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Foreword

The challenges for global agriculture in the next two decadés(ydor all at all times,
abundant, affordable, healthy and nutritious foodf@Rfarmers, comfortable stable

incomes, in line with the rest of society, from sustainablaifeg with less drudgery3) for

the nonfarm environment, absence of encroachment and of contamination by farming; (4)
for the rural communities, viable support and attractive landscapes; and (5) for the world,

maintenance of neagricultural biodiversity

Meeting these challenges requires focused investment of scarce R&D resources, and
managing the tension between formal economic evaluation of alternative investments and
fostering ingenuity, serendipity and scientific entrepreneutsAipimplicit assumption in

the assembly of R&D portfolios is that the underlying science is sound.

This workshop will discuss the investment of limited resources to R&D in agriculture,
illustrate instances where reductionism, oversimplification or plaindadgour
compromise the outcome of these investments, and highlight cases where genuine

multidisciplinary research reduces the risk of misconstructed science.

Victor Sadras

Adelaide, November 2018

1 Fischer, R. A. & Connor, D. J.d8es for cropping and agricultural science in the next
20 years. Field Crops Res. 222, 1242 (2018).

2 Alston, J. M., Norton, G. W. & Pardey, P. G. Science under scarcity: principles and
practice for agricultural research evaluation and priority set{i@grnell University
Press, 1995).
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Reductionism, oversimplification and plain lack of rigour can misguide R&D
investment

Victor Sadras

South Australian Research and Development Institute

Closing thegap between food demand and supply requires focused investment of limited

R&D resources, hence the need for formal economic evaluation of alternative investments

and prioritysetting procedures (Alston et al., 1995). This in turn requires solving thertensi

bet ween the fact that we cannot fAmanage the
hence the inherent risk in R&D investment, a
Aexpensive distractionso i n aggproceadingsyr al res
The problems of food security and agricultural sustainability are here and now, and tools to

help us to narrow our focus and improve chances of successful investment are crucial.
Transforming cereals to fix nitrogen is a biologically faating proposition, but it could be

argued it is an expensive distraction in a pressing context of food security.

The increasing carrying capacity of agriculture over historical time scales is the best evidence
of robust and relevant progress in its sdiasy science¢Connor, 2008; Sinclair and Rulfty,

2012) However, there isoom for improvement; reductionism (sensu Kauffman 2016)-over
simplification and occasional lack of rigour can misguide allocation of R&D effort, and
compromise returns on investment especially when scales;dffsdend larger contexts are
ignored. A fev examples dealing with organic agriculture, water management, biotechnology
and conservation of genetic resources illustrate this point.

Seufert et al. (2012) compared yield of organic and conventional production systems and
concl uded t h aonditiGneg thalt es,rwithogeod mamagement practices, particular
crop types and growing conditionsrganic systems can thus nearly match conventional
yields, whereas under others it at present cannot. To establish organic agriculture as an
important todin sustainable food production, the factors limiting organic yields need to be
more fully understood, alongside assessments of the many social, environmental and
economic benefits of organic farming systems
ove 660 citationd a measure of its influeneeand promotes the investment in research to
identify the causes of yield gaps in organic agriculture to improve global food production.
The conclusion of this study is however, misleading because it failsaomtdor the supply

of organic nutrients required to replace inorganic fertilizers, and hence confuses yield of
individual crops with that of production systems (Connor, 2013; Kirchmann et al., 2016).
Predicting fieldscale organic yields from small plassalso risky (Kravchencko et al., 2017).
This illustrates the issues from ov@mplification related to scales, in this case using the
research plot or even field, rather than the farming system, as the biophysically and
economically relevant unit foroenparison. Similar scale issues abound in pest management.
For example, a single transgenic plant releasing aphid alarm pheromone repels aphids, but
aphid numbers were not reduced when an entire field did so (Bruce et al., 2015). On the
other hand, a latscape dominated by Bt crops may also protectBtarops (Hutchison et

al., 2010).

The importance of water for agriculture and society at large cannot be understated. The water
footprint has been defined as dhawatetmasur e of



vol umes of water consumed and/or-pollutedo (
footprint/whatis-waterf oot print/ . ). This taps on a |l egit
of natural resources. Depending on its source and fate, the watemfodglines blue, green

and grey water. However, the concept of water footprint and these water categories are a

gross oversimplification, and its application to food production is largely meaningless as
highlighted by Fereres et al. (2017). Nonethel#sssimplicity of the concept makes it

appealing, and funding research allocated to this perspective is at the very least, a distraction.

Biotechnology has transformed cropping systems worldwide. Before transgenic Bt crops, the
Australian cotton industry a&s poised between two unsustainable states (Downes et al., 2016;
Fitt, 1994). One of them was the economically unsustainable option of limiting insecticide
applications to control Lepidoptera pests, with costly implications for yield and profit. The
otherwas the precarious reliance on bregectrum organophosphates, carbamates, and
pyrethroids, as well as endosulfan where crops were typically spray#6 tithes per

season. Early Btotton and following upgrades dramatically reduced the dependence on
insecticides and shifted the industry into a more sustainable trajectory, despite the emergence
of new challenges. In 2009, Bt maize was sown on more than 22.2 M ha in the US,
accounting for 63% of the national crop and returning an estimated cumulative beeefi

14 years of US$3.2 billion for maize growers in lllinois, Minnesota, and Wisconsin, and
US$3.6 billion for lowa and Nebraska (Hutchison et al., 2010). Early transgenic soybean
featuring glyphosate resistance and associated agronomic innovatiefiy, raitill, have re
shaped the agricultural landscape of South America (Cerdeira et al., 2011; Marinho et al.,
2014; Viglizzo et al., 2011). Brazil and Argentina became world leaders in production and
export of soybean products. The cotton, maize andesoyexamples are relevant because
biotechnological innovations with widespread agronomic impact largely relate to crop
protection (Dunwell, 2011; Halford, 2012; Mannion and Morse, 2012). Relative to crop
protection, biotechnological approaches have udévered in improving yield potential

and drought adaptation despite significant commitment of resources (Passioura, 2006). A
common explanation for this underperformance has been that yield is a complex trait.
However, this argument is incomplete fotesst two reasons. First, direct selection for yield,
has and continues to deliver significant improvements in crop yield (Fischer et al., 2014).
Second, undepreformance of biotechnology to improve yield also relates to ar over
simplified view of the pbnotype (Félix, 2016; Piersma and van Gils, 2011; Westrhard,

2003, 2005), tradeffs (Denison, 2012), and scaling across levels of organisation (Sadras and
Richards, 2014). Reductionist and ogenplistic views are not universal (Reynolds and
Tuberos, 2008) but remain influential in biotechnology (Pickett, 2016; Vinocur and Altman,
2005).

Ex situconservation of genetic resources for the use of plant breeders is the proven
cornerstone of crop improvement for global food security. Yet in the pas&28, yncreasing
funding has been allocated away fremsituconservation tan situ conservation of wild

species and ofarm conservation of landraces on the expectation that such populations will
evolve useful traits with environmental change (Woodlaathé, 2011). Where population
monitoring occurs, it is based on assessment of overall genetic diversity. Functional diversity
(identifying resistances to diseases and pests and tolerance of abiotic stresses) is rarely
assessed. To date, there is no ewdasf successful identification of useful traits. This is not
unexpected since evolutionary changes may not be observed for 100 years or more (Frankel
et al., 1995). In fact, Harper (1990) noted that the occurrence of resistance genes in wild
relatives ofcrops is evidence of powerful long past selective forces. The lack of success in
demonstrating a major value fior situ conservation for food security signals the need for a
radical rethink on the most resource and cost effective way to conserve vgkeradtie
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resourcesln situconservation in the absence of appropriate research is an expensive
distraction in the context of food security.

In this context, this workshop will discuss the investment of limited resources to R&D in
agriculture, illustratenstances where reductionism, oversimplification or plain lack of rigour
compromise the outcome of these investments, and highlight cases where genuine
multidisciplinary research reduces the risk of misconstructed science.
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Science under scarcity: principles and practice for agricultural research evaluation and
priority setting

Julian M. Alston
University of California, USA

Among the messages in fiScience under Scarcit
everything in sight, and should not aspire to do so, but it is desirable nevertheless to inculcate
anfeconomic way of thinkingod into research ms

Conclusion to the book:

Perhaps the major benefit from a process of research program review,
evaluation, and priority setting is that the participants gain a clearew of

what they are trying to achieeand how best to get there. Scientists and
policymakers will make better decisions as they develop an economic way of
thinking about research investment choides 512)

This economic way of thinking entails comlrigian understanding about the fundamental
determinants of the payoffs to particular research investments with the logic of choice as it
applies to allocating scarce research resources among alternative project investments in a
context of considerable untainty.

In this presentation, | plan to discuss the logic of (economic) choice as it applies to evaluating
investments in R&D and setting priorities, the critical determinants of the payoffs and thus
priorities, shorcut methods to be applied when a hghefitcost analysis is not appropriate,

and the issues that arise in contemplating investments where the benefits are less easy to
measure (or even envision measuring)g., as discussed in the contexpolicy-oriented
environmental research by Pariretlal. (2018)

I n some senses this wild/l be a synopsis of | e
and some moreecent sources, including Alston et al. (2009), andXbencil for Rural

Research and Development Corporations (2014) amongsoltise lessons will include

some consideration of the challenges in ex ante analysis, of having meaningful estimates of

(a) the gains per unit (e.g, per hectare) if the research is successful and adopted, (b) the

number of adopting units, and (c) theitign (research, development, and adoption lags).

| also envision commenting on the role of formal evaluation and prigeityng processes

and their limitations, and the risk of stifling curiosity, serendipity, and other good things that
are part of create processes of discovery and knowledge creation, some of which is
discussed in Alston and Pardey (1996, especially pp.32W8and pp. 33842). Another

place for the useful application of an economic way of thinking is in the design of the
institutionalarrangements for research funding, resource allocation, and management.
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Investing in R&D to create enduring profitability for farmers
Stephen Los&nd Francis Ogbonnaya

Grains Research and Development Corporation, Australia

The Grains Research & Development Corporation (GRDC) is a statutory body established in
1992 under the Primary Industries Research and Development Act (1989) of the Australian
parliament. Under thiact various research and development corporations were created with
funding from commodity based levies and government contributions to invest in scientific
research that drives agricultural innovation and creates knowledge, products and services that
enhance efficiencies.

Over the past 25 years farmer funded levies from 25 grain crops plus government
contributions have been successfully invested by GRDC to benefit the grains industry. Over
the past 15 years, the gross value of grains production in Aastesd grown from $5.1 to

$18.2 billion, and GRDC currently invests around $200 million p.a. in roughly 900 research,
development and extension (RD&E) projects. Unfortunately, state governments have reduced
funding to agricultural agencies over a similaripd of time, and GRDC is now the primary
investor in the Australian grains industry.

Governance

GRDC is governed by a Board of Directors and Managing Director appointed by the Minister
of Agriculture and Water Resources. Issues constrainingbdasimesses and opportunities to
grow the industry through RD&E are guided by Northern, Southern and Western Regional
Panels consisting of farmers, advisers, agribusiness and researchers. These panels identify
and monitor regional issues, interact with stadiders to keep them informed of GRDC
strategic direction, and assist staff in monitoring the effectiveness of the investment portfolio.
Each regional panel is further augmented by a number of Regional Cropping Solution
Networks or Grower Solutions Groupkhe panels and network groups operate with a high
degree of altruism and passion for the industry, and their participation in RD&E process
fosters quality innovations and more rapid adoption.

20182023 Investment Strategy

Traditionally, GRDC has focusemh boosting crop productivity through investments in
genetic improvement, crop protection, agronomy, farming systems and natural resource
management, which have made significant contributions to the growth of the industry. As
part of a new fiveyear straggic plan (2018023), GRDC has redefined its purpose:

To invest in RD&E to create enduring profitability for Australian grain growers.

This purpose feeds into five key objectives:

1) improve productivity and yield stability;
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2) maintain and improverjge;
3) optimise input costs;
4) reduce posfarm gate price, and

5) manage risk to maximise profit and minimize losses.

These, in turn, feed into 30 Key Investment Targets which prioritise the most important
constraints or opportunities for investmeThe new GRDC purpose signals a change in
focus on a number of fronts.

Invest-The Corporation has recently undergone a
and spoke model 6, opening new offices in Per
staffnow based outside of Canberra, thereby providing greater engagement with the industry

in the regions. The number of staff managing investments has increased, and they take a more
active role in the direction of each project, regularly monitoring progiegsiew

opportunities with researchers throughout the year. In this regard GRDC has moved away
from being a 60set and forget funderd to an 0O
developed and justified based on a business case and its likelyaettsnnvestment on

behalf of Australian grain growers. Consequently, GRDC have employed a team of

economists to help in the analysis and development of business cases.

Create- In the past GRDC called for project proposals from researchers and R&D
organisations, but as the funding pool grew this became unmanageable given the sheer
number of applications, even when priority areas were specified. Many distipbed
researchers are constrained in their approaches to issues and fail to considervefterigati
pre-breeding organisations tend to advocate genetic solutions to low protein in wheat. GRDC
is now placing greater emphasis on analyzing each core constraint or opportunity with input
from stakeholders and technical experts, and weighing up a odpptential solutions and

RD&E investments. Outputs from investments tend to be more prescriptive, and are either
procured via an open tender to ensure value for money, or via a direct negotiation where one
organisation has unique facilities, knowledgmel skills. This enables GRDC to procure in a
number of RD&E investments to address an issue, employing creative approaches while
fostering collaboration and national coordination.

For many years GRDC and researchers paid close attention to how RD&HEspna@ee

going to provide impact for growers. However, this approach was probabheydrasised,

and many shoitterm and lowreturn development and extension projects were conducted
where impact could be easily demonstrated. In some cases, innovatiwEgvaere more
advanced in their thinking and practices than researchers. Interestingly, grains industry
stakeholders have recently provided clear feedback to GRDC that they welcome more
investment in highrisk and highreturn ideas with potential to prowdarge boosts to profit

and transform grain businesses. This points to the creative element required in identifying
innovative scientific ideas and translating them into practical benefits for farmers. At the end
of the day, a balanced portfolio of invesnts is required.

For many years GRDC has had alliances with CIMMYT, ICARDA and ICRISAT, and has
recently entered into a large Herbicide Innovation Partnership with Bayer. GRDC is keen to
learn from leading private and public organizations, and will &sfablish international
collaboration where this creates value for Australian growers.
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Profitability - The shift of focus towards profitability is noteworthy. Business skills are
important in running a profitable farm, and many grain growers could bémafi improving

their business management. Farm business advisers have a key role to play in this area and
GRDC can help foster this type of training and advice. While yield is a big driver of profit

for unsubsidized Australian grain growers, we showoldignore the major influence of

commodity price and production costs. And risk is always a major consideration for

Australian growers who are susceptible to seasonal variations in rainfall and temperature, and
fluctuations in grain prices.

Over the pastew decades many growers have moved away from livestock production largely
because of low meat and wool prices, towards continuous cropping which has increased their
level of inputs and risk. GRDC has always emphasized optimising input costs to maximise
profits, and it is now more open to investments that maintain and improve grain price through
novel products, functionality, and processing, and other innovations that may reduce post
farm gate costs through more efficient logistics and handling, whereeéitbemeturned to

the producer.

Enduring-The word déenduringé in the new GRDC pur
element, and also indicates a need for economic, environmental and social sustainability.
Despite the expansion of large corporate faifmAustralia, most of our farms are still

family-based businesses managed within rural communities. The social needs of families are
important and family farms have adapted to operate in remote areas where populations have
declined significantly over thgast century, particularly in WA and SA.

Whil e Australiads grain production has a o6cl
resources appears to minor, environmental sustainability is becoming increasingly important,
especially as social valuegeariven by growing urban populations on the coast. Recent

public misperceptions over the safety glyphosate is one pertinent example. The grains
industry needs to be able to quantify its in
gr een6 Hembngaets areWignificant, they must be mitigated. GRDC has an important

role in the production of evidendmsed data to inform policy in these areas. Many of these

issues are crossectoral, and GRDC explores andinwests with other industries where

there are synergies e.g. with meat, wool, and cotton.

Australian graingrowersFi nal |l 'y, the new purpose clearly
holderi growers. This is not to say that government is not important, as they contribute

around $70 million @. The GRDC strategy is to make growers more profitable for the

benefit of the industry, which should in turn keep governments satisfied. This aligns with the
government 6s pol i cgate eeturnsifomtherpomary madustrree Whilé rotr m

all growers will benefit from every investment, the GRDC aims to deliver impact to all

growers commensurate with the levies they contribute.

Genetic Enhancement

GRDC investments in prereeding are focused on the effectiveness of the breeding programs
in acheving maximum genetic improvement, a function of improving the rate of genetic gain
(amount of increase in performance achieved per unit of time through artificial selection),
which is a universal measure of breeding progress. Consequently, investméaitsrackto
impact on the major planks of that framework including:
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- adequate genetic variation

- enabling higher selection intensity

- improving accuracy if selection

- accelerating the breeding cycle

This ensures that maximum value is deliveredudstralian grain growers through the rapid
delivery of improved varieties. GRDC6s R&D t
towards high priority issues identified by growers (aligned to the 30 Key Investment Targets),
as well opportunities inading market drivers which inform and contribute to breeding

program outcomes. Engagement with breeding entities-asestors ensures a path to

market, but GRDC does and will not subsidise core breeding activities or create market
failure.

Crop Protection, Agronomy and Natural Resource Management

Investments in agronomy, crop protection and natural resource management take the best
adapted genotypes and explore management practices to exploit their genetic potential. These
disciplines also play an imp@ant role in informing prdoreeders of the major constraints to

profits from each crop in each sufgion and quantifying the value of specific traits to

overcome limitations. Farming systems research integrates all other research areas and helps
farmers @termine the most effective way of producing crops (and other commodities) given

the natural resources, labour, machinery and infrastructure, economic drivers and attitude to
risk, while informing them of their lorgerm impact on the environment.

Collaboration, Creativity and Intellectual Property

Being the dominant investor in the Australian grains RD&E landscape, GRDC has a role in
coordinating activities that foster collaboration, scientific entrepreneurship and creativity,

while minimizing duplicatbon and waste. To this end, GRDC recently instigated national

forums for GRDC researchers in the each of the areas of agronomy, farming systems,
nutrition and soils. These areas of investment are often regionally specific and researchers are
sometimes unawa of similar work in other regions. The first of these forums in 2018 were
highly successful in better coordinating R&D. GRDC also has role in fostering international
collaborations with private and public organizations.

Where valuable intellectual propeiis developed through GRDC supported R&D, GRDC

works to ensure that this is protected and parties that contribute to its creation and
development reap a fair financial reward from its commercialisation. In this regard GRDC

has ceinvested in the establimment of breeding companies and commercial products and
services, and consequently, receives a small proportion of its funds from royalties and other
income streams. GRDCO6s primary aim is to ens
market and are widg adopted to benefit grain growers. A variety of commercial

arrangements can help achieve this. Occasionally, GRDC is criticised for using grower levies
and government funds to develop and commercialise a product or service, and that growers
are then fared to pay a second time to access these. However, without investment from
GRDC these innovations may not reach the market and any income coming back to GRDC is
re-invested in further R&D.
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Extension and Communication

Without adoption, scientific innovain is virtually pointless. Over the past three to four

decades, governments have retreated from funding farm advisers and the gap has largely been
filled by private and retail agronomists. Local farming system grower groups have also
developed an importamavenue for promoting practice change. For example, the formation of
state based N@ill groups was particularly instrumental in the adoption of conservation
agriculture, especially reduced tillage.

GRDC and partners have an important role in facilitatire extension and communication

of R&D outcomes to promote practice change on farms. As farmers have less and less time to
attend field days, workshops and discussion groups, and limited capacity to digest the myriad
of technical publications produced bgrious organisations, GRDC is increasingly targeting
advisers for their extension and communications. By informing and influencing one adviser,
this could lead to practice change for 30 or 40 growers. GRDC will continue to stay in close
touch with growes through its regional panels, and Regional Cropping Solution Networks or
Grower Solutions Groups. While GRDC does not provide funding for core activities of

farming systems groups, we work in close partnership through validation, extension and
communicatn projects to drive practice change.

More Information

Website:https://grdc.com.au/
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The role of the South Australian Grains Industry Trust (SAGIT) in agricultural
research

Malcolm Buckby & Allan Mayfield

South Australian Grains Industry Trust

Structure and role of SAGIT

The South Australian Grains Industry Trust (SAGIT) is alfa8ed agricultural research
funding organization that was established in 1991 as a Charitable Trust from levies paid by
grain growers in South Australia to the Commonwealth government. No other such state
organization exists in Australia, the national igglent is the Grains Research and
Development Corporation.

The Trust operates with a Board of five Trustees, one a Ministerial representative, Andrew
Barr, and four grower representatives, Max Young (Chair), Michael Treloar, Bryan Smith
and Edward Langleywho meet a minimum of four times per year. The term of office for a
Trustee is three years and a maximum of three consecutive terms can be served.

