Appendix 2.1: Primary search
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A total of 32 studies was relevant, accessible and reviewed.

Source

Search terms

Number of potentially
relevant studies found

Date of search

Web of Science

compost cotton (field
TITLE: *compost* AND
cotton)

34

9 July, 2015

Web of Science

cotton manure (field
TITLE: cotton AND
manure)

13 July, 2015

Appendix 2.2: Secondary search

Source

Search terms

Number of additional
studies found

Date of search

Google

Cotton Gin Trash
Composting Studies

1

10 July, 2015

Web of Science

compost cotton soil
health (field
ABSTRACT/KEYWORDS:
*compost* AND cotton
AND soil AND health)

4

10 July, 2015

Web of Science

cotton organic
amendments (field
TITLE: cotton AND
organic AND
amendment*)

13 July, 2015

Web of Science

cotton vermi* (field
TITLE: cotton AND
vermi*)

13 July, 2015

Web of Science

cotton vermicast (field
ABSTRACT/KEYWORDS:
cotton AND vermicast)

13 July, 2015

Web of Science

cotton manure (field
TITLE: cotton AND
manure)

13 July, 2015

Web of Science

cotton animal (field
TITLE: cotton AND
animal)

13 July, 2015

Web of Science

cotton organic matter
(field TITLE: cotton
AND organic AND
matter)

13 July, 2015

Web of Science

cotton humus (field
TITLE: cotton AND
humus)

13 July, 2015

Web of Science

gin trash (field TITLE:
gin AND trash)

14

13 July, 2015




140 Appendices

Web of Science cotton alperujo (field 0 15 July, 2015
TITLE: cotton AND
alperujo)

Web of Science rotation cotton (field 132 26 August, 2015
TITLE: rotat* AND
cotton)

Web of Science compost cotton (field 34 9 July, 2015
TITLE: *compost* AND
cotton)

Keywords: cotton gin trash, cotton gin waste, compost, organic amendment, vermicompost, manure,
organic matter, water pollution; cotton gin trash, cotton gin waste, compost, organic amendment,
organic matter, water pollution;, organic matter, water pollution
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Appendix 3.1: Primary Search
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A total of 64 studies was relevant, accessible and reviewed.

Source

Search terms

Number of potentially
relevant studies found

Date of search

Web of Science

biological cotton (field TITLE:

biological AND cotton)

11

27 July, 2015

‘Biological Control’

29 September, 2015

‘Habitat diversity’

29 September, 2015

Web of Science garlic cotton (field TITLE: 1 28 July, 2015
garlic AND cotton)
Web of Science pesticide cotton (field TITLE: | 134 10 July, 2015

pesticid* AND cotton)

Appendix 3.2: Secondary Search

Source

Search terms

Number of additional
relevant studies found

Date of search

Web of Science biocontrol cotton (field 2 28 July, 2015
TITLE: biocontrol AND
cotton)

Google scholar biocontrol insecticide cotton | 3 30 July, 2015

Google scholar cotton biological control 2 30 July, 2015
versus insecticide

Web of Science natural enemy cotton (field 7 30 July, 2015
TITLE: natural AND enem*
AND cotton)

Dr Robert Mensah, | - 1 4 August, 2015

Australian Cotton

Research Institute

‘Botanical Spray’ - 3 21 August, 2015

Web of Science

natural cotton (field TITLE:
natural AND cotton)

292 (too many, results
not filtered)

29 September, 2015

Web of Science

natural pest cotton (field
TITLE: natural AND pest AND
cotton)

8(0)

29 September, 2015

Web of Science

neem cotton (field TITLE:
neem AND cotton)

15

23 July, 2015

Web of Science

pyrethrum cotton (field
TITLE: pyrethrum AND
cotton)

23 July, 2015

Web of Science

pyrethrum cotton (field
ABSTRACT/KEYWORDS:
pyrethrum AND cotton)

23 July, 2015

Web of Science

natural pesticide cotton

(field ABSTRACT/KEYWORDS:

natural AND pesticide AND
cotton)

23 July, 2015

Web of Science

custard apple cotton (field
TITLE: custard AND cotton);

28 July, 2015
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(field TITLE: apple AND

cotton)

Web of Science botanical spray cotton (field | 10 21 July, 2015
TITLE: botanical OR spray
AND cotton)

Web of Science sweet flag cotton (field 0 28 July, 2015

TITLE: sweet AND cotton);
(field TITLE: flag AND cotton)

Web of Science turmeric cotton (field TITLE: | O 28 July, 2015
turmeric AND cotton)

Web of Science chili cotton (field TITLE: chili | O 28 July, 2015
AND cotton)

Web of Science basil cotton (field TITLE: basil | O 28 July, 2015
AND cotton)

Dr Robert Mensah, | - 1 4 August, 2015

Australian Cotton
Research Institute

Web of Science integrated pest management | 15 27 July, 2015
cotton (field TITLE:
integrated pest management
AND cotton)

‘Biological control’ | - 3 21 July, 2015

Keywords: biocontrol, natural enemy, predator, parasitoid, beneficial insects, Bt cotton; biocontrol,
natural enemy, predator, parasitoid, beneficial insects, habitat management; garlic cotton, neem
cotton, pyrethrum, natural pesticide cotton, custard apple cotton, botanical spray, sweet flag cotton,
turmeric cotton, chili cotton, basil cotton; beneficial insects, natural enemy, natural predator, Bt
cotton, insecticide, fungicide, herbicide, glyphosate, Integrated Pest management, IPM, farm runoff,
tail water, drainage water, groundwater




Appendices 143

P

Appendix 4: Land and diversity management Search Criteria

Appendix 4.1: Primary Search

A total of 32 studies was relevant, accessible and reviewed.

Source

Search terms

Number of potentially
relevant studies found

Date of search

Web of Science

rotation cotton (field
TITLE: rotat* AND
cotton)

132

26 August, 2015

Web of Science

habitat animal
biodiversity cotton
(field TITLE: habitat*
OR animal* OR
*diversity AND cotton)

184

28 July, 2015

Web of Science

cotton weed (field
TITLE: cotton AND
weed)

213 (2)

28 July, 2015

Web of Science

volunteer cotton (field
TITLE: volunteer AND
cotton)

28 July, 2015

Web of Science

land cotton (field
TITLE: land AND
cotton)

65 (0)

29 September, 2015

Appendix 4.2: Secondary Search

Source

Search terms

Number of additional
studies found

Date of search

Web of Science

cotton organic matter
(field TITLE: cotton
AND organic AND
matter)

1

13 July, 2015

Google Scholar

habitat diversity cotton

31 July, 2015

Web of Science

intercropping multiple
cropping cotton (field
TITLE: intercrop* OR
multiple crop* AND
cotton)

83

31 July, 2015

Web of Science

interplanting cotton
(field TITLE: interplant*
AND cotton)

15

6 August, 2015

Dr Robert Mensah

Australian Cotton
Research Institute

4 August, 2015

‘Biological control’

4 August, 2015

Web of Science

volunteer cotton (field
TITLE: volunteer AND
cotton)

28 July, 2015

‘Habitat diversity’

3

26 July, 2015

Keywords: tomato, wheat, corn, legumes, sorghum, Old Rotation, soil organic carbon, organic

matter; intercropping, interplanting, habitat management, landscape, fragmentation; volunteer,
herbicide, weed; herbicide, weed; habitat diversity, land use, habitat fragmentation, cash crop
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