The management of the Trust is undertaken by the Project Manager, Malcolm Buckby. A
Scientific Officer, DrAllan Mayfield, advises the Trustees on project applications and
reviews progress of the research projects.

Funding for research is from a 30 cent per tonne levy on grain sold by South Australia
growers. This levy is received by the Department of Prirfradystries and Regions through
an Act of the South Australian Parliamé&rrimary Industry Funding Schemes Act 1998
Primary Industry Funding Scheme (Grain Industry Research and Development Fund)
Regulations 2013. On average $1.7m is received annuaithweallocated to research
within South Australia.

Operation

In late November an open call is made for research applications (closing on the first Friday in
February). SAGIT does not set any priorities and applicants determine the issue(s) they wish
to investigate.

There are several types of applications: Research, Capital, Travel, Out of Session (for issues
that arise between the annual calls) and Grower Group (a maximum of $3,000 to assist
grower groups to pay for the cost of speakers at workshopsethdays).

The Trustees meet in March to decide which projects are to be funded, based on assessment
criteria (including relevance to the grains industry, scientific merit, innovation, probability of
success and value for money). The funding availaddased on the levy income from the
previous harvest, with a possible additional allocation from reserves. Funding is set aside for
the full duration of the project thereby ensuring that should a drought occur, and levy funds
diminish in a particular yeathe project is not affected. A Funding Agreement contract is

then sent to the successful applicants for signing. Payments are made twice per year, on 1
July and 1 January.
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Each year the project supervisor must provide a Progress Report (due at thfd=sthruary)
and, upon completion of the project, provide a Final Report.

Projects funded by SAGIT

Typically, SAGIT funds between 20 and 30 new projects each year. There are also 20 to 30
ornrgoing projects each year.

Project areas range from goeealing, to crop agronomy and crop protection to publications
and to visiting speakers for grower group workshops. In a relatively new research area, this
year there were three projects approved to study the impact of pesticides on soil microbial
functions. The geographic spread of projects is from Streaky Bay on the Far West Coast to
Millicent in the South East. This research also covers most broadacre crops as well as some
pastures, with an emphasis on those crops grown over greatest area (wheat Aok ludrle
highest value (lentils).

Projects are mostly with research institutions, such as universities, SARDI and CSIRO, but
some are also with other organisations, such as agronomists and grower groups.

Several projects are collaborative with GRDC, bustave stand alone. Researchers have
used SARDI funding to tests concepts at early stages of development. A good example of
this is development of the SARDI root disease testing service, PREDICTA® B.

SAGIT has a strong interest in increasing the reseaphcity within the state. In recent
years it has funded two internships per yieane based in SARDI (and jointly funded with
GRDC) and the other with the Hart Fieldsite Group in the Mid North.

SAGIT also supports projects to encourage secondary $suechoose agricultural science
as a career, through interaction with agricultural science school teachers and also by
promoting agriculture at career expos.

Project monitoring and communications

As well as assessing Progress and Final Reports, prajectsonitored by making site visits.
Most projects are visited by the SAGIT Manager and Scientific Officer, and usually with one
trustee, during the yearthis is typically in August or September. These visits are to learn
more about the project detilreview project progress and maintain good communications
between project staff and SAGIT.

AgCommunicators promote current SAGIT projects and results of research. A journalist
from AgCommunicators travels with us when doing project visits to recdaebsiwith the

project staff and write articles summarising projéctisese videos are available on the

SAGIT website. AgCommunicators also summarise SAGIT project Final Reports and upload
these onto the website. This website also contains other cprogmtt information as well

as application forms for funding, press releases and contact details of the trustees and
management staff.

SAGIT also convenes a communication forum in July each year for current and interested
project participants. This forum used to highlight current SAGIT research, especially by

young researchers, and also to reinforce messages about maintaining a high standard of
research applications and reports. As part of this coaching in applying for SAGIT funding,
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the Scientific Oficer is available to review draft applications at any stage and any time up to
project application. This has improved the clarity of research applications making the job
easier for the trustees.

Contact details

Malcolm Buckbyi admin@sagit.com.ayphone 08 8210 5230

Allan Mayfieldi allan@asmayfield.co. au; phone 0418 818 569

For further details, including project reporteww.sagit.com.au
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A primary industries research investment framework for the allocation of state
government revenue

Peter Appleford

South Australian Research and Development Institute, Primary Industries and Regions South
Australia

State Governmentos in Australia have researc
agricultural research on behalf of the state. Over the recent decades there has been an overall
reduction in the funding for these institutes. This has necessitated #lepmaent of

research investment frameworks that ensure efficient allocation of state resources to high

priority areas that align with government policy.

The South Australian Research and Development Institute (SARDI), the research division of
Primary Indstries and Regions South Australia (PIRSA) is the South Australian State
Government ds principal primary industries re
science that grows South Australiads primary

SARDI undertake applied science that helps increase the productivity, sustainability and
adaptability of the statebds primary industr.i
for market growth, addresses barriers to growth and provides applied solutionsl I5sRD
established a strong reputation for its technical excellence and undertakes significant and
important research at a national level. SARDI is greatly valued by both industry and

government agencies and accordingly receives strong support from finodiieg.

SARDI operates on the research continuum and bridges the gap between university research
and industry implementation. This is a critical space on the research and development
continuum where research results can be turned into public value tlvoughercialisation

and industry uptake. SARDI conducts high quality applied research for the grains/cropping,
wine, horticulture, fishing and aquaculture, livestock (including wool), poultry, pig and food
sectors.

A key challenge for SARDI is to ensure tIs8&RDI research investment is driven by State
Government policy priorities so it provides value for money to South Australia. This requires
an objective Research Investment Framework to ensure the SARDI ongoing research
investment decisions are in areaseveh

1. It has a distinct advantage, that is there is the role of the South Australian Government
and SARDI is best placed to provide the necessary research,

2. There is a direct contribution or added value to state economic growth and future
research capabijit that is the investment will add value.

Any research investment framework should be applied with rigour on investment decisions,
from project to corporate scales, and should include a portfolio balancing tool. This will
provide for riskreturn (and oth@rtradeoffs and alignment with strategic goals and other
priorities can provide a clear basis for transparent decision making and reporting, considering
the option value of new capabilities as well as closure of existing capabilities.
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The SARDI Researcimvestment Framework has the following elements.

1. An assessment against key investment criteria

This process is to identify long term changes (5 years) in the level of state government
investment across the sectors. The options are start, maintagasecdecrease and stop
investment.

The criteria used in the SARDI investment framework are:

1 government policy
1 sector growth
1 industry funding
f South Australiads has a comparative advan
1 maintenance of capability to support legislative decision making
1 succession planning requirements for core science capability.
2. A Portfolio Balancing/Investment Decision Process

A process where higlevel changes in the investment portfolio can be made in a transparent
manner. The portfolio balancing/allocation demisprocess:

1 Determines the investment available for commitment

1 Proposes transparent mechanism for the allocation of investment across the SARDI
programs/swprograms

1 Provides decisions on split of investment across science programs gograms
for the next three to five years

1 Provides decisions on investment into new programs (if any) and how those programs
will be funded and fit into the overall R,D&E program

1 Provides for decisions on long term funding direction for the programpfaigipams.

Based o the assessment against the investment criteria, an assessment against the sector
policy priorities and the outcomes of an investment conference, the future allocations to
current programs/sdprograms and any new opportunities are determined.

3. Projed Assessment Process

Once the funds available within each research progranpisigram are identified it is
important to ensure that the projects developed within those investment areas are consistent
with policy. The project assessment process:

1 Provides dransparent mechanism for selection of projects for investment

1 Determines if the project aligns with policy

1 Determines if the project is realistic and deliverable

1 Determines if the outputs/outcomes of the research can be translated into impact.

To achieve this a four step process has been developed to assess projects.
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Step 1i alignment with the PIRSA Corporate Plan, SARDI Strategic Plan and or sector plans.
If yes progress to Step 2, if no reject.

Step 2Zi SARDI capability/infrastructure supports tkelry of the project. Funding is likely to
be available internally or externally. If yes progress to Step 3, if no reject.

Step 3iresearch outputs/outcomes can be translated into impact. An acceptable return on
investment to South Australia and the indysiector is expected. If yes progress to Step 4, if
no reject.

Step 4i a live project available to seek funding from unallocated SARDI investment pool
(cash or inkind) or external sources.

4. Research outcomes/return on investment

Monitoring and evaluation of research investment is an important component of any
investment framework.

It is important that research portfolio performance is assessed against the relevant
performance indicators. State, departmental those targets. Glhidas determining the
return on investment from the research investment.
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The role of producer controlled research organizations in making science useful to
agriculture

Richard Gray

University of Saskatchewan, Canada

Producer controlled research ongaations are prominent in the agricultural innovation

systems of several countries, most notably in Australia, Canada, and United States. In each of
these jurisdictions, government regulation allows the establishment of marketing orders to
levy the sale gricultural commodities with the proceeds being used to fund industry directed
research and development. These research funds are typically administered by an
organization reporting to a producer board of directors. Given the sustainability and apparent
success many of these Producer Controlled Research Organizations (PCROSs) in facilitating
agricultural innovation, these organizations very much belong in a discus$wakioig

Science Useful to Agriculture

The goal of the research reported in this paptr tevelop a better understanding of how
these organizations contribute to effective innovation systems. The paper begins with a
theoretical exploration of the role that PCROs can play in addressing market failures and
externalities associated with resgarintellectual property and extension. This is followed by
an overview of the legal framework used to create PCROs, their activities and their
performance. |then more closely examine the internal deamsaing processes of grain
based PCROs located Australia, Canada and United States. The paper concludes with a
discussion of the role the PCROs play in maintaining the social capital that facilitates
agricultural innovation.

Very broadly speaking, science based agricultural innovatiaives investment to

undertake research to create knowledge that is eventually used to develop new products that
are adopted by producers. For at least 150 years, governments have recognized that markets
often fail to provide adequate incentives for pypivately funded systems agricultural
innovation.

The lack of enforceable intellectual property rights (IPRs), market power, and asymmetric
information, have been identified as important impediments to agricultural innovation.
Without the protection dPRs, most knowledge is as public good, which by definition is

both nonrival and norexcludable. When IPRs are limited or pexistent, this reduces the
private incentive to invest, causing a partial or complete market failure. When the lack of
private ircentive is addressed through strong IPRs, therivairous nature of the knowledge
creates other forms of market failure related to toll goods and market power. Specifically,
firms owning protected knowledge will charge a price above marginal cost andrestrict
knowledge access by competitors. Finally, the producer adoption of most new products is a
costly or/and a time consuming process, ultimately requiring an expectation that the
purported benefits of the technology will be realized. Public teatgigknowledge

dissemination have often been used to address the market failure in this critical phase of the
adoption.

Although governments have often addressed the market failures related to agricultural
innovation through publicly funded research, @lepment and extension (RD&E) activities,
some policies also recognize that some of these public goods are best governed and funded
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by those in the industries that are most directly effected. Typically the benefits from research
accrue most directly to tise who are either consumers or producers of the commodity or
sector where the research takes place. Alston et al (1995) also elegantly make the point, that
unlike income tax, a sales tax on product has the same proportional incidence on producer
and conamer surplus as the returns from a unit cost reducing innovation. Thus levy funded
research results in a minimal transfer of resources from those funding the research to those
who benefit from the research. Producer controlled organization can alsasearteisted

broker in testing and providing information about new technologies. From an institutional
economics perspective PCROs are watentivized to address the market failures associated
with agricultural research and adoption (Picciotto, 1995).

In Australia, several PCROs, established undePR®ARY INDUSTRIES RESEARCH

AND DEVELOPMENT ACT989 play a central role in agricultural research, development

and extension. The Grains Research and Development Corporation, the largest PCRO with a
budgetclose to $ 200M AUD, is funded by a 1% levy on the sale of 27 grains matched with a
0.5% contribution for the Commonwealth Government (Gray et al 2017). The GRDC board

of directors (BOD) is made up of producer nominated, government appointed directors.
Several mandated cost/benefit studies have found high rate of return on investment activities.
In Canada, the Canadian Wheat Board established the Western Grain Research Fund in 1981.
Later in the same decade many provinces introduced legislation taatadiie development

of PCROs, with just over 50 in existence today. Perhaps the most successful is Saskatchewan
Pulse Growers whose efforts created globally competitive lentil and pea industries. In the
United States, State or Federal Marketing orderdeamsed to create state nationallevel
commissions with the authority to Research, Development and Marketing activities. The US
Soybean Board is the largest US PCRO with budget exceeding $100M USD per year. Several
State Wheat Commissions have beemigh@ant in wheat breeding.

As a means to better understand the decisiaking processes of PCRO®4#pssieni (2017)
conducted a series of interviews with the managers and directors of fourteen PCROs across
Australia, the United States and Canada. Duringdimeerviews,it became clear that with

the exception of the GRDC, the BODs are involved in both oversight and management
decisions.

The lack of separation in task assignment sharply contrasts with mostioédhiesand
empiricalstudiesfocusingon the governancestructure of nosprofit and forprofit
organizationgBrown and Guo 2010; Fama and Jensen 1983; Milldlesen 2003) To

explore this anomaly we modelled the incentives of the manager and tha€&@énts of

the PCRO with differing motivations &xerteffort. Thedirectorsof the PCROs, as farmers

are agricuiural sector beneficiariesan be positively affectetirough altruismand learning

in the process of decisiamaking. The manager exerts effort in return for financial
compensation including a base salary and a bonus. The bonus can be based on aperforma
measure of PCRO output or, alternatively the observed expertise and effort of the manager.

The theoretical analysis shows that a separation of BOD oversight and management is
optimal when output of the PCRO can be measured accurately. However ythanger
research lags and the lack of a market valuation of theruadit research portfolio generally
precludes any timely measurement of output for the PCROptltpst ispoorly suited to
incentivize the manageB&ppington, 1991)

When output measures are precluded shared decrsa@img is more likely to be the norm.
In these situationshe directors will participate shared decisioaking in order to directly
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contribute to and incentivize managerial effort. Therefore, it seems that there is a rationale

behind the choice of shared decisioaking in these organizations. In fact, the walisask

assignment of PCROs helps these prodiertentities to accomplish their mission in
provision of industry good. The results of t
and knowledge levels are important contributions to the success @$JRis implies that

resources spent on increasing knowledge stock through recruitment, training, and retention

could pay longerm dividends to the PCROs.

The GRDC, which is an order of magnitude larger than most of the PCROs we studied, has a
greater gparation between oversight and decisiwaking roles. However, the GRDC has

also devoted resources to ensure producer input and expertise in their research decision
making and have supported local producer research groups through the Grower Group
Alliance and Cropportunity Networks (Gray et al 2017).

More research is required to understand how producer involvement supports effective
agricultural innovation systems. To this end, some of my more recent work looks a greater
range of producer organizatioms/olved over time in agricultural RD&E. In Saskatchewan,

the ability and agility to create new organizations to engage, public, private and producer
resources foster innovation very well developed. For instance, the development and rapid
adoption of zerdaillage was supported by newly purposely formed Saskatchewan Soil
Conservation Association, which grew to over 3,000 members at its peak, and the Indian
Head Agricultural Research Foundation, which facilitated field scale testing and
demonstration of theethnology. Four years ago, when soybeans were still less than 0.2% of
the cropped area, the Saskatchewan Pulse Growers, helped create a Soybean Cropportunity
group made up of all the relevant public, private and producer stakeholders, with goal of
identifying and addressing any impediments to soybean adoption. Given these and other
exampl es, Il 6 m convinced that sooddagtato i vel y t
foster and support agricultural innovation. With the goal of replicating this suogess

current research is analyzing the role that events, key individuals, organizations and public
policies have played in the development of the innovation related social capital.
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State-of-the-art in genetic resources
Peter Langridge

School of Agriculture Food and Windniversity of Adelaide Australia and Wheat Initiative,
Julius Kuhn Institute, Germany

The breedersd equation sets out the four maj
achieved in a breeding program. Breeders will sggdortunities in all four areas to improve

the success of their programs and over the past hundred years, they have adopted many
innovations from a wide range of research fields.
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Some clear examples include the introduction of mechanisation in seeding and small plot
harvesting that has allowed large increases in scale and population sizes, steaktati

methods and the use of computing leading to big improvements in heritability through spatial
correction of field trials, and tissue culture methods, such as doubled haploidy and embryo
rescue, that have reduced the breeding cycle. Enhancing énsityivavailable in a breeding
program has also expanded through new technologies. These include the use of wide crosses,
mutation breeding and genetic engineering. Over the last 70 years over 2250 varieties for
most of our major crops have resulted fromtant screens (Ahloowalia et al., 2004) and

many modern varieties carry important chromosome segments from wild relatives (Byrne et
al., 2018; Feuillet et al., 2008). However, perhaps the most impressive and controversial
example of enhancing diversita$ come through genetic modification (GM). This

technology has been banned or blocked in many countries and regions but has, nevertheless,
expanded to cover almost 200 million hectares in the 22 years since the first commercial were
grown (ISAAA, 2018). The time to uptake of this technology was also very rapid since it

was only around 15 years from the first GM plant to the first major commercial crop. GM

was launched with considerable hype around its potential to change almost all aspects of crop
breedng and many of the promises have not been realised despite large investments. It is
certainly true that the poor acceptance of the technology by some countries and the complex
regulatory framework have proved major impediments to delivery of outcomesh(Smy

2017), but it is also likely that many of the targets would never have been feasible with a
single gene approach which has been the basis for GM crops. A component of this problem
has related to evaluation of genes and GM lines. For simple traigshé&motyping has been
relatively cheap and easy; the plants are resistant to the herbicide or not. For complex traits,
the phenotype is often more subtle and extensive field evaluation is needed. For GM lines,
this is difficult and costly due to the rdgtory requirements and is not feasible for many
researchers, particularly in the public sector. An example of this problem can be seen through
the attempt to engineer drought tolerance in crops. Despite a large effort, and large
investment, progress hbsen limited. Only two GM crops engineered for enhanced drought
tolerance are in commercial production (maize and soybean) and the yield benefit is maize is
only around 6% under drought (Nemali et al., 2015). This is lower than hoped for from the
technobgy but is around the same as achieved through other approaches, such as
physiological breeding for canopy temperature suppression and carbon isotope discrimination
(Reynolds and Langridge, 2016).

Despite these issues, there are still several major rbsgagrams targeting complex traits
that will involve multiple transgenes. These include programs on enhancing photosynthetic
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rates (Betti et al 2016; Long et al 2015), converting C3 to C4 photosynthesis (Von
Caemmerer et al., 2012; IRRI, 2018) and tramsg N fixation to noAdegumes (Mus et al.,
2016). These will all have a long delivery timeframe and there ultimate value may lie
primarily in enhancing our understanding of the genetic control of key growth and
developmental pathways. They also offeportant training programs and help maintain
interest, excitement and investment in basic plant science.

Assessing the impact and relative value of technologies is difficult. On the surface, GM
technologies would rank at the very top of modern techiedagjven the speed and extent of
adoption (close to saturation in the top 5 countries) and the large economic impact. The
estimated economic gains are US$186.1 billion and there have been major environmental
benefits; 670 million tonnes reduced pestisidad reduced CG@missions of 27 billion Kg

in 2016 alone (ISAAA, 2018). Overall, a good outcome particularly given the regulatory
constraints. However, this outcome falls far short of expectations and promises. The new
technologies of gene editing mpgovide a noflGM path for deploying our knowledge of
genes and their function but it is still not clear how or if this technology will be regulated
(Araki and Ishii, 2015).

The investment in GM crops was built on the concept of expanding genetic diversity
available in breeding programs through accessing genes from any source. For some crops,
such as cotton, canola, maize and soybean, GM varieties now dominate and a large
proportion of breeding investment is based on GM lines. This has reinforced the
comnercialisation of plant breeding with a concomitant decline in public sector activity.
Therefore, in some regions, where GM lines are not available to farmers, there is limited
access modern varieties. However, for some crops, such as wheat and lmdeyretimo
commercial GM lines available and there is no expectation that this will change over the next
decade.

The underlying technology for GM crops was molecular genetics; the isolation and
characterisation of genes. This technology has now movédeyend GM crops and found

many other paths for delivery to crop improvement. These include the use of molecular
markers to track traits in breeding programs; a technology that is now deployed with great
success in most major crops. The technologicahacks have also taken us from the

analysis of single genes to a consideration of the entire genetieupake plant. This

expansion was seen as a potential path to explore the control of complex traits that had
proven recalcitrant to the single gemear oa c h . The rise of the 060
shift in the approach to tackle complex genetic problems with many groups hoping that the
generation of large datasets on genes, their expression (transcriptomics) and products
(proteomics and metalwhics) would somehow resolve the complexities of environmental

and pathogen responses. Large datasets of variable quality and value have been generated
and many provide valuable resources, but they have largely failed to resolve the control of
keytrats. The drive to generate the various 6omi c:
advances, it was possible and therefore done, rather than based on clear hypotheses.
Although the resources are now proving useful for many researchers, the difficultyingrela

the data to plant performance has prompted renewed efforts in characterisation for germplasm
or phenotyping (Araus et al., 2014; Fahlgren et al., 2015). This has also been largely
technology driven and risks falling into the same trap as happerfed with e 6 o mi ¢ s 0
technologies; namely, generation of large and confusing datasets that are hard to use and not
necessarily relevant to the assessment and screening of the targeted traits.
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Returning to the breeder 6s edganme@dingenetic t her e
characterisation, genotyping, has led to major changes in breeding methodologies. The
evidence lies in the broad adoption of molecular markers, which have improved all four
parameters in the equation. More recently, the use of gersetheiction as a tool to manage

large populations and reduce the breeding cycle time has shown positive results. However,
this does come with the potential penalty of reducing the genetic diversity available in a
breeding program since novel alleles ancetbe germplasm can reduce the predictive power

of the selection models.

The advances in genotyping and phenotyping have revitalised interest in the utilisation of
genetic resources and several large research programs have sought to characterise accession
in genebanks as a route to improve use. There are around 7 million accessions in about 1750
genebanks around the world but only a few percent of the accessions have been used and it is
estimated that only around 10% of the natural diversity has beenedptwelite germplasm

of our major crops (Feuillet et al., 2008). Plans have been initiated to genotype entire
genebanks (McCouch et al., 2013; Divseek, 2018) and some programs have attempted to
provide both genotypic and phenotypic information on accesg®eeds, 2018). The

researchers undertaking this work have been motivated by several examples where major
yield gains have resulted from introgression of wild germplasm into breeding programs
(examples include Robigus wheat in the UK and Fathom barlaystralia). However, this

has usually been a matter of chance rather than the result of a systematic screen. An
exception is provided by simply inherited traits where a clear phenotyping assay is available,
such as for many disease resistance loci.

This leads back to the same problem that was faced in attempts to improve multigenic traits
through physiological breeding and GM. Genotypic information provides data on redundancy
and diversity in gene banks, it does not provide information on functiondlitgrefore, we

are faced with the problem of assessing unadapted germplasm for adaptive traits. The
Focussed Identification of Germplasm Strategy (FIGS) (Sanders et al., 2013) uses a
knowledge of the environment where accessions were collected toiggitines for

evaluation. This has been successful for some traits and can reduce the scale of screening
needed, but his approach has been difficult to implement for complex traits. The second
problem relates to the technical difficulties in intrognegsthromosome segments from land
race or wild germplasm into elite cultivars. This can take many years of hard work due to
low recombination rates and the associated problem of linkage drag. Therefore, a large
investment of time and effort is needed valeate just a small number of accessions.

Finally, the problem of multigene traits appears yet again. Unless the effects of the genes are
additive, which is unlikely for most yield related traits, it is impractical to transfer a large
number of genesdm an unadapted line to an elite cultivar. The population sizes needed to
manage even a small number of genes makes the costs of this approach prohibitive.

Where does this leave us? We know that diversity is a major factor influencing genetic gain
and wecan see specific examples where genomic regions from wild germplasm has led to
large yield jumps. We also know that the diversity in modern breeding programs has

narrowed and that several new technologies may exacerbate this problem. We have access to
huge variability in genebanks but we are struggling to find ways to use this variation

effectively. Our strength in deploying variation has been largely through managing single
genes and easily assessed traits, such as many disease resistances, andone trase

through accessing wild germplasm or inducing new variation with mutagenesis and GM. This
work must continue and will be helped with the new tools for allele mining with advances in
genotyping and phenotyping. However, we also need to find ragis ©f bring multiple
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genes into our breeding programs and there are some encouraging new trends in this area
with the possibility of redomestication (Lemmon et al., 2018; Zsogon et al., 2018).

Over the past few decades, research into genetic restisegen dominated by the field of
molecular genetics. As with most areas of science, molecular genetics has led us down
several blind alleys, but it has also led to some major triumphs. Scientific, economic, social
and political factors have played da@nd, while many groups have looked askance at the

flow of research funding to molecular genetics, this area of research does now underpin most
areas of biological research and has found broad application.
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The importance of context in plant biology
Pedro Aphalo

University of Helsinki

The idea that how and where we grow plants affects the results from physiological
experiments is well established. Differences between controlled environment experiments

and field experiments are the norm rather tii@nexception. Differences among species,
ecotypes, cultivars and even accessions are well documented. Consequently, even if there are
similitudes at the genetic and metabolic level among species, ecotypes, cultivars and
accessions, regulation must differ the very clear differences at higher levels of

organization to emerge.

The main challenge for understanding how regulation works at the genomic and metabolic
levels is in dealing with complexity, in particular the very complex interactions. Is the

problem tractable? And under which conditions? My view is that this is an intractable

problem, unless we confine research to some specific context of interest. Simply trying to
untangle signalling interactions would require so many different experimentaticoaénd
genotypes/mutants as to make such studies impossible in practice. On the other hand, we can,
| think identify the main players in the regulation under restricted conditions. This, simply
means, that studies about signalling and regulation neugbbe in the right context. The

context under which we hope to make use of this understanding.

Even under a realistic context, complexity creeps in from many directions. For crop yield,

there is no doubt when it should be measured, and that in mosboasegasurement is all

what is needed. For photosynthesis we quickly run into the problem that we cannot easily

guantify it over the whole growing season and neither it is necessarily the main limitation to

yield, and so correlations with yield tend td.f#fiwe go down to genes, even if we quantify

the whole transcriptome, decisions such as when to sample or what part of the plant to sample
will drastically affect the fAsnapshotso we g

Results from our attempts to untangle the interactions behinctbegtion okolar

ultraviolet and blue radiation by the photoreceptors cryptocrhomes and UVRS8 are a good
example of how context can affect the regul a
compared to earlier studies under unnatural light comdiia 1) In suniBi ght th
photoreceptoro UVRS8 f upAphotorecesor. 2sMutiartisdackmg i n  u |
photoreceptors for either family, grow almost normally in full sunlight, only the genotype

lacking both types of photoreceptalie if exposed to sunlight containing ultraviolet

radiation. 3) There is an interaction in how these photoreceptors control gene expression,

which could be expected, but surprisingly there seem to be different patterns of interaction
affecting different gnes. The main, and still unresolved question, is what is the role of the
perception of radiation by these photoreceptors? What cues are perceived and what

information is acquired?
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Evolutionary trade-offs as constraints andpportunities
R. Ford Denison
University of Minnesota, USA

Understanding past evolutionary tradeoffs can benefit crop improvement in two different

ways: by identifying or quantifying constraints and by suggesting opportunities. Past natural
selection was constrained by various tradeoffs, some of which stilldimgbility to

improve crops today. Some constraints are well understood, if sometimes ignored. Making
more seeds leaves fewer resources for each seed, although this constraint may be obscured by
differences in resource supply among plants (Spaeth 8&&ir1984; Roff & Fairbairn

2007). Similar tradeoffs occur between perenniality and yield (GonPalen et al. 2016)

and among various components of watse efficiency (Condon et al. 2004).

When the tradeoffs a crop faces today are similar to ishaild ancestors experienced, it

will often be difficult to improve on adaptations that evolved over millions years. Simple
genetic modifications, such as deletions or increases in expression of key genes, will usually
duplicate a phenotype that arospeatedly in the past, only to be rejected by natural

selection (Denison et al. 2003). In such cases, tradeoffs in wild populations (Silvertown &
Dodd 1996) may be a useful quantitative guide to what is feasible.

Radical innovations not tested by pasunal selection may be more promising than simpler
modifications. Some combination of gene transfer from unrelated species and redesign of
key pathways could perhaps lead to significant improvements (Kebeish et al. 2007). Also,
some tradeoffs may apply tmly a subset of possible genotypes. For example, many
bacteria, plants, and red algae show a strong tradeoff between the activity andthe CO2
specificity of rubisco, but some cyanobacteria have greater activity than expected for their
specificity (Tchekez et al. 2006).

Some tradeoffs are poorly understood. Consider the fitness tradeoffs in plants making
cyanide for defense against pests (Stanford et al. 1960). When cyanide is not needed for
defense, its fitness costs to plants can greatly exceegtitdbolic costs (Kakes 1989), but the
severity of this tradeoff will depend on mechanisms that are still being explored (Kooyers et
al. 2018). The modundamental tradeoffs, such as those based on conservation of matter
and energy, will apply to everypsible genotype, not just those already tested by natural
selection.

Fortunately, even some options rejected by natural selection may be useful in agriculture and
fairly easy to implement (Denison 2015). Evolutionary tradeoffs do not always imply
agrononic tradeoffs (Condon et al. 2004). Natural selection improved indivigaat

fitness in past natural environments, whereas crop yields depend on the performance of a
plant community under modern agricultural conditions. Tradeoffs between past and presen
conditions may represent relatively easy opportunities to improve crop performance, simply
by reversing some effects of past natural selection. For example, increases in atmospheric
CO2 may have moved the optimum rubisco phenotype along the avtvstysspecificity

tradeoff line, although the potential improvement is small (Zhu et al. 2004).

Individualversuscommunity tradeoffs may offer greater opportunities to improve crop
performance (Donald 1968; Reynolds et al. 1994; Denison et al. 2063) &rVermeulen
2016). For example, shorter plants with moeegtical leaves are less competitive in mixed
communities, yet higheyielding in monoculture. This tradeoff apparently inspired the
development of IR8 rice (Jennings 1964) and it was confitmgetennings & de Jesus (1968)
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the same year that individuaérsuscommunity tradeoffs were proposed as a major

hypothesis by Donald (1968). Since then, increases in leaf angle and decreases in tassel size
and grain protein, all of which would decreaséividuatplant fitness in mixed communities,

have plausibly contributed to yield increases in maize over 60 years, apparently as side
effects of selection for yield (Duvick & Cassman 1999).

Would deliberate selection based on individuaisuscommunitytradeoffs have resulted in

faster progress? A recent experiment found more improvement selecting for yield than for

target traits (Yuan et al. 2011). However, the trait targets were apparently not based on

Donal ddés (1968) t r aldctedfbriyielchwene shorterahan tisose Pl ant s
selected based on a (taller) height target, so the yield difference is actually consistent with
Donal dés hypothesis. I n this specific case,
subsequent discussions (Demst al. 2003; Anten & Vermeulen 2016) might have helped.

In general, however, do we understand individeeasuscommunity tradeoffs well enough to

use them effectively in plant breeding?

A plantbreeding or biotechnology program that pays attentia@volutionary tradeoffs

should make faster progress. However, some tradeoffs are probably unrecognized and most
are poorly quantified. An alternative approach, therefore, might be to select for community
level performance earlier in a breeding prograrhis would require much more land,

relative to early selection based on individual plants, but advances in automation and remote
sensing could reduce labor requirements.

Consider fAdrought tolerance. 0 T anhahcinlgu ( 201
performance under some drought scenarios will degrade performance or increase risks under
others. Measuring yields of large number of genotypes under multiple drought scenarios

would be very expensive, but aerial infrared thermometry can queskipate canopy

temperature from hundreds or thousands of field plots. Lower temperatures indicate higher
transpiration rates, which can be positively correlated with yield (Reynolds et al. 1999) if

water is not limiting.

When water supply is limited, e@ver, traits that favor community performance over

individual competitiveness might be more beneficial. For example, two recent maize
varieties apparently achieve fidrought tol era
that soil is actually wetteduring the critical silking period, relative to soil under a check

variety (Cooper et al. 2014; Nemali et al. 2015). Conserving water over shorter time periods

could also be useful. The ratio of photosynthesis to transpiration is much greater on cool

mornings than hot afternoons (Kumar et al. 1999). Using less water in the afternoon could
therefore pay large photosynthetic dividends in the mornings. Natural selection would have
rejected such wateparing tradeoffs, because water conserved by onevptahd be used

by its prodigal neighbors.

Both natural selection and plant breeders ha
plant growth in the same soil in subsequent years. Crop effects on pathogens, mutualists, or
persistent root channedse some possible mechanisms (Schlatter et al. 2017; Johnson et al.

1992; Rasse & Smucker 1998). Growing a large number of genotypes, followed by a

genetically uniform test crop, could reveal such effects. Plots would need to be large enough

for effectsto persist in the face of some homogenization by field operations, so remote

sensing approaches (Peng & Gitelson 2012) would be useful.

To summarize, some tradeoffs that constrained past natural selection are equally limiting
today. Ignoring such tradesftould lead to substantial wasted effort. On the other hand,
some options that past natur al s edhamgingi on has
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reversing passelection for individuaplant competitiveness. This could involve either
selection for specific traits or hum#@mposed group selection at earlier stages in the breeding
process.
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Scientifically sound conservation of genetic resources for crop breedjn
J. M. Lenné and D. Wood
North Oldmoss Croft, Fyvie, Turriff, Aberdeenshire, AB53 8NA, UK

Introduction

About 250 years ago, formal systems of conservation of plants began, first in tropical botanic
gardens for plantation crops, and then in developed countries to store safely and then to
provide raw materials for crop breeding. More than 50 years ago stitates of the

Consultative Group for International Agricultural Research (CGIAR) began targeted
collecting of their mandate crops to feed into active breeding programmes focussed on
developing countries. The conservation of genetic resources by degetopintries

always a major source of genetic resouicesfairly recent. The paper will look at recent
developments in thex situconservation of genetic resources for crop breeding and yet more
recent development @i situconservation of crop wildelatives and ofiarm conservation of

crop landraces. Although the focus is on the importance of scientifically sound conservation,
it is the politics surrounding conservation that has driven the global agenda in the past 30
years especially fagx situconservation. Science has been marginalised and as a result
suffered from lack of funding.

Ex situ conservation
Scientifically sound conservation for crop breeding

Over more than 50 years, excellent, large, \welhaged collections have directly serviced

global crop breeding in a number of developed countries and nine international agricultural
research centres of the CGIAR located in developing countries. In the CGIAR alone, more
than 600,000 accessions of major food crops, sourced worldwide, are sataly stotly
characterised (genotyped, phenotyped and sequenced) and documented for features of value
to crop breeders, available worldwide and duplicated in other safe genebanks for security
(Wood and Lenné, 2011).

The CGIAR institutes were very active $eed collecting over decades for conservation for
current and future use. For most years between1972 and 1998 accessions to CGIAR
genebanks exceeded 10,000 seed samples: the number peaked in 1977 at 32,000 samples. In
the past 20 years, acquisition ofanaccessions has been sporadic, largely dependent on
shortterm project funding from donors such as the Bill and Melinda Gates Foundation. For
example, in the past 10 years, the IRRI genebank acquired 15,921 accessions; most were
from national genebanks thiunique accessions threatened by lack of funding, only 926
accessions were directly collected (Sackwl@milton, pers. comm.).

Ex situconservation of genetic resources for the use by crop breeders is the proven

cornerstone of crop improvement for lgéb food security (Everson and Gollin, 2003). Until

the 199006s, free and willing acquisition and
and a clear understanding of the benefits to food crop production in developing countries.
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Biopiracy campain

Il n t he 1 9peoli@nsisinforanatibni cgpaign, led mainly by NGOs under the banner

of biopiracy, highlighted an apparent exploitation of genetic resources from developing

countries by developed countries and multinational companies. One exatmgeiproar

over Australiads attempt to place under Pl an
obtained from the ICRISAT genebank. This campaign fomented an atmosphere of concern in
those countries that had hitherto freely provided samples. Oprgloountries were led to

believe they were sitting on a genetic goldmine. This campaign sowed the seeds of distrust: it

was inevitable that the former free movement of crop genetic resources was compromised

and began to slow. In retrospect, this campaigrich spread like a virus through the

international NGO community, was a major letegm danger to global food security.

Convention on Biological Diversity (CBD)

The CBD entered into force at the end of December, 1993. It recognized sovereignty of
countries of origin of their existing biological diversity, including crop genetic resources, but
it was not retroactive. It did not include the 3.5 million accessions already conserved in
national and international genebanks. The CBD had a negative impthet ioternational

genetic resources system: new samples could be accessed and conserved but could not be
used or distributed. For example, from 19806, IRRI acquired 27,182 rice accessions from
30 countries for conservation but could not use them (@kekamilton, pers. comm.). The
CBD did not however stop the CGIAR collecting genetic resources. A claim to the contrary
(Falcon and Fowler, 2002) was widely disseminated as a justification for the need for an
International Treaty on Plant Genetic Resagt In addition, the CBD is still in the process

of resolving the issues raised by the biopiracy campaign in regard to expected benefit sharing
for developing countries.

International Treaty on Plant Genetic Resources for Food and Agriculture (ITPGRFA)

Because the CBD did not cover the valuable crop genetic resources already managed outside
the country of origin, the Food and Agriculture Organization (FAO) subsequently decided on

a further international legal instrument, the International Treaty on Bmtic Resources

for Food and Agriculture (ITPGRFA). The objectives of the ITPGRFA are the conservation
and sustainable use of all plant genetic resources for food and agriculture and the fair and
equitable sharing of the benefits arising out of their iskarmony with the CBD, for

sustainable agriculture and food security. However, unlike the CBD, the ITPGRFA attempted
retroactivityi indeed monopoly control. While not recognizing countries of origin, the
ITPGRFA invited all countries and all CGIAR tiitstes to place their existing collections
within the ~Multilateral Systembé of the | TPC
were immediate problems with the Treaty which further complicated the collection, exchange
and use of crop genetic resoes. The number of parties was restricted; the list of crops was
restricted; the funding mechanism was based on a tax of plant patents derived from material
in the Treaty; and there was a misguided attempt to link deposits in the Svalbard Global Seed
Vault to the Treaty (since reversed as developing countries massively avoided deposit of
samples in Svalbard). This complexity and conditionality fostered further mistrust among
developing countries. As a result, 93% of the samples being distributed amumagty

ITPGRFA conditions are from CGIAR genebanks. It did however provide a mechanism for

1http://www.fao.org/fileadmin/templates/agphome/documents/PGR/PubPGR/ResourceBook/annex1.pdf
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the use and distribution of samples collected-@BD through the IT Standard Material
Transfer Agreement (SMTA).

Svalbard Global Seed Vault

The Svalbard Global &€ Vault was established in 2008 as a #@rgn, underground,

per mafrost seed store in response to the vul
genebanks. It cost $8.8 million. Whereas one of the main aims of Svalbard was for safe
keeping of the vulnerdd and threatened collections from developing countries, of the almost
one million samples currently stored, the majority are from the CGIAR and developed
country genebanks such as the USDA which are already under secure, safe storage in
duplicate locatios rather than threatened and vulnerable.

The vault has a major design fault. In 2016, melting snow seeped more than 20 m into the
access tunnel forming ice sheets as the meltwater met the permafrost. This significantly
compromised the safety and secudafythe vault for longterm storage of valuable global

genetic resources collections. The main flaw in the original design was the downward sloping
access tunnel, strongly criticised by local coal mining engineers. The Norwegian government
will have to sped $12.7 million to upgrade the seed vault including the construction of a new
upward sloping access tunnel and a service building that will house emergency power and
refrigerating units (originally thought to be not needed in permafrost).

The total cosof Svalbard after upgrading will be $21.5 million. This would have supported

two years of all nine CGIAR crop genebank operations. These funds could have been much
better spent in upgrading failing national genebanks and the urgent scientific charamterizat

of key genetic resources collections for crop breeding. For example, in ICRISAT only 1% of
the 127,000 genebank accessions have been used in crop improvement due to lack of funding
for characterization of useful traits (Upadhyaya, pers. comm.).

Traged of errors

The interaction between the various developments outlined above has had largely negative
effects for the globadx situmanagement of plant genetic resources for food security. The
result is an emerging cong sitwation where multiple actors can exclude each other from

the use of plant genetic resources for food and agriculture (Andersen, 2008). A functioning
international system has been compromised by vested interestsiafatified decision

making. This has letb reduced funding for science useful for agriculture and the redirection
of funds vital for science to vanity projects such as Svalbard.

In situ conservation

In the past 25 years, a considerable amount of genetic resources funding has been awarded to
time-bound projects om situconservation of wild crop relatives and-famm conservation

of landraces (Wood and Lenné, 2011). Inevitably, this has redirected funding awaxfrom

situ conservation. The proposed valuarogitu conservation is the belief that plant

populations will evolve useful traits (such as drought and heat tolerances or disease and pest
resistances) under @yoing environmental change. An underlying justification is to retain
national sovereignty over samplen national territory.

Monitoring ofin situ populations has included on site characterization for morphological
characteristics, documentation of farmer indigenous knowledge {ffaronprojects, and the
assessment of overall genetic diversity usiraetular tools (Wood and Lenné, 2011).
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Functional diversity (identifying materials with resistances to diseases and pests and
tolerance of abiotic stresses) was rarely assessed. With one exception, there do not appear to
have been any attempts collect miaeand screeex situunder controlled conditions. The

main outputs from these projects have been-tmmanuals, numerous sets of guidelines and
conceptual frameworks. Although multiple millions have been spent on these projects, there
are repeated califor more funding and more projects (Maxted et al., 1997; Meilleur and
Hodgkin, 2004; Bellon et al., 2017).

To date, there is no evidence of successful identification of useful traits with one possible
exception. This is not unexpected since evolutipchanges may not be observed for 100
years or more (Frankel et al., 1995). Tibmundin situprojects are unlikely to result in
measurable change over their lifetimes. In fact, Harper (1990) noted that the occurrence of
resistance genes in wild relativeiscrops is evidence of powerful long past selective forces.

A recent study of samples of pearl millet landraces collected in the same villages in 1976 and
2003 throughout the entire cultivated area of Niger found a significant shift to a shorter life
cycle and a reduction in plant and spike size in the 2003 samples (Vigouroux et al., 2011). In
addition, an early flowering allele at the PHYC locus increased in frequency between 1976
and 2003. Selection within the variation in these diverse landraceapiopslcould have

been sufficient to support the observed changes in flowering time in response to the
shortening effective rainy season duration over this period. However wild pearl millets have
shown introgressions of cultivated alleles and cultivatditwiintrogressions of wild alleles
throughout Niger (Mariac et al., 2006). Several ICRISAT improved pearl millet varieties with
enhanced earliness were released in Niger
landraces and improved pearl millets mwanbe discounted.

An unnecessary polarity has been created in justifying the considerable funiirsittio
conservation: by storing collectioeg situthe potential for orgoing evolution is stopped

while conserving materiah situallows orgoing ewlution with the expectation that the
material in the field will improve and be more valuable. Hantuis being promoted and
well-funded by some donors as an alternative and better method of conservatiex ghan

The risks associated with situ conservation such as loss of genetic resources due to climatic
and biotic factors as well as alternative farmer needs are rarely highlighted.

Much of the material currently conserved throumhkitu projects is not useful for current
and, probably, futte crop breeding effortén situ conservation in the absence of appropriate
science is an expensive distraction and a waste of funds in the context of food security.

Making science useful to agriculturel integrated ex situand in situ conservation of
genetic resources for crop breeding

The increasing complexity and conditionality affecting collection, access and use of genetic
resources foex situconservation and the lack of success in demonstrating a major value for

in situ conservation for food senty signals the need for a radical rethink on the most

resource and cost effective way to conserve valuable genetic resources. Twenty years ago, the
need for an integrated system for conserving genetic resources for crop breeding was
highlighted (Wood antienné, 1997). By closely linking targeted, structured, scibased

in situconservation projects witlx situgenotyping, phenotyping and sequencing efforts, the
most valuable resources could be identified and conserved for the future. Agricultural
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scientists have an important role to better inform investment decisions on making genetic
resources conservation efforts more useful to future food production.

ABy hesitating to enter the debate, we can o
find ourselves able to serve only as peripherally significant technicians in the pursuit of the
objectives o f(Namkoang, 1981).nf or me d o
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Searching fa transgenes that improve yield: promise and reality
H.R. Lafitte, J.E. Habben, C.R. Simmons
Corteva Agrisciencd, Agriculture Division of DowDuPof

Advances in the field of functional genomics over the past two decades have resulted in the
identificaion of many genes that could potentially be manipulated to improve crop field
performance. Research investment, both to identify and characterize these genes and to
deploy them to benefit agriculture, has amounted to millions of dollars. In both thempopula
press and in scientific publications, authors are asking the natural questi@ne are the
improved varieties that are expected from the many reports of valuable gene discoveries?
Has this investment in understanding the function of genes relayezldgotential and yield
stability been useful to agriculture? To address these questions in the context of a commercial
crop improvement program, we will summarize the general findings from our last 10 years of
transgenic experiments for agronomic traatsnaize (yield, plant height, and maturity), and
highlight several promising leads. We will also describe the gap between gene discovery and
gene deployment, which has hampered most efforts to develop products.

Pioneer HiBred International Inc. (now piaof Corteva Agrisciencd!, Agriculture Division

of DowDuPont™) undertook the challenge of identifying and manipulating expression of key
genes that were expected to affect important agronomic attributes egiftelsh maize.

Between 2008 and 2017, sevdlousand unique DNA constructs were evaluated as hybrids
in high-quality multtlocation field experiments. These constructs included hundreds of
different genes of interest; some leads were selected based on specific biological hypotheses,
while others vere forward genetics leads identified via phenotypic screening in model
species. Lead selection was mainly focused on two critical areas for production agriculture:
stabilizing growth and yield under drought stress, and improving the capture and use of
applied nitrogen fertilizer. Both areas have significant background literature identifying
potential gene targets for knowledgased hypothesis testing, and both have been heavily
evaluated in model system screens, so candidates were plentiful. In dontnase

theoretical studies, the criteria for success in the Pioneer work wa$ starkonstruct had

to provide a repeatable large yield benefit in most locations, across multiple genetic
backgrounds, have no negative side effects, and be functicmalemizygous state for

hybrid maize. This approach differs from that described elsevibgnehere the expected
phenotype was first evaluated in a controlled environment as a preliminary screen prior to
field testing.

Our production transformation system evolved over thgedd period reported, and included
various transformation genotypeséelearly constructs were transformed into an

experimental inbred that did not have the yield potential of our modern commercial inbreds,
the intermediate years were mostly in an older commercial inbred first sold in hybrids in
2000, and the later years weén a different commercial inbred sold in hybrids since 2012.
Model systerrbased leads were evaluated mostly in the older commercial background. Most
constructs included a relatively strong constitutive promoter. Each construct was represented
by 510 ormore independent events, and was evaluated in its first year as a single hybrid in
multiple field locations. Where drought or nitrogen limitation guided gene selection,
environments were managed to impose the appropriate limiting factor in some of the
locations. Any constructs selected for a second year of field testing were evaluated with
multiple testers. Several publications document features of the field testing §3stem
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1) Most transgenénduced changes did not measurably alteldyoe other observed
agronomic characteristics in our testing system

Among over 16,000 construct*experiment comparisons for grain yield {2008), about

28% were different to the control for yield (including both positive and negative effects)
based on &wo-tail test at P<0.1. Chance alone would predict only 10%. While the observed
frequency of differences is clearly more than expected by chance, every construct evaluated
was included because it was expected to influence crop performance. Graingield is
complex trait with comparatively low heritability and is affected by both variation among
locations and withislocation error. When the count of efficacious constructs is based on

grain moisture, a more heritable trait, the proportion is still only a®@t across all years.

This observation is in marked contrast to less complex traits such as insect control and
herbicide tolerance conferred through transgenes, which generally produce the
insecticidal/herbicide tolerance protein as expected, with negwfficacy. The resilience of
maize to altered expression of many agronomic trait leads supports the hypothesis that these
pathways are complex and strongly buffered, either through activity of other gene family
members or simply by the other, Asansgaic, parental line used in the hybrid. In general,

the transgenic inbred plants were not visibly different from the wildtype in the nursery, but
the transgenic inbred was rarely evaluated in the homozygous state.

Patterns of efficacy differed across trimmation platforms. The large influence of genetic
background on transgene performance for agronomic traits is one of the clearest findings in
this work. The three targets evaluated here included one inbred from tstadkiffieterotic

group and two fro the nonrstiff stalk (NSS) heterotic group: one NSS was a figadtype

and the other was a fleear type. The fixe@ar type differed from the other two in having

greater frequency of negative effects on yield and less grain moisture at harvest.athese d

are not a direct comparison of the same gene because the cohorts of leads evaluated in each
platform usually differed, but the pattern is consistent with our other observations of the
unpredictable impacts of changing testers, retransforming intoatiffenbreds, or

introgressing the construct into other backgrounds.

When constructs affected grain yield, the impact was usually to reduce yield. The proportion
of initial evaluations for yield where the transgenic entryyoelded the control was-8%,

close to the frequency expected by chance. In contrast, the control was declared significantly
better in 1835% of the contrasts, depending on the transformation background. Of the
constructs described here, about a third were derived fromespid forvard genetics

approaches and the remainder were from hypotheses based on gene annotation, biochemical
pathway, and expression information. After fiysiar testing, no large difference was

observed in the overall frequency of efficacy between leads fronelregstems (mainly
Arabidopsi$ and hypothesibased leads, or between leads based on monocot or dicot
sources.

2) Changes in expression of single genes in signaling pathways or as transcription factors
can improve yield performance

After primary testing, about 10% of the constructs were selected for evaluation in a second
year. Over half of those also had a posigffect in at least one location in the retest year,

and a number were nominated for further testing. Several constructs with significant positive
yield impact have been identified in these evaluations, notably from knowbedgel leads.

The great majorityf the effects of transgenes for agronomic traits were either too subtle to
support direct product development efforts, had negative impacts on key production traits like
standability or drydown, or, most commonly, did not perform consistently across
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environments and/or genetic backgrounds. The variability of lead performance in different
genetic backgrounds is consistent with the hypothesis that these transgenic expression
variants act like novel alleles or largéect QTLs in this highlselected germasm.

To date, the only commercialized agronomic transgenic event in maggorted to provide

some drought efficacy via tlo®nstitutive expression of a bacterial cold shock prd&ei6].

In our experiments,lear positive effects on yield resulted from the downregulation of genes
affecting ethylene production and sensing; these constructs increased yield across a range of
location typeg2, 3, 7] Leads targeting water conservation could, in severe stress scenarios,
confer an advantage, but with the anticipated penalty in favorable enviror{djeiisat

example, which is associated with increased ABA pradaocnd reduced photosynthesis,

reflects the tradeffs predicted by fundamental principles of crop physiology and ecology

[8]. Simulations can be used to predict anticipated compensation and narrow the search space
for potential lead§9].

3) The gap between gene discovery and gene deployment in a transgenic product is large

For a biotech trait, either transgenic or a gene edit, to be incorporated in a prazlugt gor

maize breeding program, it must have a large effect size, function as expected across elite
germplasm and a wide geographical area, be dominant and easy to introgress, have no
negative effect on other traits, and be regulatory and public percéitiodly.

Concurrently, a transgenic product must be worth more than about $100M to cover product
development costs. Very few enterprises can undertake this level of investment and hold the
course over the 180 years from discovery to commercial laungarticularly in the face of
fluctuating commodity prices and changing regulatory policies and consumer preferences.

More compelling cases for biotech modification for agronomic traits are those resulting in
step changes in plant architecture or largeait@ns in sensitivity to environmental signals
[10, 11] which are unlikely to be readily achieved through breeding. This type of change
underpinned the development of Green Revolution rice andtwheeties. The

incorporation of semilwarfing mutations into commercial varieties required extensive
breeding effort to optimize the variation and achieve local adaptation, and alteration in the
cropping system was required as Wgf)]. It is unlikely that many individualrganizations

in either the private or public sectors can commit to this investment, and-getamg
consortium plan may be needed to bring about this type of application of novel transgenic
variation. Biotech improvements to agronomic traits will be mffsteve in cases where

they can enter forward breeding programs and beptinized in concert with elite
germplasm.

CONCLUSIONS

It is difficult to claim that the global research investment in evaluating crop transgene
functions for agronomic charactercst has been a more effective use of limited resources for
agricultural research than alternative, untested, strategies might have been. This effort has
greatly advanced our understanding of gene function and regulation as a critical component
of plant deelopment and adaptation. There are notable successes that increase grain yield,
particularly under stress. Nonetheless, the overall experience of testing agronomic traits
transgene for product development has tempered enthusiasm forganglsolutionsar

complex yieldrelated traits, even when yield appears limited by a primary constraint such as
drought. There are other lessons from the decades of investment at Pioneer and elsewhere
that can inform more efficient approaches to epeded searches foseful biological

variation.
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1 If the goal of the effort is to produce a commercial product, the roadmap to the product
must be clear at the start to fully calculate the investment required for success. That bar
may be considerably higher than it first apgea

1 The consistency of performance of positive leads over years provides an endorsement of
the use of carefully managed archetypal locations over more extensive testing in generally
representative locations. Simulations can assist with technology extrapalamains to
accelerate decisions and better focus research investi#nts

1 Efficacious leads can indicate areas of unfavorabletic fixation in commercial
breeding programs and provide biotech traits to override them, or guide the search for
native alleles to be introduced through mar&ssisted introgression or gene editing.

1 Like for conventional breeding for complex traits;onsistent or incremental small
effects of either native or transgene alleles across genetic backgrounds is the rule, not the
exception. In a commercial setting, this can be addressed by using the most important
genetic background(s) in primary testitigmore operended searches, another approach
must be taken to establish what constitutes meaningful success.

These efforts have supported the development of valuable technologies for plant science.
Increased knowledge of gene structfuection, and impoved optimization and targeting of
transgenes and gene edits may enable trait step changes that could move outside the
incremental changes to current breeding landscapes, and develop the fresh germplasm
foundations for crops quite different from curreseaotypesOur knowledge of plant
architecture and 6domestication genesd6, and
crops, could be used to bring increased economic vitality to crops in the economic shadows
e.g., flax, tef, chickpea, amaranthslets, pulses, and othershereby diversifying

agriculture and improving diets, farmer livelihoods, and the environnfdregady we are

seeing examples of the use of CRISE&s editing to leap near crop species to domestication
standard$14]. In all cases, forward breeding is likely essential for entilc progress, and

we should consider that cost when making commitments. Finallysthighghput image

based phenotyping systems, which have been widely used in forward genetics screening,
have greatly advanced the technology for plant image analyisisethnology has reéfe
applications for crop monitoring and targeted pest control that may well transform agriculture
as they reach the field.
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Expensive distractions in prebreeding research: can we do it better?
Tony Fischer
CSIRO Agriculture and Food, Australia

Introduction

Making science useful to agriculture needs t
useful, delivering more impact per unit of investment in R and D, for there is no doubt that

science has been hugely useful to agriculture. | will focus on pubkstiments and crop

breeding. This means public investment in-preeding because privatized variety

production, operating under market economics, now dominates the developed world, as is

also the case in Australia. And | will define prebreeding broadiydade the production of

improved breeding and selection tools and techniques as well as new germplasm with unique

or improved traits (often called secondary traits), whether using native genes and alleles or
genetically engineered ones. These productearse must be adopted by commercial

breeders, the only route by which this public investment delivers impact to farmers.

Since in 1970 when | joined Norman Borl augods
involved in wheat prebeeeding, especially trait tdieation, and only recently reviewed

some key early generation yield selection criteria for wheat (Fischer and Rebetske 2018).
However | have never produced a prebred line for breeders to use, so it was just ideas, some
quite pointedly warning breedeis pay more attention to interplot interference (Fischer

1978). It was interesting science, but was it was all an expensive distraction? Maybe, but to
answer the question | must look more broadly at prebreeding efforts in major crops. In this |
will focus only on increase in potential yield (PY) and in wdbanited potential yield (PYw),

noting here in passing the successes of physiological breeding with resistance to certain
simple abiotic stresses (e.g., aluminium and salt tolerance in wheat, flodeiramte in

rice).

Potential yield refers to yield in the absence of biotic stress and under top agronomy (Fischer
2014). PY advances derive from new cultivars, new agronomy and their positive interactions,

and in turn are the foundation of all farm yiek( progress. Yield progress is generally

linear with time and here is expressed as the linear slope relative to the predicted PY in the

last year of the release in any cultivar series (as percent per annum, % p.a.); it is strongly

urged here that this the most sensible basis on which all yield breeding progress can be
compared. Fischer (2018) concluded from a comprehensive reviews of recent estimations that
current rates of progress (breeding plus breeding x management) were wheat (0.5% p.a.), rice

(0. ™%, but variable), maize (0.6%, also variable) and soybean (0.7%), not very different from
estimations almost a decade earlier (Fischer et al 2014). This is almost entirely the fruits of
Aconventional 6 breeding, ai de dtesting,statistiess by ad
field mechanization, automation and some molecular markers for otherwise{saidct

non-potential yield traits. There was no evidence rates are less for PYw than PY, dispelling a
popular myth that it is harder to make progresseumdhter limited conditions. Secondly, and

with 2 exceptions in recent 42 cases, there was no evidence that linear progress has slowed in

the last 20 years or so, although relative progress is gradually becoming less, and clearly

more expensive to achiew&/here the PY to FY yield gap is large (> 100% of FY, e.g., Sub

Saharan Africa), PY progress is not very relevant to FY progress, but for over half the

worl doéos production the yield gap is small (<
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continuing FYprogress is such situations. Breeding for yield therefore remains central to
world food security, and indeed rates of progress are inadequate according to most demand
projections. In this effort, prebreeding research is expected to play a role, butwlhaiem

its track record and what are its prospects? | will split the subject into physiological and
molecular biological efforts and, aware of the subject to be covered by Renee Lafitte, will say
little about transgenes in maize.

Physiology appliedtop ebr eedi ng : Some successes and so

The planned development of eiideived semidwarf tropical rice varieties in the 1960s at

IRRI is often cited as an early success of physiology interacting with breeding: this is
acknowledged bwreeder Peter Jennings. The attempt in the 1990s of IRRIs physiologists to
design a new ideotype, the New Plant Type, was less successful (Yang et al 2007), but this
low-tillering erect ideotype may have helped in part to guide yield progress in Ctuogtih

its very high yielding Asupero rice varietie

The first development of semidwarf winter wheats, in Japan and then Pullman, Washington,
appeared to derive from the simple observation that this might prevent lodgamgafer

Borlaug pursed the same trait in spring wheats for the same reason, and in 1962 released the
first semidwarf spring wheat. Pugsley and Syme first incorporated the trait into Australian
wheats in the late 1960s, retrospectively pointing to theceged improvement in harvest
index. The trulyphysiological contribution from this group at Wagga Wagga, NSW, actually
came from seeking to understand the genetics underlying daylength and vernalization
sensitivities which controlled flowering. This astdlowed into all Australian wheat

breeding with the advent of DNA markers for the key controlling alleles, as exemplified by
the accurate prediction of their effects on heading date across the wheat belt (Eagles et al
2010), but whether it is useful foreeders is not so clear.

The impressive progress in temperate maize yield in, for example, the USA owes little to
physiology despite early modelling by crop physiologists on the benefits of erect leaves,
selection for photosynthetic activity, and theidigibn of a desirable ideotype (Mock and
Pearce 1975). The very successful breeder, Don Duvick, was adamant that PidheeeH] 6 s
selection targeted only yield at high density along with lodging resistance; that the best
hybrids also had small erect uppeaves, enhanced stay green, and small tassels was the
indirect result of extensive multilocational yield testing.

Maize for the tropics and subtropics was however a different story. Physiologist, Peter
Goldsworthy, and breeder, Elmer Johnson, earlstd@MMYT targeted reduced stature and
increased harvest index, while together with physiologist Ken Fischer, they initiated in 1974
a program of selection for drought tolerance based on traits as well as yield, working in a
rainless managed environmenhirty years later, and after near death experiences due to
lack of support and then recovery in the hands of Greg Edmeades, Marianne Banziger and
colleagues, the program was delivering outstanding hybrids and OPVs for drougiiNy low
soils in eastern Afrig, with significant positive impact for farmers (Bénziger et al 2006;
Edmeades 2013).

A less successful but ultimately enduring initiative coming out of the CIMMYT Wheat
Program was the notion of early generation indirect PY selection by targeting dnugtasit
conductance, a long story summarized in Fischer and Rebetzke (2018). | started the work,
prompted by my familiarity from Ph D work with fast stomatal measurements and some
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promising unpublished results from Israel. In the mid1970s Pat Wall shomedkathle

success with F2 selection for leaf porosity (surrogate for stomatal conductance). The work
then languished as breeder leadership of the Program funded other priorities, but was revived
by Ken Sayre in the late 1980s with the advent of fast poeysand infrared thermometers,

with exciting results (Fischer et al 1998). CIMMYT was | believe the first to measure plot
canopy temperature remotely by aeroplane, and show its significant relationship PY
(Reynolds et al 1999). It remains a very promisatgction tool (Fischer and Rebetzke

2018), but has yet to be mainstreamed in the PY breeding programs at CIMMYT, some 40
years after Wall ds promising results!

Selection for stomatal behaviour is behind some recent progress in maize PYw in USA. |
refer tothe transpiration limitation trait, the threshold vpd at which stomata begin to restrict
the linear increase in transpiration with increased vpd. First highlighted by Tom Sinclair in
soybean, this geneticallyetermined trait has been investigated by &md his colleagues in

a wide number of crops. PioneerBtied (now called Dupont Pioneer) believe that the
commercial success of their Aquamax hybrids (e.g. 6% yield increase at moderate drought
levels) is the consequence of selection for a low threshpmidinitiated by physiologist
Charli e Messina (out of Sinclairdés team), th
uniquely critical flowering stage of maize development (Gaffney et al 2015). The trait is
being pursued at ICRISAT in other summer crophsas sorghum, millet and chickpea
(Vadez et al 2014).

There has been much wheat prebreeding at CSIRO since the late 1970s, guided by the widely
accepted model of PYw (Passioura 1977) and particularly involving Richard Richards, Tony
Condon and Greg Relsée, targeting traits conferring performance under limited water.

These included xylem vessel diameter in seminal roots, waxiness, low tillering, carbon

isotope discrimination, long coleoptile, stomatal conductance, stem carbohydrates, and
seedling vigoufRichards et al 2002). Some are promising and may at last be receiving
attention from commercial breeders (e.g., long coleoptile, seedling vigour)

Many other physiological traits have been proposed and some tested in isolines and breeding
populations. These include stay green (especially in sorghum), osmotic adaptation,
photosynthetic rate, harvest index, the Donald ideotype communal plant gerzerally,
determinacy in soybean, but none have been explicitly adopted and it is difficult to judge

their influence on breeding. New fast phenotyping methods may facilitate their further testing
and ultimate incorporation into breeding but some old problemaire

Other physiological developments have provided breeders with new tools, the most

significant of which is probably dihaploidy, now widely adopted in maize and in winter

wheat breeding to speed the approach to homozygosity. Achieving the sameseffdctS p e e d
Breedingdo, a new version of single seed desc
simple physiology. | refer to the input of extra photosynthetically active radiation to

accompany the longer photoperiod, such that plants grow much mordlgonmiaeir short

lifetime and appear to be more appropriate for trait selection.

Molecular Biology and Prebreeding: So far fewer successes despite more investment

Molecular biology began with the unravelling of the base pair sequences of part or all of
genes and their adjacent regulatory environments on the nucleic acid molecule. It started to
impact crop breeding in the 1980s from two directions, namely identification of DNA
markers for important gene alleles, and genetic engineering, with the finsrieky

(herbicide tolerant maize) released in 1995 in USA. Improvements in DNA sequencing
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techniques have greatly reduced costs for markers, such that the whole genomes of breeding
lines are now routinely sequenced under the banner of genomic sele@&ioim (Ge

multinational breeding companies. GE however remains less precise than desirable although

new gene editing techniques are facilitating planned gene alterations. While there are

significant indirect benefits for FY across the almost 200 Mha ofi@ps in the world, with

one exception to date, there has been no release of a GE variety engineered for greater PY or
PYw. The exception is Monsantods Drought Gar

Crop yield is a very complex trait, involving many gemgsracting with the growing
environment. A few key simple traits are critical for high yield in any E ( e.g., height and
flowering time), but once they are optimized, many other genes became important and their
mapping to yield has proved difficult (Bemrdo 2016), although Edmeades (2013) claims
some yield gain for QTibased selection in maize. The rest of this paper will, however, focus
on the prospects of GE for greater yield. Since the 1990s there has been many papers in
prestigious journals proposing alleviate, if not solve, world food insecurity by lifting yield
with various GE traits. It is applied functional genomics, great science, and there is usually
some proof of concept, but very few of these traits subsequently appear to be convincingly
field tested: either the testing wasnodét done
trials. As mentioned earlier maize examples will be left to Renee Lafitte.

Efforts to raise PY via GE are common, with paddy rice often targeted. Oneatilestr

example begins with a promising paper by Ashikari et al (2004) who reported increased grain
number per panicle in rice from elegant engineering to e@gulate cytokinin oxidase in

the inflorescence growing point, and from pot studies they predistketincreases. It was

almost a decade before follow up papers appeared testing this notion in field plots (Li et al

2013; Yeh et al 2015; Wu et al 2016). Engineering the levels of kinetin and/or GA had the
expected effects on grains per panicle or gamamber and proper field plots seem also to

have been used but descriptions are poor. Yield per ha increases ranged from 5 to 58% over
the wild type, which sometimes wasnodt descri
todayds best proolamks werewlaoregident i& anotihel racent PNAS rice GE

paper (Miao et al 2018), who manipulated abscisic acid levels and apparently increased

stomatal conductance and plot yield around 28%. Plot management was again not fully
described but there was emgh detail to suspect that the taller GE plants would have

benefitted considerably from edge effects in the small 1.8 x 1.8 m plots, the whole of each

was harvested for yield. The authors did at least recognize that the wild type (Nipponbare)

was quiteoland yi el ding around only half of the vy
unaware of the fact that this increased yield from conventional breeding in rice has in fact

been associated with greater stomatal conductance.

Raising PY by engineeringepter leaf photosynthesis is a popular and-fugitied target for
physiologists with many options (e.g., Ort et al 2015), but again field tests of the GE lines so
far are unconvincing. For example excellent field trials in lllinois with soybean showed onl
small effects under ambient CO2 (Kohler et al 2017) and plots involving transformed tobacco
appear to have been terminated before the crop forms a proper canopy (Kromdijk et al 2016).
Field trials with wheat in the UK have to date not delivered greatergrowth, despite

promising glasshouse results (R. Furbank pers. comm.). Besides, no one seems to worry
about the control of photosynthesis in crops by sink strength.

2That they used electron microscopy to measure stomaparture points to the silo in which they were
working: Japanese crop physiologists had 15 years earlier used simple infrared photography to demonstrate
the higher conductance of modern rices.
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There are even more attempts in the literature to use GE to increase drought t@RYarce
One early example reported with several crops is the dehydrasponsive element binding
(DREB) transcription factor. However there are no examples of DREB having lifted field
performance under drought, for example in wheat (Saint Pierre €1&]). Z Engineering
trehalose6-P metabolism in the young maize cob showed great promise in the lab and even
in the field, but over 10 years of silence have past since the field results were obtained
(Nuccio et al 2015). Claims of increased drought toleramedheat (Yu e al 2017) by
overexpression of cold shock protein (CSP) genes (the same type of gene purported to work
in Droughtgard maize) appear well substantiated by a 20% yield increase in two years of
proper plot trials and possibly results from theasured increased stomatal sensitivity to
ABAZ3. This would could to be one of the more convincing GE results.

This has been a long exposition of examples of GE for yield, but it is necessary if | am going
to level some serious criticisms at the fundihguch work. | certainly have not cherry

picked the papers, instead taking ones in prestigious journals and usually highlighted for their
likely impact on world food security by the many abstracting e newsletters around these days
(e.g., Chicago Council faGlobal Affairs, Global Food for Thought, or the ISAAA

newsletter). Physiologists have predicted and noted (e.g., Turner et al 2014) the lack of
progress with GE for crop yield. More telling is the recent and very thorough review of GE

for PYw by moleculabiologists themselves (Nuccio et al 2018). Even excluding the problem
of getting proven GE traits to market, many other obstacles were identified yet they remain
optimistic about several GE traits in the pipeline, some of which have already been

mentione above (trehalose metabolism, CSP), some not (ethylene signalling, amino acid
biosynthesis, transcriptional regulation). They also pointed to knowledge generated in GE
projects which could deliver chemicals such as novel caged (protected) derivatives of
trehaloses-P for direct application to lift crop yield.

Lessons from physiological prebreeding and genetic engineering for yield

Both the physiological and molecular fields are benefitting from new tools, respectively, high
throughput precision phenotyyg, and cheaper more powerful ways of measuring and
manipulation at the molecular level. This does not, however, change the importance of
lessons arising from past successes and failures. These show many similarities between the
two research approaches arah therefore largely be dealt with together. Briefly they

include:

1 Yield is product per ha and under multigenic control, highly refined by more than a
century of breeding and selection. New alleles or genes are unlikely to have a big
impact and their dettion will require very accurate field testing.

1 Everything has to be linked to performance in crops in the field, which implies
excellent agronomic management and maybe some degree of weather control as in
managed environments. This also renders futilstrrait studies on isolated plants or
parts in laboratory and controlled environments, and without field antecedents.

1 Innovations in agronomy are part of PY increase and can also drive yield gain through
positive interactions with new traits.

1 Trait targeing should start in the field with repeatable performance differences, then
proceed to the lab, where genetic markers may or may not be a target, and functional
genomics should not be allowed to become an endless distraction for the protagonists.

3 Drought Gard appears also to work because of lower traasipir, but smaller leaves appear to be the cause.
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1 An excetion of the last point is the search amongst untried genetic resources for new
trait variants: molecular sequences of known variants can help in this search.

1 Clearly validation of traits takes time and needs continuity of support and of staff,
especiallyleadership. Focus on the applied goal is essential and should preclude the
temptation to seek deeper understanding as to why something works, until it is an
absolutely necessary to do so.

1 Almost always there are benefits from the involvement of breeaieisespecially
sympathetic mainstream breeders. Thus there needs to be sufficient flexibility and
funding in commercial breeding programs to allow pilot testing of new ideas, a
process which may take many years or several breeding cycles for completion.

1 There may need to be a degree of multidisciplinarity, especially when it comes to
smart field instruments and to crop physiologists in molecular teams. The latter are
very specialized in their own field, and have little experience of doing field
experimentand measurements: they need to cooperate more closely with crop
physiologists and agronomists in order to conduct proper field work.

1 Many new traits will face hidden traadfs due to the overriding importance of
resource limitations (primarily light anat/ water in modern cropping); survival traits
which sacrifice production are generally useless.

1 The starting germplasm in any trait breeding program may be well superseded by
conventional breeding progress by the time the new GE cultivar becomes testable i
the field.

1 Related to the fact that much biotech is nowadays in the private sector, publication of
failures may never happen while that of success may lag considerably. This is
unfortunate for all other players.

1 Journal editors need to be more discriating, giving more attention to properly
measured yield (per hectare), rejecting d
excessive biotech detail to the supplementary pages.

Lacking the obvious constraints faced by large commercial breedersajbeinternational

crop centres were uniquely well situated to test the application of new prebreeding ideas and
techniques to breeding, but even there, continuity of funding and staff, was and remains often
inadequate. The first victim of funding shortatg@nded to be the physiology programs, which

as well could not resist the onslaught new 0
investors for whom fimore of the sameo0o was a
soybean, something largely condectbby commercial firms for some time now (except in

South America), has not apparently been the target of substantial crop physiological input,

but has made solid yield progress. Many private breeding companies are large enough to
provide the funding forebreeding work but one gets the impression that continuity and
persistence fall victim to the unique pressures under which business tends to operate. Only
Dupont Pioneer seemed to have had the funding and foresight to see something though to
success anattimely publication, but it is probably still early days for their stomatal

limitation trait in maize.

Whether we like it or not, physiology and molecular biology are drawing closer in
prebreeding as synergies are recognized. An exciting developmeistfielth publications

again coming out of Dupont Pioneer, is that of Mark Cooper and colleagues, culminating in
Messina et al (2018). This approach marries whole of genome prediction of four key maize
yield traits with crop simulation modelling to predye¢ld across diverse environments, and

as a corollary, trait optima for given key environments. The work encompasses climatology,
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crop physiology and modelling, quantitative genetics, genomic prediction, breeding and
agronomy!

Conclusion

Finally it is neessary to return to the general theme of sound investment in prebreeding

research, whether through physiological or molecular approaches. This brief review

highlights the complexity of the task, the need for collaboration with breeders and other

disciplines, for strong goabriented leadership and for continuity of direction and support.

This implies that funders of the task need patience and persistence, and not to be swayed too
easily by every new fiband wagono inthisgetg. c o me s
Simmonds 1991), but donors appear to have become impatient, expecting transformational
developments on an almost annual basis, while showing bias towards the new and inevitably
more upstream research. ANoitarrefraimme of the san

The biggest gap in much research in the public sector is the gap between the prebreeding
research and the private sector breeders. Such a gap may also exist within the larger private
sector firms, others are better able to comment on tloweMer its solution needs some

agreed longerm sharing of resources for the duration of agreed pilot projects to test new

traits and methods coming out of the prebreeding pipeline. This is especially difficult to

enable when it involves a publprivate nterface and there is need for better operational

model s, which give the breeding company some
new knowledge and lock out competitors. | understand that the EU has a more satisfactory

model for such publicprivate partnerships, although they are unlikely to foster joint GE

research in the current climate?
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Intensive maize and wheat breeding efforts at CIMMYT
Martin Kropff
CIMMYT

Though great strides have been made to pull millions out of poverty in recent decades, a
daunting challenge still lies ahead: how to feed more than 9 billion people by 2050.

While diversifying diets is of highest priority to address malnutrition, hidderyér and

obesity, research on staple crép®aize, rice and wheitlies at the heart of the solution.

Maize and wheat account for a quarter of the total crop area harvested globally and provide,
along with rice 42% of all protein and 48% of all calosiéor human consumption.

The popularity of staple crops is on an upward trend according to recent reports. For
example aspopulations andeconomiesgrow, people seek employment in cities and their
dietary habits change, amcreasig number of poor consumersin low- and middle-income
countries will reach for vinea-based foodsat affordable prices.

In 2017,the number of chronically undernourished people rose for the first time this century,
reaching 815 millionDemand growth is particularly worrying as we near 2030, the year
when world population growth is predicted to peak.

In order to address this demand in developing countries where help is needed the most, we
must reach to pillars of global food securityps such as maize, rice and wheat. As the

world currently standgroductivity of wheat, maize and rice based systems needs to increase
beyond historical rate$-or examplethewhea yield growth rate needs to risby abou 40%

and that of maize by 50@ver the currert rate in the developing world.

Failing to sustainably produce staple crops today will make it nearly impossible to reach
Sustainable Development Goal 2 on zero hunger by 2030. Diversifying from farm to fork
requres efficient input use, minimal efiite impact while conserving and safeguarding the
productive capacity of land under maize and whBa¢se objectives can only be achieved if
investments in agricultural R&D are significantly increased and supporteddt}ing
international and national policies.

In order to achieve the mucteeded growth in yield sustainably, we need to start with

breeding programs. For over half a cent@WNMYT has developed new maize and wheat
germplasm adapted to the needs of farmers in the developing world and emerging threats and
shared it routinely as international public goods with hundreds of organizations worldwide.

CIMMYT uses a wide variety ofdwvanced technologies to fasack development and
delivery of new maize and wheat varieties that are adapted to climate ¢bkaigd stresses,
and with other farmepreferred traits, including resistance to major diseases and-pessst
and enhancedutritional and endise quality.
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Maize and wheat improvement at CIMMYT

Integration of higkthroughput and novel phenotyping tools, doubled haploid technology,

molecular markers for key traits, and rapitle genomic selection are core components of

thebr eeding strategy to accelerate genetic gal
improved maize products in target regions.

With extensive public and private partnerships, CIMMYT has developed and deployed elite
droughttolerant, heatolerant, nitrogemseefficient, and disease resistant maize varieties in
the tropics. Based on technological breakthroughs in the early 1990s and a strong breeding
program on drought tolerance initiated by CIMMYT and subsequently by IITA, more than
300 droughtolerant (OF) maize varieties have been developed and released acress sub
Saharan Africa (SSA), and more recently also in India, over the two decades. Intensive
efforts on strengthening maize seed systems in SSA, including jpuibiate partnerships

and capacity dealopment of NARS and seed company partners, catalyzed delivery of DT
maize varieties across 13 countries in SSA, and helped to circumvent market failures. In
2018, more than 100 seed companies in SSA produced an estimated 75,000 tons of certified
seed of GAMMYT/IITA -derived improved DT maize varieties.

Cl MMYTO6s maize biofortification efforts | ed
maize varieties with enhanced concentrations of provitamin A (>15 ppm), kernel Zn (>30

ppm), and protein quality {2-fold lysine and tryptophan) in the (sub)tropics of-Sataran

Africa, Asia and Latin America.

Since 2012, CIMMYT coordinated rapid response to the maize lethal necrosis (MLN)
epidemic in eastern Africa, through fasdcked breeding, release and deploynoémiLN -
resistant varieties, and capacity strengthening of national plant protection organizations in
MLN diagnostics and management, and interface with commercial maize seed sector in
production and exchange of MLiKee seed. This has led to containmenthefdisease within
eastern Africa, and curbing its spread to southern and West Africa. This is indeed a clear
demonstration of the capacity of CGIA&d initiatives to respond quickly and effectively to

a major challenge, and to galvanize and organizéiaisciplinary and multinstitutional
efforts.

Wheat research in developing countries is mostly dependent on public institutions due to the
absence of royalty collection systems. An advantage of this is that products and knowledge
are still openly shared through the International Wheat ImprovemenbNetiWIN),

which includes most wheat breeding programs in developing and developed countries.

The power of this open access network was illustrated in 2016 when wheat blast was
introduced from Latin America to Bangladesh. CIMMYT has tested elite winestiln its
international nurseries since 2010 in Bolivia for wheat blast resistance. This allowed the
release of a wheat blast resistant line in 2017, exactly one year after wheat blast was
identified in Bangladesh. ACIAR supported the establishment afegising hub in

Bangladesh which allows South Asian wheat programs to screen their elite wheat lines for
resistance to be prepared should the disease spread though the region.

Similarly, in Kenya, every year around 45,000 wheat accessions from breealjngrps in
developing and developed countries are evaluated for resistance to stem rust Ug99. In many
areas, rust epidemics are prevented, where lines with durable resistance are grown, a concept
widely used at CIMMYT. However, most breeding programs oometito use single

resistance genes and the bust and boom cycles are common.
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Recent breakthrough research at CSIRO and 2 Blades at the John Innes Center in stacking
rust resistance genes may be a game changer as this should allow to develop varieties with
durable rust resistance. CIMMYT collaborates with these institutions and plans to transfer
these stacks into its elite lines. Since this technique uses GM technology to combine the
wheat originating genes, it remains to be seen whether these varieties adttepted for
release.

Nearly 90% of all irrigated wheat is produced in India, Pakistan, China and Egypt, where

heat stress is a further | imiting yield. Dri
station in Obregon, Mexico, and at the Ludlaiatation of the Borlaug Institute in South

Asia (BISA) in India compensated for the effect of increasing temperature, which with
conventional irrigation reduces yield by around 8% for edbtieQree increase, it reduced

water consumption and has increagigdd significantly. While drip irrigation is currently

not economic, this may change should water be priced.

In conclusion, to ensure successful crop improvement in the future, it is essential to conserve

and alsausethe genetic material housed in genebanks. Through SeeD, a Mexican

government funded CIMMYT project, all 28,000 maize and around 100,000 wheat
accessions stored in CIMMYTO6s maize and whea
providing the global maize amtheat community an incredible treasure trove of genes and

data that are ready to be used.
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Why organic farming is not the way forward?

Holger Kirchmann

Swedish University of Agricultural Sciences, Sweden

Introduction

The Swedish government promotegaric agriculture as the correct form of agriculture,

providing extraordinary subsidies, recommending organic products to public schools,

hospitals and homes for old people aiming to transform 30% into organic agriculture. Over

many years, the green movaméas promoted organic farming with positive connotations

such as O6natural é, Osuperioré, O6environment a
politicians and the public that high food quality, good environmental stewardship can only be
achieved throug natural means and methods. Facts and essential scientific analyses of

organic agriculture were excused, ignored and attributed to denial ofidpded thinking.

The original arguments to abandon mineral fertilizer were opinions not based on
science

The founders of organic farming were convinced that soil fertility and food quality declined
through the use of mineral fertilizers negatively affecting human health. The philosopher Dr.
Steiner, initiator of biodynamic farming, tutored that food producisdegenerate, that these
cannot be used as food for humans any more within this century (Steiner, 1924). The
agronomist Lady E. Balfour, founder of the Soil Association, wrote that if the fertility of soils
is built up with adequate supply of humus, @ad not suffer from diseases, crops and
animals fed on these plants develop a high disease resistance. Man, nurtured with such plants
and animals, can reach a standard of health, and a power of resisting disease and infection,
from whatever cause (Balfgut943). The medical doctor-P. Rusch, initiator of biological
organic farming, wrote that quality of food is dependent on the biological functioning of soils
and mineral fertilizer is not a normal, physiological adapted and natural form of plant
nutrition (Rusch, 1968).

Organic farming cannot feed the world

Recognizing hunger and shortage of food in the world, the question$ett@er organic

farming would be able to improve food supply and even produce sufficient food of high
quality for a growing population. For an examination of these questions, data comparing
organic and conventional data were examined. However, theretg plgntfalls associated

with yield data comparisons: yields derived from crop or mixed-aromal systemsjutrient
input through offfarm manures in organic management, fertilization intensity, catch crops in
rotation and specifimanagement practicékirchmann et al., 2016).
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Yield of organically produced crops in Europe were foR&®0% lowerthan conventional

ones but only10-20% lower in the USA (Kirchmann and Bergstrom, 2008). This was

explained bynutrient inputs being 283% lower in organic ap production in Europtan

in conventionalvhereas regulations in the USA allow large nutrient input through organic

wastes of conventional origin. Thus, one main reason for lower organic wietdsimited

nutrient supply. The other waficulties to control weeds (Kirchmann et al., 2007). In other

words, shifting to organic farming means introducing-kelding agriculture. Using the

metrics O0same amount of crop produced by org
more land is needed for orgamroduction. This is unrealistic considering that natural land

need to be converted into arable land reducing habitats for wild life conservation.

No reduction of environmental emissions through organic agriculture

Evaluating environmental impact ofragulture on a hectare basis may show that organic
systems have similar emissions as conventional ones (e.g. Torstensson et al., 2006; Stenberg
et al. 2012). However, if emissions are expressed per unit yield, benefits -gfidigjhg

systems through lowdeaching, less greenhouse gas emissions and more carbon
sequestration are realized (Balmford et al., 2018).

Energy-analysis reveal of organic and conventional cropping systems

Energy analysis of cropping systems showed that both organegoamdntional farming has

a highly positive energy balance generating far more energy than energy used. Energy return
on inputs (output/input ratio = energy productivity) was about 7 (Swedish conditions) in both
organic and conventional cropping systemsweleer, in conventional systems, energy input
was twice as high due to N fertilizer use as compared to organic systems relying mere on N
fixing crops in rotation. Correcting the total energy output of conventional systems by the
energy demand for N fertder production, reduced the energy surplus over organic

production by only 15%. Thus, only a portion of the energy surplus of conventional
systems would be required in order to make N fertilizer productionHfioesiland

sustainable. Furthermore, comipg energy yields obrganic and conventional systems
correctly, otheecosystem services besides wildlife conservation through spared land must be
considered when cropping conventionally (Kirchmann and Bergstrom, 2008). Including also
the energy outpuhtough forest or fuel wood by spared land, clearly showed that

conventional outcompetes organic farming energetically as a whole.

The way forward i defining aims for sustainable intensification (not claims of methods)

Sustainable agriculture is ofteharacterized by four overall aimsufficient food of high
quality, environmental stewardship, economic viability and social justice (e.g. Kirchmann
and Thorvaldson, 2000). Organic agriculture defines claipnshibiting mineral fertilizers,
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synthetic sticides, synthetic feed additives, GMO organisms and synthetic medlicines
presupposing that exclusion of these measures will lead to better agriculture. The principal of
exclusion may appear attractive but if claims are not based on science, refisgairtodern
instruments and methods will block further development, stop advancement of knowledge,
limit possibilities to gain answers, and may not guarantee best solutions to solve problems.
Only a scientific analysis of problems from which aims can desdrand solution be

developed can improve agriculture.

A challenge for agriculture is to provide sufficient food for more people in future. Due to
limited availability of arable land in many parts of the world, yield increases must be
achieved on existingand and in an economically and environmentally sound way referred to
as sustainable intensification, i.e. increasing production of high nutritious food with less
environmental impact. A higher energy, water and nutrient efficiency in crop production
shoud be possible through improved and new farming technigues. Some concepts have been
identified: (1) Substituting native resources for fertilizer production by recycled nutrients
from wastes and organic residues, not recycling wastes as such; (2) incnediserg use
efficiency by placement of fertilizer at different depth in topsoil; (3) enhancing root
accessibility of subsoils through loh@sting amelioration; (4) using traps in soil drainage
systems to adsorb leached phosphorus and pesticides.
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How to increase impact for agriculture fromresearch on the soil biota?
Megan Ryahand John Kirkegaafd
lUniversity of Western AustralidCSIRO

Introduction

Research effort focused on the soil microbial community has greatly increased in recent years
as a Asoil heal tho paradigm (see Sojka et al
techniques have been proposed as useful to provide detailed chsasiotenf diversity,

structure and function. However, relatively little of practical use to farmers has resulted, other
than contributions towards egoing research efforts on important pathogens and rhizobia.

Whilst soil microbes are undoubtedly involvi@dmany soil processes important for the

function and productivity of agricultural systems, the question rematmen is management

required to enhance the functioning of the soil bicda®, thereforewhen should research

resources be allocated?

Case sudy: arbuscular mycorrhizal fungi

Arbuscular mycorrhizal fungi (AMF) are a subset of the soil biota that are ubiquitous, often
high in biomass and easy to assess in terms of abundance through clearing and staining of
roots. It has become common for AMHdte strongly linked with sustainable intensification

and global food security (Thirkell et al. 2017; Rillig et al. 2016; Rodriguez & Sanders 2014)
based on a literature which correlates their high abundance and optimal function to increased
crop productiviy, disease suppression and drought tolerance and well as soil structure and
other indictors of soil health. Yet in a recent review, Ryan and Graham (2018) conclude that
there are very few circumstances where farmers need to consider AMF. This contradlictio
the literature is further discussed in two letters published in response to the review (Rillig et
al. 2018; Ryan et al. 2018). Why the large agriculttoalissed literature on AMF has not
resulted in their useful application in agriculture is exgdoin Box 1.
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Box 1 shows that a key factor inhibiting application of research on AMF in agricultural
systems is the failure to adopt a systems agronomy approach. To highlight the impact of this,
we contrasthe approach favoured in the recent AiMdrature to that in the recent agronomic

literature.

biodiversity (see below)

understand thegaonomic relevance of results

further fundina from some sources.

Box 1. Why little agricultural impact from research on AMF?

Wi despread adopt pamdigmatich glaceS sptmising thesfumdtian lari
abundance of AMF and other soil biota at the centre of decision making and tends to advoc
approach of Ami mi cki neagfocusar lawnpats anégnexonssings t € m¢g

Glasshouse trials assumed relevant to field conditions

Lack of agronomic context leading to key agronomic variables not being measured, poor rig
incorrect interpretation of data, inability to judge the magnitude of impacts, and failure to

Complex experimentarerevealing increasingly complex (and fascinating) interactions among
AMF species and variants, other soil biota, host genotypes and the environment; rellevance
agricultural productivity or resouraee efficiencyis lost in detail

Poor refereeing of papers claiming agricultural relevance, including highly citecamatizses,
due to publication in neagricultural journals and/or choice of referees and editors. These
journals may be much higher impdleait agricultural journaland therebyid authorsto gain

AM -centric (soil health)
approach

Systems agronomy approach

Goals O AAMpPti mi sedc

U Promote beneficial soil
biota

U Mimic natural ecosystems

(low inputs, high
biodiversity)

U Sustainable intensification

Strategy U Focus on maximising

function and occurrence of

soil biota
U Minimal synthetic

pesticides, herbicides and

inorganic fertilisers

U Focus on increasing-field

biodiversity
U Minimal soil disturbance
U Minimal nonmycorrhizal
crops (perhaps)

Outcomes if U Prescriptive, inflexible

approach guidelines limit regional
were to be adaptability
applied in
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Close yield gap while improving resourase
efficiency
Sustainable intensification

Benchmarkcurrent yield against physiologically
determined potential

Identify factors limiting yield or reducing resourct
useefficiency, and determine how to best addres
them, using modelling and field experimentation
based on rigorous agronomic methodology.
Inclusion of the principles of phosphoreficient
farming systems

Address in a farming systems context using
stepwiseor simultaneous multiple (synergistic)
practice changes

Adoption of new packages of strategies: flexible,
pragmatic and regionally adaptive
Increasegroductivity



agricultural U Low yields that may U Improved resourcese efficiency; resource base

systems decrease over time due to protected
failure toidentify other key U No additional land farmed
factor limiting yield U Abundance of symbiotically effective AMF likely
(especially nutrients) favoured by default, but AMF not necessarily
U Greaterarea of land farmed  optimised
U Poor resourceise U Sustainable intensification
efficiency

U High colonisation by AMF

Key Rodriguez & Sanders (2014), Huntet al.(2018), Kirkegaard & Hunt (2010), Dimes
references Rillig et al.(2016); Rilliget al. et al.(2015), Fischer & Connor (2018), Gillet al.
(2018) (2015), Hochman & Horan (2018), Ryan & Graham

(2018), Simpsomt al (2015)

How to make research on the whole soil biota effective?

As with the literature on AMF, much of the soil biota literature lacks integration with key
agronomic outcomes such as productivity or resource use efficiency and is strongly
influenced by the soil héth approach. While molecular techniques now allow the
characterisation of the microbial community in great detail, the relevance of these studies to
agricultural productivity is not clear. Certainly, the assumption that soil health can be easily
predictedfrom integrating measures of the soil biota has been disproven with agricultural
soils not necessarily less diverse than soils from natural communities (e.g. Meates

2015, Szoboszlagt al 2017). A recent study exemplifies this problem. Bonaredrai.

(2016) did a detailed characterisation, using Hilgbughputsequencingf bacterial and
eukaryotic rRNAgene markersof the soil microbiome on one conventional and two organic
farms. They concluded thatthereviab i gher ecosystem functiono ¢
yield, diseases and soil nutrient levels were not investigated.

For comparison, 30 years of research in a field experiment at Harden in southern NSW,
Australia, compared stubble burntogltivating treatments with stubble retention and no

tillage. In contrast to expectations, the bauttivate treatment did not crashterms of

yields or soil health, and both treatments had similar microbial diversity and function (Bissett
et al.2013). However, most importantly, impact from this research was still achieved because
of the systems agronomy framework under which it geaslucted. Measurement of soil

organic matter showed declines in all treatments due to insufficient nutrients being supplied
for its maintenance, but soil fertility was then able to be rebuilt through nutrient application
(Kirkby et al 2016).
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Conclusions

Research on the soil biota is not being effectively translated into useful changes in farming
practices. New molecular tools have enabled increasingly complex studies, but practical
outcomes are often lost due to lack of a systems agronomy appraaehefiéctive use of
research resources is required. We recommend the points in Box 2 to researchers, funding
bodies and journal referees and editors.

Box 2. How to increase impact from research on the soil biota?
Avoid the assumptions of the soil health approach

Have abroad range of expertise in research teams, including agronomists and prod
familiar with the target system

Clearidentification of the problepand the best way to addresauging a systems
agronomy approach

Consideration of a range of potential solutions (e.g. fertiliser, crop breeding, modify
crop management)

Experiments that must be done under contralleaditions (taminimisecosts or
variation) are carefully planned to ensure field relevance (temperature variation,
watering, pot size, soil profile variation, plant density, etc)
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The multi-dimensionality of water use. Simple indicators, society concerns, and
scientific rigour: the example of the water footprint (WF)

M. I. MingueZ and F. J. Villalobo%
! Dept. of Agricultural Production and CEIGRAM, Technical University of Madrid, Spain

2nstituto de Agricultura SostenibteCSIC and DeptAgronomy, University of Cordoba,
Spain

Yield, water relationships, and water productivity

Water consumption in fabproduction takes place mostly up to harvest. On a unit area basis
crop growth (kg hd) results from C@assimilation that is inescapably related to crop
evapotranspiration (ET, mm) i.e. the sum of transpiration (T) and direct soil evaporation (E).
CropET is a passive process driven by energy and vapour pressure deficit when water is
available and limited to the water available, implying that crops will use relatively more
water, when available, in dry areas where water vapour pressure deficit (\Mi?Batisr.
Consequently, the ratio between biomass or yield and water consumption, known as water
use efficiency (WUE) or water productivity (WP, yield/ET; kg;lkg n or kg hat mm?),
decreases significantly as atmospheric evaporative deimenmggses.

Field measurements of WP of grain, forage, pastures, and horticultural crops in rainfed and
irrigated agriculture were commenced in the second half of C20 (see de Wit, Tanner and
Sinclair work). WPs show large variations among crops, locationktime scale, as shown

by the scatter plot in Figure 1.

Fig.1. Scatter plot of rainfed wheat
grain yield and seasonal ET in 4
megaenvironments(Sadrasand
Angus 2006, based on others).

Yield (t/ha)

0 200 400 600
Evapotranspiration (mm)

Water Footprint - a onedimensional indicator

The water footgnt (WF, L of water kg' of produce), the inverse of WP, is now being used
as an indicator for the water used in food and services production (Hoekstra and Mekonnen,
2012).

The WF web pagehftp://waterfootprint.org/en/watdootprint/whatis-waterfootprint/)
describes the concept and presents three components of the WF that are considered
independentGreenWF (GWF) is supplied by stored soil watBtue WF (BWF) is spplied

by stored water resources, gacky WFis the amount of fresh water required to assimilate or
dilute pollutants.
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Some reported large values of WF (e.g. > 1000 1) lstpock societies that are currently
concerned with water limitations. WF seemsraight forward concept and is offered to
deci sion makers and politicians as a fAmea
governanceo (Gobin et al., 2017) and furt
making, along with carbon ftyarint on food packages to inform discerning consumers.

sur
her

The large variations in WP among locations, time scales and crops are paralleled in WF. WF,
and in particular GWF and BWF, are larger in arid and semi arid areas with high VPD which
with solar radidbn, temperature, wind, and evaporative demand determines crop water
demand measured as reference crop evapotranspiration (ETo). For instance the WF of a
maize crop in Cérdoba (Spain) is ca. 500 t kgt only 380 L kg in Wageningen (The
Netherlands) biuwhen corrected or normalized by ETo, the differences disappear.

The two main flaws of the WF, as indicated by Fereres et al. (2017), are: 1) The GWF of a

crop may actually be less than the water consumption of native vegetation and downstream
water avdability is actually increased by rainfed agriculture; 2) The total water consumption

of a crop (Ablueodo plus Agreenod) is computed
often significantly higher than actual crop ET. This error is serious for raipéteinss with

low productivity.

The multi dimensional WP in agriculture

Estimation or measurement of efficiency of water use increases in complexity and in
measurement errors when scaling up from a leaf to a hydrologic basin. Adding to this
complexity is he fact that crops are not just a sum of individual plants because differences in
canopy structure affect T control. Continuous canopies of main annual crops are poorly
coupled to the atmosphere so their canopy conductance to crop water loss is |lesklaffect
stomatal control as are na@ontinuous, coupled canopies of tree plantations, all this

reflecting on WP.

WP of irrigated agriculture is constantly being improved through more controlled forms of
irrigation. Precision agriculture withganoply of monitoring methods and novel irrigation
equipment is expanding in large farms and developed countries. In 2017 52% of Spanish
irrigated area, corresponding to 1.92 Mha, is by drip irrigation (MAPAMA, 2017). FAO
estimates that smadicale farmergroduce over 70% of the world's food needs so that the

main challenge is to be found in improvement of WP of smallholders in developing countries
in Asia, Africa and Latin America.

Concentration and distribution of a resource, such as water, on a ssaal arway to

increase efficiency of use. Largeale, irrigation can gain further efficiency because it allows
concentration of many productive resources (energy, nutrients, water, labour), thus leaving
land available for forests or pastures. In thissseirrigation has a positive ecological effect

at the large scale if we accept the need to produce food. Contribution of irrigated agriculture
to food production cannot be overemphasized; 17% of cropped lands that are irrigated
globally produce more that0% of our food, although salinization of irrigated land, siltation

of reservoirs, and exploitation of noenewable water resources clearly can diminish area
under irrigation.
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The complexity of irrigated agriculture is thenceantextualised when assoigd to the one
dimensional, usually high, WF, thus diverting efforts from sustainability analyses,
improvement of WP in smallholder farms, and scaling up approaches.

Contextualizing WF

Ecological footprints should be established by compaig@mnst a reference natural level.

In the case of water, GWF and BWF should be considered as the increase in the water
consumed over what would naturally occur relative to the yield produced: WF* = increase in
consumed waterl/yield.

The amount of water conmed by a natural ecosystem in the given location is taken then as a
baseline for the WF values. For simplicity we assume that the natural ecosystem would have
an ET equal to reference (grass) ET as long as there is water available, thus: WF* = (ET
ET*) /Yield. Where ET is seasonal crop ET and ET* is ETo for periods when water is
available in the soil. ET* should be limited by rainfall so if ETo for a given period is greater
than rainfall, then ET* = rainfall. This equation may be applied also to edgaibps. The
calculated value of WF* for most rainfed agriculture is negligible, zero or negative because
ET is limited by rainfall, in both the natural and the agricultural ecosystems.

In the case of irrigated agriculture, the value of WF* will depamthe scale considered. If

we consider a hydrologic basin and the main source of water is that stored in reservoirs, in the
long term the sum of ET and runoff out of the basin is equal to rainfall. Will ET increase as
compared to that of a natural ecosys?eNot necessarily as it depends on crop distribution

and irrigation management. Even if ET increases, the main effect is reduced runoff which

may have a positive (e.g. flood control) or negative impact if the water available for natural
ecosystems downsiam is severely restricted. The actual outcome depends on local

conditions which are specific in space and time, so any general assessment based on the water
footprint alone is of little value.

If WF* is small or null for rainfed agriculture and positiva frrigated systems, should the
consumer or society then prefer rainfed over irrigated agriculture? The answer cannot be
based only on changes in ET at the farm scale but on a much larger scale.

Locally, the impact of irrigation on water demand may kestantial, but this just
emphasizes the irrelevance of WFs in any global, international or evemdgamsal context
(Fereres et al. 2017).

Conclusions

The simple, onglimensional indicator WF is a perverse assessment of agricultural water
productivitybut is a strong competitor to the scientific ecosystem of ideas. Being simple it
attracts researchers that generate an increasing number of papers and then citations which
then give "objective" scientific support to the idea. In the end it is not possiblaluate

science without considering how scientists are evaluated (at least in the public sector).

The current emphasis on making science acces
payso and society has to bentisssdopleadstdaheveri mpor t
simplification of complex issues. Scientists and institutions may seek "popular” themes

because they feel that science has to "respond" to society. Connecting with the average

citizen or politician is a crucial but hard endeavou
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Crops are grown at a field scale which determines the relevance of physiological traits.
Information from isolated plants or miepbots may be biased so breeders should be always
aware of the tradeff between plot size and number of plots that cambeitored. Non
destructive methods to determine WP in the field have yet to be improved. Good agricultural
practices are at the basis of yield and WP increase. Improving future WP relies on breeding
and agronomy efforts to change cropping to periodsve¢ie@vaporative demand, reducing
water losses, and improving irrigation practice with better above and-{getawd

monitoring.
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Making climate science useful to agriculture
Peter Hayman

South Australian Research and Development Institute

Most scientific research is intended to achieve goals beyond science itself. This is clearly the
case for funded climate science (Sarewitz and Pielke 2007, Lemos 2012). The large literature
on the benefits of stakeholder engagement in science includerEsaing important

problems, 2) better definition of problems, 3) finding more workable solutions including
anticipation of negative outcomes, 4) increasing the uptake of solutions, and 5) fine tuning
science findings to local situations. Initiating staddeler engagement in agriculture is

relatively easy because farmers like talking about the weather. It has proven more difficult to
develop the conversation and foster links between local farmer knowledge which is tacit,
informal and context specific antimate science which is quantitative, formalised and often
expressed as probabilities.

The challenge of making science beneficial to society can be framed as matching supply and
demand (McNie 2007). All metaphors are limited, but the notion of suppldemdnd

indicates a more complex interaction between agriculture and climate science than linear
transfer (pipelines, relay teams or transmission lines). Supply and demand captures some of
the iteration of the dance metaphor for the application of res@@oshet al.1995).

Agriculture currently has access to a vast amount of information from climate science at time
scales of the coming days (weather forecasts), season (climate forecasts), and decades
(climate change projections). It is incorrect to cast the delivery of @isw@ence to

agriculture as simply supply driven or solutions looking for applications. For a long time
agriculture has demanded more information from climate science. The working lifetime of
many farmers and their advisers has spanned information gdaririformation dazzle or at

least information anxiety. A common complaint is not so much about the amount of
information as the vagueness and imprecision, especially the use of hard to understand
probability statements. Agriculture consistently wanigle of accuracy and precision

beyond what climate science can deliver.

A long wait for reliable information from climate sciencei some words from the 1800s

Agriculture developed partly in response to the risks of hunting and gathering but developed

its own risk profile, much of it climateelated (Hardaker et al. 2015). Agriculture has always
been risky but few have described the risks
investor in Southern USA agriculture about 150 years ago.

Returns are @bject to several contingencies, such as follows. Your corn may not be
planted early enough. The hogs may destroyfongh of it, the rains an eighth, and

the thieves an eighth; and the drought a large portion of the remaining one half. Your
cotton may ot come up well, and you may not get a good stand to begin with. It may
rain too little, and it may rain too much; and it may be overrun by the grass. Or the
rust may take it, the army worm, and the grasshoppers may commence their ravages:
or other worms ray strip the stalk of its foliage, and then an early frost may nip it in

the bud. But if none of these things occur, you are quite likely to get good crops; and
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then if none of it is stolen, and your gin house does not burn down, you may be fairly
recompesed for your labour. But if any of these things happen, your profits of course
will be less. Charles Sterns 1872, cited in McGuire and Higgs 1977.

Around the same time, George Goyder, the Surveyor General of South Australia was thinking
about the riskiass of agriculture in a frontier society as he drew a line on a map indicating

the extent of the 1865 drought. South Australia was established as a colony in 1836 and the
colony grew inland with significant expansion of cropping in response to a runsfaltyu

wet seasons. The subsequent return to normal or below average rainfall resulted in major land

degradation and economic and social disrupt.i
demarcation between land with adequate rainfall for cropping and lanbdlsddaextensive

grazing. For most his |ifetime, Goyderods | in
seasons were partially interpreted as succes

(Sheldrake 2013). This is not unique to Australia, at a remarkabliar time in history,
Captain John Palliser, leader of the 1-8®/British North American Exploring Expedition

drew Palliseros Triangle identifying a regio
Rocky Mountains as unsuitable for agricult(darchildon et al. 2009). Like Goyder,
Palliserds advice was | argely ignored.

Writing on the history of cropping expansion into the southern high plains in the US, Opie

(1995) argued that frontier agrarian societies armed with more optimism than experienc

rainfall records struggle to separate temporarily good seasons from thedongridity.

Decker (1994) described the westward expansion of cropping in the late 1800s as a lesson in
climatology through failure. According to Marchildon et al. (20@®&second WW cropping

in Palliserds triangle | ed to the destructio
Australia, farm house ruins with only brick chimneys are used as a cautionary tale for natural
resource planning, but also a reminder of the dnugost of trial and error.

Beyond trial and error i predicting the coming season

Charles Todd was a contemporary of Goyder in the colony of South Australia. In 1893 he
observedit he i mportance to the farmer,ing he hortdi
beforehand the probabilities of dry or wet seasons, and whether the rains will be early or

late, or both, has naturally led to a desire for seasonal forecasts, they have them it is said in

| ndi a, why A oehtunfates, another ammentib Australian, the agronomist

Reg French (1987) urged the study of the variability of weather patfteds:1 e of t he bi ¢
deficiencies in agricultural research is the inability to both predict the probability of rainfall

during the growing season andéstimate the yield and economic returns of different

cropso.

In addition to the direct losses of drought, frost and heat, climate variability imposes a more

subtle impact on farm profitability. Because the coming season is uncertain, many farmers

will make the reasonable decision to apply lower rates of fertiliser, perhaps sow later in frost
prone regions and grow fewer high return but more risky crops than is optimal for the long

term productivity. These decisions are rational, but they create a dlaggoterm farm

profit. Even risk neutral deci sion makers ar
hard to make the optimal decision for the coming season on crop area, crop type, variety,

sowing time and input level.

78



Guidance from climate cience on weather, seasonal climate and climate change

Climate varies on all timescales and at each timescale the variability can be partitioned into
1) a predictable portion, 2) a portion that is likely to be predictable in the near future, and 3) a
resdual, irreducible uncertainty. The predictable component of weather in the coming 4 days
will always be much higher than the nudged chaos of seasonal forecasts, and there are
important differences between weather and climate forecasts.

Current weatherdrecasting relies on numerical models. These large models are initiated

from the current state of the atmosphere and used to predict future states of the atmosphere,
including the timing and amount of rainfall along with maximum and minimum temperatures
for up to 10 days ahead. Seasonal climate forecasts typically give the chance (probability) of
the next 36 months being wetter or drier (or hotter or cooler) than thetiermg average.

Rather than being influenced from the inherently chaotic dynamit®e @ltinosphere, they

are based on patterns of the sea surface temperature (SST) or associated atmospheric
characteristics. Up until 2013, Australia seasonal outlooks were based on statistical
relationships between sea surface temperatures or the souttitatias index. Since 2013

the Bureau of Meteorology has used dynamic models which are similar to numeric weather
models but run at a coarser spatial scale and daily rather than hourly. Multi weale€ks)

or subseasonal forecasts bridge the gap betweeather and climate forecasts and start to

blur the distinctions. Multiveek forecasts are more usefully seen as bringing the forecast
period of climate forecasts earlier than extending weather forecasts. Weather and climate
modelling at all timescaleare increasingly being designed to include adjustments to the
radiative properties of the atmosphere from the enhanced greenhouse effect (Baume et al.
2015). Climate change modelling enables an investigation of how different levels of external
forcing fram greenhouse gasses will interact with internal processes to deliver a range of
possible future climates.

Table 1 is loosely based on 2 x 2 matrix used to consider the supply and demand for climate
information by Sarewitz and Pielke (2007).
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Tablel,msed on
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under st andi of

ng
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supply of climate information (rows) distinguish between information that is currently widely
available and information that is likely to emerge in the coming decade. Htieeel

horizontal position indicates current or future estimates of use. The further to the right, the

higher the use.

Information used by Information used by
relatively few agriculturists | most agriculturists
Climate information Awe at
currentlyavailable forecasts
AEl Nino w
ASeas tlaoksl o
AProbabilistic SCF
AGeneral direc
change
ACl i mate change projec
Climate information likely A Muéek i
to be available in coming | forecasts
decade
A 1 mprovecd
SCF
ADownscal aghahgec | i n
projections?

The horizontal axis in Table 1 is a subjective ranking but few would argue that weather
forecasts should be at the far right. The gains in the accuracy of weather forecasts have been
steady, impressive and easy to measure (Bauer et al. 2015). Not daigndos have access

to rainfall and temperature forecast at high spatial and temporal resolution, they also benefit

from warnings of fire weather, heatwaves, frost, extreme rain and cyclones and specific
variables such as potential evapotranspiration almal fdisease risk. The emerging

availability of multrweek forecasts holds substantial promise. However, the expectation that
the high accuracy of weather forecasts is likely to be extended into the weeks ahead is likely
to lead to disappointment. Whening mult-week forecasts, agricultural decision makers

will have to consider the consequences of failures to warn and false positives.
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In contrast to the steady state of improvement of weather forecasts, seasonal climate forecasts
have only been availabie Australia since the late 1980s. The discovery of the EI Nino

Southern Oscillation and the interaction between the atmosphere and the oceans has been
described as the meteorological equivalent of DNA and the double helix (Frater 1991) and

the premier adance of the atmospheric sciences in the close of tA€2fatury (Easterling

1999). The teleconnections between the tropical Pacific and eastern and southern Australia
are relatively strong and form the basis of most forecasting systems. The potehégal in
1990s seemed sufficient to answer Sir Charle
apparent from leading agricultural and climate scientists (Hammer and NichollsfiL996)

are confronted with unprecedented opportunities to tune our agriculturamngsn a way

that improves their sustainable land use. We have a seasonal forecasting capability. We have
started to think through how we can best use the knowledge that the next season is not a total
u n k n dmthme dubsequent two decades, the use obeabslimate forecasts has been
disappointing or at least substantially different than was first imagined.

There should be some encouragement from the very high awareness and understanding of
climate drivers such as El Nino and the Indian Ocean Dipolerédp®nse to EI Nino

warnings and general seasonal outlook is ranked much higher in Table 1 than any formal use
of probabilistic forecasts in decision making. When the Bureau of Meteorology declared an

El Nino watch in June 2018, it was widely reportethia media and rapidly distributed

through social media. Recent experience working with agronomists and dryland farmers
indicates that almost all are aware of an El Nino warning, some will make adjustments to
plans but this is mostly a subjective feelingcohfidence in the coming spring. The difficulty

of finding cases where farmers or advisers are using the revised distributions is interesting
given robust frameworks for decision making under uncertainty (Anderson et al.1977,
Hardaker 2015). Furthermoregre are many simulation studies that show value from using
forecast at current levels of skill. Meza et al.(2008) provide an international perspective,
Rodriguez et al.(2018) a recent Australian example, and Parton and Crean (2018) review 140
Australian sudies (2018).

Climate change projections have been available in Australia since 1987 (Whetton et al. 2016)
but they have only gained widespread attention in the last 15 years. This recent emphasis has
coincided with strong political critique of climaseience and a range of views held by the
Australian farming community. In Table 1 climate change projections are ranked relatively

low compared to a general direction of climate change (warmer and that for much of the
southern agricultural regions, driefjs with seasonal climate forecasts, the uncertainty in the
projections, especially in rainfall presents a barrier to use. A further barrier is that most global
climate models have a spatial resolution of a 200km grid.

Table 1 suggests increased use @sefulness in the future by increased accuracy of seasonal
climate forecasts and spatial precision of climate change projections. There remains good
reason to doubt that these improvements will ever bring the information close to the precision
of weatheiforecasts or even to a point where they can be used without probability statements.
It is important to note that downscaling climate models to a finer spatial scale does not
resolve the underlying disagreement between global climate models on the egtent tire

sign of precipitation changes.
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Chess vs Poker

Duke (2018) describes a conversation between Jacob Bronowski (The Ascent of Man) and
John van Neuman (Manhattan Project and creator of Game Theory) about whether decision
making was more likehess or poker. Chess contains no hidden information, the pieces and
positions are there for both players to see, there is no roll of the dice that can make a bishop
disappear. Losing at chess is not bad luck, it can be traced to the wrong moves. yPoker, b
contrast, is a game of incomplete information, of decision making under uncertainty. Losing a
hand of poker may well be bad luck and it can take up to 1,500 hands to identify the more
skilful player.

Very little in farming is like chess, yet a close rneadof most advice and take home
messages written by researchers and advisers for farmers in Australia represent chess moves.
The best examples break a complicated problem down to a series of steps with IF, THEN
ELSE logic. This practical stefpystep apprach has made an enormous contribution to
decision making and sound agronomy. What is interesting is that even a problem like the
appropriate N fertiliser rate in dryland farming tends to be written about as a chess move.
Most of the discussion on N budief emphasises calculating the supply of N by soil testing
and estimating mineralisation and then determining the crop demand by picking a single
decile or target yield (Unkovich pers comm). There is often an acknowledgement that
information on the comingeason is unknown. However, in most of the vast amount of
material on N budgeting, there is little formal, practical, $testep way to consider this
uncertainty. With the notable exception of YieldProphet, most of the advice on N budgeting
for drylandcrops could be applied to irrigated crops.

Of all professions, farmers are used to dealing with uncertainty. Successful farmers and
advisers are expert at managing climate risk. Perhaps the problem is that while farmers are
comfortable with uncertainty iaveryday life they do not associate uncertainty with science.
Advisers vary in their comfort with probabilities, one possible reason is that while most
advisers have studied probability theory as undergraduates, the very high confidence intervals
on crop potection and animal health products lead to a situation where a working knowledge
of probabilities is redundant.

The treatment of climate risk in agriculture has come a long way from trial and error and the
enormous international effort in climate swe will lead to improvements. In Australia at

least, it seems much easier to attract funding resources to promises of increased accuracy and
precision from climate science than working with agriculturists to improve planning under
uncertainty and develapbust farming systems. Making climate science useful is more than

a communication exercise; it is likely to benefit from the substantial developments in
behavioural sciences and developing more innovative ways for farmers and advisers to
incorporate foreasts of current skill.
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Translational research? Which way?
John Passioura

CSIRO Agriculture and Food, Australia

fiTranslational Researéh i s a term in good currency. Last
according to th&Veb of Sciencévost of these were in the biomedical sciences, perhaps
becausdaturedevoted a lot of space to it in one of its issues in 2008, when the annual

citations of Translational Researctvere one twentieth of what they are today.

The term has now been adopted in the plant and animal sciences. It encompasses the

translation of scientific discovery into new ways of improving health or productivity. More

broadly,it also covers basic research that is pursued with an eye to making it useful, as
Donald Stokes discussed in his book fAPasteur
linear flow of ideas up the ladder of the levels of organisation into which pldagisits

divide their subject matter (gene, molecule, membrane, cell, tissue, organ, plarit,arop)

ladder that can also be thought of as a nested hierarchy.

An important feature of this hierarchy is that each level has its own terms that deal with the
features and processes peculiar to that level. Thus Translation, if it is to move upwards
successfully, requires knowledge of the main features of increasingly higher levels between
basic research and its broad applicatia the constraints and interaat®that inevitably

come into play. Gaining such knowledge requires translation in the opposite direction, reality
checks that need to be passed.

A good example of neglected reality checks comes from research on salt tolerance in
Arabidopsis About 2000 ppers on the topic have been published. They attracted 9,000

citations last year. What have we learnt from all this activity? Very little in relation to salt
tolerance. Many of these papers involved severe osmotic shock, which plasmolyses the cells
of the 10ots thereby resulting in large changes in gene expression. A second and more
important problem with most of these papers is that they typically deal only witktsirort
responses to salinity, whereas useful variation in salt tolerance takes manywagkoto

become evident across a range of genotypes. This is because the exclusion of salt by the roots
is a major determinant of salt tolerance. Bread wheat, which is salt tolerant, excludes about
98% of the salt in the water that passes across thetooibis xylem. Durum, which is

sensitive, excludes only about 96%. The salt which is not excluded slowly builds up in the
leaves and eventually irreversibly damages them. Ignorance of these processes, the first at the
cellular level and the second at thafleevel, ensures that little of practical worth will come

out of such research.

A second and more obvious example is the search for genes that might confer drought
tolerance. The criterion for drought tolerance in this genre is usually the survivahisf pla
after rapid depletion of their water supply. There are two problems with this criterion. The
first is that the survival of crop plants is irrelevant in the real world. The second is that
transgenic plants typically grow more slowly than the wild typésis the wildtypes use
water faster and therefore die more quickly than the transgenics.

While it is useful to think of plants and their components as nested hierarchies, it is also
worthwhile thinking of them as a closémbp in which the success ofeiplants is depicted by
the transmission of their genes to the next generation. It is this loop that distinguishes the
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biological from the physical world; without the loop being closed, none of the structures and
processes within it would exist.

The searciior single genes that might confer tolerance to abiotic stresses has been intense.
Many thousands of papers have been published on it. What then are the circumstances in
which transformation of crop plants with single genes can be fruitful without tleforee

reality checks? The direct route, which bypasses the intermediate levels of organisation, has
worked spectacularly well in conferring resistance to pests and herbicides and with improving
grain quality or disease resistance. Improving toleranceiofialstress is much more

difficult.

The reason for this disparity is that dealing with pests and herbicides involves destructive
processes that target alien organisms or molecules. Such processes are not involved directly
in the major metabolic machineof the growing plant. Similarly, improving the quality of

starch or of edible oils in seeds certainly affects metabolism but it ipreddct metabolism

and does not affect the way that the plants grow. By contrast, abiotic stresses such as drought
impinge on plants over a wide range of different scales of time and space and involve
elaborate processes occurring at all levels of organisation.

Nevertheless we seem to be inflicted with a fascination for solving problems of abiotic stress.
Is this because it is attractively easy to expose plants to salinity or drought in controlled
environments? An analysis by Daddlal last year shows that tteewere 5 times more

papers published on abiotic than on biotic stress but that both had about the same number of
patents granted. That gives an overall ratio of 5 to 1 in probable success rate. In fact, in the
sale of cultivars, those claiming bioticesds tolerance exceeded those claiming abiotic stress
tolerance by a factor of 13.

The rarity of reality checks ifiranslational Researcis a reflection of the linear language

used in agricultural R&D. Commonly used terms are: extension; technologfetrangut,

output, outcome, impact; delivering outcomes; translational research; and transformational
research. This dominant language is well set in our minds so that we are prone to think
linearly, from bench to bedside if we are medicos, from labketd ff we are agricultural

scientists, from proposals to products if we are funders. Some of these terms do have solid
meaning and produce good results. But none of them pay tribute to the innovative richness of
conversations across levels, especially ¢hmstween farmers and field scientists from which
much agricultural innovation springs through fertile interplays between imagination and
reality.

Funding bodies are under pressure to encourage proposals that aim to solve major problems.
This pressure igflected in the increasing frequency of papers in the plant sciences that have
an introductory paragraph on food security, even though there is usually no discernible
connection (to an agricultural scientist) between the essence of the paper and fatyd secur

Research proposals that promise utility attract money from naive funders, who believe that
they are fostering useful research. The idea of the reality check does not seem to have
penetrated far into the funding process. The many plant scientistsre/boused to

conversing across levels in search of reality checks will not spontaneously start doing so.

The best way ahead is for the mdjamding bodies to augment their selection panels, where
necessary, with people who can effectively judge claiimaility. To do so would have a

double benefit. It would select proposals with much better chances of practical success. And,
if seen as a dichotomous process, it would free up many other scientists across all levels of
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biological organization to ask quems that are more penetrating of the materials that interest
themi for deepening understanding at every level remains essential.
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Incremental transformation: science and agriculture learning together
John Kirkegaard
CSIRO Agriculture and Food, Australia

My title is a deliberate abstraction of an artificial distinction often imposed on science and its

application as either Aincremental 06 or Atran
challenge has prompted many to propose the need for transformahangk in food

production systems through technol ogi cal br e
usual 06 offered by systems agronomy. At f ace

aspirations to achieve such breakthroughs, but in a worldrfidhing expenditure in

agricultural research it will be important to target dwindling R&D dollars well. Proposed
transformative changes often focus on one component of a systerew genetically

modified crop; a more effective biological fertilisemew satelliteguided planter often by

largely disconnected research disciplines. In reality, and throughout history, few individual
technologies have been singularly transformational either in the scale or the speed with which
they have influenced pradtivity on farms. Rather, step changes in productivity have come
only when combinations of technologies, often a mix of old and new, synergise within a
system (Evans 1998; Duviek al, 2005). So how best to organise research to capitalise on
new sciege and technologies to gain real impact on farm?

During my career at CSI RO, I have been privi
where my focus (and motivation) was-famm crop agronomy, but | was surrounded by more
fundamental soil scientsstcrop physiologists, geneticists and in time, molecular biologists

(the burgeoning Atransformational 6 science o0
30 years working in the stimulating space between innovative farmers (demanding practical
solutions), and science specialists (demanding breakthrough science). | genuinely believe it

was a strong influence of both, with neither getting to dominate, that was powerful. The
involvement of growers and consultants in the research from the oatseis® crucial to the

speed and scale of impact of two national research programs | will disecbhegNational

Water Use Efficiency Initiative (Kirkegaaset al., 2014) and the Dugdurpose Cropping

Initiative (Dove and Kirkegaard, 2014). Some suctas®rs common to these national

programs and other successful agronomy programs globally are worthy of discussion.

It is important for science and agriculture to learn together. Within and beyond the projects
mentioned above there have been numerousgXalas of Acommon bel i efso
farming community, usually based on quite reasonable expectations and principles, that have
been found wanting when challenged by the careful, penetrating science seeking mechanistic
understanding. For example, in theapf conservation agriculturgrazing sheep were not
damaging ndill soil with their hooves; stubblestained systems were not building soil

carbon; allelopathy was not the cause of poor canola growth in retained wheat residue; and
cultivating longterm, natill soil did not do irreparable damage. In the area of improved
wateruse efficiency summer fallow rainfalls valuable in southern wintetominant rainfall

areas of southern Australia; eadsawn, vigorous crops do not use water too quickty an

fail; deeper root systems are more valuable in wetter areas, and in better years rather than in
droughts. Currently a belief in the restorative powers of divigsseies cover crops with

tillage radish leading the charge is in desperate need of ctosetific scrutiny.
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Likewise conclusions arising from strong mechanistic science, even when biologically sound,
can be misleading, or irrelevant at the scale farmers can respond. The realities of risks (e.qg.
climatic, price), labour supply, logistics, easf implementation, personal circumstances,
motivation and many other factors influence the capacity of growers to adopt innovations.
Science that proceeds without being connected to that context, no matter its quality, is
unlikely to lead to significantmpact (maybe impact factor!). In my own case, very detailed
work to elucidate the mechanisms of recovery of grazed crops to suggest better variety choice
and manage residual biomass proceeded in ignorance of the practicalities of moving sheep
flocks onmixed farms. The level of detail required for significant impact was better
communi cat-eftdt hasnbior ul Aot her exampl e emerging
was the unlikely combination of sloweraturing wheats with long coleoptiles as a solution

to adapting wheat to drier, warmer and a potentially frostier future (Hunt 2017; é&lahy

2018). These are not traits commonly featuring in lists for prospective drought tolerance.

What are the obstacles that prevent greater impact from multidiscipdffarts in

agronomy? Conceptually, more thought about G x E x M interactions; structurally reward for
integrators as specialists; culturally better partnering for impact; and institutionally we need
to value impact along with impact factor. In my sphershift in focus on the productivity

and WUE of individual crops, to that of the whole farming system marks a paradigm shift
into which individual disciplinary expertise must be coaxed. Systems agronomy provides an
integrative framework and its sciengfeould sit alongside the fundamental biology and
engineering that underpins modern genetics and digital agriculture. Agricultural science
needs the context and integration provided by agronomists, farmers and their consultants in
the journey from inspir&n to impact.
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Making science useful to agriculture

John R Porter
MUSE, University of Montpellier, France

This abstract is a somewhat unstructured group of ideas and questions that | hope will touch
on some of the issues that will be discussed at the OECD workshop in November. | thought it
better to come with a O6roughbdsternt.rather th

Developed country food systems are characterized by being linear, powered by sunlight in
combination with fossil fuels, include many issues in addition to the production of food and
nutrients germane to food and nutritional security, show dimimgsteturns on investment of
external resources but operate most efficiently when all resources are available in sufficiency.

What differentiates a circular food system from a linear one, in theoretical terms? Let us
remember the social psychologistLeM&a x i md s Tlagpthhoerries m s not hi ng s
a good theoryo!

Before considering this question it is important to realise that all systeenthey closed or

open- are subject to the"®Law of Thermodynamics (entropy increases) and thus require
constant inputs of energy to enable them to fundtitms energy comes either from natural
renewable sources or from fossil fuels. Generally, fossil fuels in linear food systems have
been used to increase the amount of sunlight intercepted and thedetigis of any

interception and thus drive crop photosynthesis and the production of dry matter. Circular
systems will still depend on this basis of productidut it is what happens after food

production that should characterize a circular food systém paradigm shift is from

Opr oduicensume dlgiwast e a | ot & cdnsumedlgss soadvuec emol reesos.

HT Odum (2007) OEnvironment, Power and Soci e
for humans as:

C=Pe+ (R + Pe)E

where Pe is thivcal empower per unit area, R is the investment in new empower from local
and/or external means and E is the empower use per person. So, C can be increased by
decreasing E or by increasing R and/or Pe. In a circular system one would aim for a low and
stable E and a higher Pe than R. This analysis needs to be expanded to include other factors
important in food systems such as waste.

It also needs complementing with some ideas that have been worked on recently by Eskild
Bennetzen, Pete SmithFJSoussanara myself. These are summarized in a series of

identity relationships used originally to deconstruct greenhouse gas emissions from food
system (Bennetzen et al., 2016: Bennetzen EH, Smith P & Porter JR (2016). Decoupling of
greenhouse gas emissions fromlgll agricultural production: 1972050.Global Change
Biology, 22, 763781). The starting point is the Kaya identity that deconstructs GHG
emissions into the GHG intensity of fuels (GHG/Energy), the carbon intensity of the
economy (Energy/GDP), personataith (GDP/population) and the population of a country,
region or other spatial organization. This was extended to theRargar identity (KPI) to
include landuse but can be extended further to include food and diet demand (Figure 1). All
the above idetties could be used to characterize circular versus linear food systems.
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Connecting wealth, population, consumption
and GHG emissions
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Figure 1. The Kaya, KayRorter and other identities to connect wealth, population,
consumption and GHG emissions.

Another theoretical issue besides personal carrying capaciigamtities of elements of

food consumption is the efficiency of resource use in linear and circular food systems. A
comprehensive analysis of alternative models is given in the attached paper below and

attention should be given to which of the alternathaels of resource use efficiency is

most appropriate for I|inear and circular foo
model would be a good one to start with, as it has most generality.

| also wish to highlight two further topics, focused on elbdg, important for future

assessment of the impacts, adaptation and mitigation of theéatal and agriculture and

their position and role in climate change. Bennetteal. (2016) showed via a historical
deconstruction analysis, usingredified Kaya identity analysis, that GHG emissions from
agriculture have decoupled from food production since 1970 and give grounds for optimism

that agriculture can make a substantial contribution to reducing global emissions as well as
helping to storearbon in the terrestrial sink. A reduction of emissions per unit product

means that the utilization efficiency of the principle inputs into food production, namely

water and fertilizer, has increased. At the same time crop simulation models have been used
extensively to project the impacts of changes in,@G&nperature and other factors for global

and regional productivity of crops, mainly wheat (e.g. Ruerad, 2017). Utilisation

efficiencies do not operate in isolation; that is to say that theiataractions between, for
exampl e, a cropbs wutilisation efficiency of
wave radiation. How far these interactions of resource utilisation efficiencies are incorporated
into models is unclear and needsitegttogether with a critical need to design and make
experiments to test the models. Models shoul
reasons such as via cancellation of errors.

To this end, we have used a methodology that decomposes watdragehnutilisation
efficiencies and portrays their interactions or traffe with water utilisation efficiency. The
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ideas stem originally from the work of CT de Wit and his colleagues at Wageningen, NL and
have been developed by others (Teixera et @lL42Sadras et al. 2016) but has seemingly

not as yet penetrated crop modelling as an issue for climate change impacts (Ruane et al.,
2017) . The identity for water utilisation efficiency (WUtE) and its graphical portrayal

(Figure 2) show a possible relatiship between WULE and nitrogen utilisation efficiency
(NUtE). Grain yield per unit transpiration can be broken down into grain yield per unit
intercepted radiation modified by intercepted radiation per unit nitrogen uptake and then N
uptake per unit traspiration. Figure 3 shows possible forms for identity components
describing efficiency and the tradéfs between radiation and N and N and water; the
graphical form of the identities may be different from the theoretical ones in Figure 2.
Questionsthatme d r esponses from crop model s i ncl
for NUtE and WULE in ambient and changed climate pathways and how do they compare

with observations?d and o6in comparison wit
efficiencis change and interact?20
Y ® ® ®
Grain yield _ Grain yield X Intercepted radiation X N uptake
Transpiration - Intercepted radiation N uptake Transpiration
Water utilization  Radiation utilization Radiation— N Nitrogen — wate
efficiency efficiency utilization Utilization
(WULE) (RULE) trade-off trade-off
(b) B Grain yield
(kg m?)
Resource
utilization —
efficiencies
Intercepted Crop
~ radiation transpiration
(MJI m2) (mm)
Resource @
utilization — Radiation - N N - Water
trade-offs
Crop N uptake

(kg N m?2)

Figure 2. Decomposition of water utilisation efficiency showing the relationships between
water and radiation utilisation efficiency and tradéfs (Porter et al, 2018 unpublished).

| suggest that crop models should be able to populate such analyses and we give an example
(Figure 3) using th&iriusQualitymodel (Martreet al,, 2006). The simulations are of a feur

year CQ enrichment experiment on spring wheat at Maricopa, USA intwithie crops were

grown in ambient and elevated &for either highandlow levels of nitrogen or with or

without irrigation (see Figure legend for details).
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Figure 2. Simulated effect of nitrogen, water, and CO, supply on resource
utilization efficiency and trade-offs illustrating the identify in Figure 1a. A Free
air CO, enrichment experiments conducted over a four years period with a
spring wheat cultivar at Maricopa, AZ, USA (Kimball et al., 2018) was
simulated with the wheat simulation model SiriusQuality (Martre et al., 2006,
2018). In the first two years wheat crops were grown with high (38.9 g N m-2)
and low (7.6 g N m-2) nitrogen supply under ambient (370 ppm) and elevated
(550 ppm) atmospheric CO, concentration. In the following two years a fully
irrigated (665 mm) and a water deficit (330 mm) treatments were factorized
with the same two CO, treatments. Symbols are ambient CO, concentration
treatments and arrows point to the simulated values with elevated CO,.
Orange dashed lines are isopleths with resource utilization (a and b) or trade-
offs (c and d) equal to those of the treatment with non limiting N and water
under ambient CO? concentration (Control).
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Figure 3 (not Figure 2 and directly above) shows resource utilisation (Figure 2) foenitrog
and water when measured as uptake of N or transpiration of water against crop grain yield.
Points above the control isopleth mean that utilisation efficiency is increased relative to
control andvice versaThus, low nitrogen decreased intercepted temtaelative to control
(Figure 3) but water deficit had little effect (Figure 3). WUeT was basically not affected by
either treatment relative to the control. A higher-G&el increased both utilisation
efficiencies. Elements 3 and 4 in Figure 2, whiokasure the tradaff between the two
utilisation efficiencies, are shown in Figure 3.

Crop N uptake per unit transpiration (ie the N water t@ffleis higher than control for the

low N treatment but lower than control for the water deficit. Our amehs from this very
preliminary analysis using a single model are that models should be examined for their ability
to represent resource use efficiencies under ambient and elevatedri€@@ntrations and,

more importantly, how models portray the tradés between resources. Interactions between
resource use efficiencies is an important but largely ignored factor in crop adaptations to
climate change (Portet al, 2014). Such work cannot be solely meldatsed but requires the
analysis of existing expenients and where necessary the making of new experiments to test
our models.

The identity approach can be extended to examining resource use efficiencies, their
interactions and how precise and accurate simulation models are at representing them.

Some otler important questions:

1. Heisenberg principle is about uncertainty. Measurement affects the measured process.
What is measured changes the nature of what is medsured GDP means 0l
the capitalist economic system.

2. Are we dealing withalineardah i ghway or an Oepi stemol ogi

more data does not help you get out éftiut thinking about what a maze is might

hel p. Does more data equal more knowl edge
3. What metrics for a &écir cudivworadsaued syst emb

measures?
4. How far does what one measures and how one measures it influence the future
direction and goals of a humdalniven systeni like food.
What does O6big datadé say about the type
The point is really how does 'objective measurement' and collecting 'big data' affect
the normative decision on the type of food system (or any other system) that we wish
to pursue. 'Big data’ are not normatively neutral and collecting certain types of data
and not others Isaan effect on the future behaviour and development of the system
under study just like in the Heisenberg principle. This needs thinking about.

oo
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Agricultural systems research to tackle complex problems in agriculture

Daniel Rodriguez

The University of Queensland, Australia

The recent increase in the number of undernourished (FAO, 2018) issues a clear warning
signal that achieving the UN Sustainable Development Goals (SDGs) by 2030 will require
significant transformation of our agricultural systems.

Even though significantrpgress in increasing food production has been made over the last
20 years, structural constraints, a changing climate, and the expected increase in food
demand, create complex problems that shed serious doubts on meeting many of the SDG
targets.

When debing with complex problems, fragmentary science approaches are likely to produce
incomplete answers, i.e. information, knowledge or technologies that at best are irrelevant to
practitioners. Here we define Agricultural Systems Research (ASR) as a frdnfenibie
application of component research, having the overall aim to have impact across the multiple
functions of agriculture and sustainable development goal.

Systems Research in Agriculture does not specify a rigid set of techniques. Instead it
encapslates a number of principles relating to interdisciplinarity, trafig, client

orientation, and interactions across different scales of operation. This ensures that ASR is
equipped to deal with complexity, value conflict, and uncertainty to addressskmsiand
ensure that agricultural research makes measurable contributions to development as
encapsulated by the SDGs, including:

O«

Improved understanding of technical, natural, structural, social, and human barriers
and opportunities for the adoption of ragroductive, sustainable and resilient
innovations.

Participatory diagnosis and implementation of adaptable innovations. These can be
embodied technologies such as better livestock breeds or crop cultivars or
disembodied ones such as better agronomibaastapproaches. Technologies may

O«

be avai-teshthled ffborbut the matching innovati
delivery mechanisms such as extension and local innovation systems may be weak or
lacking.

O«

Continuous monitoring, evaluation, feedbackl aadesign of market, agricultural
practices, that are financially or economically unattractive for individual farmers,
communities, markets and policy.
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ASR ensures the sustainability of agricultural systems; many such constraints have to be
simultaneously resolved. Farm productivity and profits can only be sustained if the resource
base is not degraded. Production systems that deliver on economic modreastal

benefits require access to technologies, knowledge and skills. The main barriers that frustrate
technology adoption and sustainable intensification are often interlinked and must be
understood, analysed and addressed as a set of interrelag&diotsy something that ASR is
expressly designed to achieve.

ASR therefore offers an iterative process, that involves multiple steps, including

identification of researchable problems within a semological context, and a plausible

basket of optiont address the challenges. Systems analysis through participatory mixed
methods and simulation modelling are keys to identify entry points and plausible options, as a
starting point for ceadaptation, and a cyclic learning process that includes multiple

disciplines and stakeholders. This is illustrated for the case oftféglbetween the uses of

limited biomass between alternative uses in smallholder farming in Africa; and the

application of systems agronomy approaches to identify optimum combinatiloyisrials,

and agronomic managements across highly contrasting environments in dryland sorghum
production in Australia.

These examples show two contrasting cases where researchers, farmers and other
agribusinesses engage to develop innovations that mtgblenfunctions of agriculture.
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Julian Alston is a distinguished professor in the Department of Agricultural
and Resource Economics at the University of California, Davis. He is a Fellow
of the Agricultural and Applied Economics Association, a Distinguished
Fellow of the Australasian Agricultural afesource Economics Society, a
Distinguished Scholar of the Western Agricultural Economics Association, a
Fellow of the American Association of Wine Economists, an Honorary Life
Member of the International Association of Agricultural Economists, and gpvésdent of

the Beeronomics Society. Alston is an agricultural economist known for his work on the
economics of agricultural and food policy. Recent projects have emphasized science &
technology policy and the economics of agricultural innovation; aod & nutrition policy,

and the global challenges of poverty, malnutrition, and obesity.

Peter Appleford was appointed to lead the South Australian Research and
Development Institute (SARDI) in June 2017. Peter is responsible for the
executive managemeand oversight of the South Australian government

primary industries research capability, investment and delivery. SARDI delivers
robust scientific solutions to support sustainable and internationally competitive
primary industries. Dr. Peter Applefordasscience graduate of the University of
Melbourne holds a PhD (Science) from James Cook University and is a member of the
Institute of Public Administration and Australian Institute of Company Directdeshas

spent nearly two decades as a senior leiadeey Victorian Government agencies including

the Department of Primary Industries and the Department of Sustainability and Environment.
Peter is a highlyespected public sector executive with experience in implementing change
while driving integrateénd improved performance. He is proficient at delivering legacy

style change. He applies his fefotd technical expertisedriving change, delivery

improvement, integration and leadershifp maximum impact within challenging and

complex environments.g®r brings his visionary and energetic leadership style to inspire

and drive better business outcomes. He applies decisive action and sound judgement to
deliver value to SARDI O&6s objectives, their h
community

Pedro Aphalostudied agricultural engineering, with specialization in crop
breeding, at the University of Buenos Aires where he also completed his M.Sc.
in plant production. He was awarded a PhD by the University of Edinburgh.
He held university lecter positions both in Statistics and Environmental
Metrics (University of Jyvaskyla) and Plant Physiological Ecology (University
of Helsinki). He currently leads the lab Sensory Photobiology and
Ecophysiology of Plants at the University of Helsinki andib@ docentship in Physiological
Plant Ecology at the University of Eastern Finland. He is communications officer of the
UV4Plants scientific association and the editechief of the UV4Plants Bulletin. His core
research in photobiology focused on whplant physiology, early with both ornamentals

and wild native plants, and currently with trees and more ecologically and environmentally
oriented questions. His recent work with highest impact has been related to the study of
sunlight perception and sigiiiag using stateof-the-art molecular methods such as RNAseq
in plants grown or exposed outdoors.
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Malcom Buckbyd s car eer has ranged from
family farm to being the elected representative for the Light
electorate in the House of Asseiynin the South Australian
Parliament, serving as the Ministe
Services and Training, Shadow Minister and Member of Standing

: - Committees. My time as a Research Economist at the University of
Adelaide gave me the knowledge of thee &onomy and the privilege of working with some
of the best economic minds in the state. | am currently the Manager of the Rural Services
Division of the Royal Agricultural and Horticultural Society of SA and deliver administration
and policy advicetorange of rur al bodies including Bee
Country Shows and the SA Grain Industry Trust.

David Connor is Emeritus Professor of Agronomy in the Faculty of
Veterinary and Agricultural Sciences of The University of Melbourne,
Ml Australia, and Research Associate of CEIGRAM de La Universidad
Politécnica de Madrid, Spain. His area of expertise is in agronooyy, cr

( physiology and crop ecology. He currently works in canopy management and
modeling of olive orchards, reviews research papers for various scientific journals, and offers
consultancy in agronomy, resource management and research for agricultural derelopm
Professor Connor is active in professional societies. He has served as President of the
Australian Society of Agronomy and of the Victorian Branch of the Australian Institute of
Agriculture. He is a Fellow of the Australian Institute of Agricultgré 988 ) and A D
Medal i sto (2003) of the Australian Soci et
research. During the period 192001 he was Editen-Chief of Field Crops Research.
Professor Connor has traveled widely and has also underedearch and development
projects in Kenya, Philippines, Bangladesh and Mauritania. He has also held visiting
appointments in research and/or teaching in USA, Colombia, China, Argentina and Spain.
During his career he has published over 100 papers aharigsearch. He is also author,
with Professor R.S. Loomis (University of California) and Professor K.G. Cassman
(University of Nebraska), of the recent|
productivity and man ag €éangrdge University gness)c The t u
book has been translated into Japanese, Spanish and Chinese.
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Mariano Cossaniis Senior Research Agronomist with SARDI, working on
crop ecophysiology and abiotic stress adaptation. Mariano has an Agronomy
Engineer degeefrom the University of Buenos Aires, and a Masters and a

Ph. D. by the University of Lleida. His research experience encompasses
aspects of resource capture and resource use efficiency of cereals, and
adaptation of crops to the climate change effectd) as heat stress and

drought. He developed methods based on empirical field data to assess the
co-limitation of resources in wheat systems of Mediterranean environments that proved to be
useful on other crops as canola. He has been working during fikefge&£IMMYT of the

CGIAR System Organization, where he developed conceptual models for adapting wheat to
hot environments through the use of physiological traits, phenotyping and strategic crossing.
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Ford Denisonearned a Ph.D. in Crop Science from Cornell, and worked for
USDA as a Plant Physiologist before joining the department of Agronomy

and Range Science at UC Davis. There, he directed the first ten years of a
long-term experiment now in its 24th year, tau@mnop Ecology, and did

basic and applied research on the leguhizobia symbiosis. In 2005 he

joined the University of Minnesota, where he advises a-itedongterm
experiment and continues laboratory and field research mostly on nitrogen fexadiam

links between evolution and agriculture. He has published in Nature, Science, Proceedings of
the National Academy of Sciences, Proceedings of the Royal Society, Philosophical
Transactions of the Royal Society, American Naturalist, Evolution, amdaloof

Evolutionary Biology, in addition to multiple publications in Agronomy Journal and Field
Crops Research. An article and subsequent book on Darwinian Agriculture led to a series of
five lectures at the International Rice Research Institute, theudgre keynote at the

Applied Evolution Summit, and CGIAR's Science Forum 2011.

Tony Fischercame from a wheat and sheep farm near Boree Creek in
southern New South Wales, Australia, a commercial operation in which he
was involved for over 50 yearsle completed degrees in Agricultural Science
at the University of Melbourne before pursuing a PhD in plant physiology at
the University of California, Davis, USA. He worked as a crop agronomist and
physiologist for the NSW State Department of Agricultane at CSIRO, and

in the same capacity at CIMMYT, Mexico, from 1970 to 1975. He later
returned to CIMMYT as Wheat Program Director (1088), following which he was a

program manager in crops and soils at the Australian Centre for International Agaicultur
Research (ACIAR) in Canberra, Australia. He is now an Honorary Research Fellow at
CSIRO Plant Industry, also in Canberra. His research publications in plant and crop
physiology and agronomy are widely cited. He has served on several International Center
Boards of Trustees as well as the Board of
Corporation (GRDC), and has travelled widely in the grain cropping regions of the world,
especially those of Asia and Latin America. He has received many awardstfdsutams

to crop science, including the Colin Donald and William Farrer medals, and Fellowships of
the Australian Institute of Agriculture, the Australian Academy of Technological Sciences
and Engineering, and the American Crop Science and Agronomyiascia 2007 he was
elected a Member of the Order of Australia.

Richard Gray joined the University of Saskatchewan in 1990 after
completing his PhD in Agricultural & Resource Economics from UC
Berkeley. Over time his policy research has increasingly focused on various
aspects of agricultural research and innovation systems. F0&t@ 2013

he led theCanadian Agricultural Innovation Research Netwdrichard is

a Fellow of the Canadian Agricultural Economics Society. He currently
holds the grain Policy Research Chair and regularly provides advice to farm
organisations and govermmt regarding innovation policy. His active engagement in the
family grain farm continues to provide firsnd experience with agriculture.
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Peter Haymanis an agricultural scientist who has worked on the application of
climate science to farming sgshs. His focus on low rainfall cropping and
irrigated viticulture in southern Australia but has been involved in climate risk
projects in Philippines, Cambodia, Sri Lanka and India. In 2004 he was
appointed as Principal Scientist, Climate Applications S®RDI, prior to that
time he was coordinator of climate applications in NSW DPI. He has worked
closely with climate scientists, crop modellers, economists and farmers with a main interest
on how the advances of climate science can be communicated and dseidion making.

Holger Kirchmann has a degree in chemistry (Dortmund University), a
biology education (Uppsala University) and a PhD in soil science (Swedish
University of Agricultural Sciences, SLU). He received a professorship in
Plant Nutrition ad Soil Fertility at the Department of Soil and
~ Environment, SLU, in 2003. His research includes nutrient turnover

“ especially of nitrogen, phosphorus and trace elements in soil and changes in
long-term soil fertility due to different fertilization regimeSurrently, research topics such as
subsoil improvement, recycling of plant nutrients, placement of mineral fertilizers and
selenium fertilization are addressed. He teaches courses in plant nutrition, soil biology and
soil sciences.

% John Kirkegaard is aChief Research Scientist at CSIRO Agriculture and
Food, based in Canberra and Adjunct Professor at the University of
Western Australia and Charles Sturt University. He was raised on the
Darling Downs in rural Queensland, studied agriculture at The Uitiers

' of Queensland where he received his PhD studying the effects of soil
compaction on the growth of grain legumes in 1990. The same year, he
joined CSIRO Plant Industry in Canberra to work on the Land and Water
Care Project, and his subsequent care€SARO has focussed on understanding glaiht
interactions to improve the productivity, resoutse efficiency and sustainability of dryland
farming systems. Over the last 28 years, his research teams and collaborators have
investigated aspects of imped crop sequence, rotational benefits and productivity of canola
and other Brassica species, improved subsoil water use by crops, development and integration
of dualpurpose crops, and improved productivity in conservation agriculture. He has led
numerousational research programs, is a regular invitee to international forums and
advisory committees on agriculture and food security, and was Visiting Professor at Crop
Science Department, University of Copenhagen in 2012. A hallmark of his innovative
reseach has been his active integration of farmers and advisers into his research teams,
which has undoubtedly led to more rapid adoption and impact in agriculture. He was
recipient of the grains industry fndnSeed of Li
research results to industry, and in 2014 his GRDC National WUE team was awarded the
Eureka Prize in sustainable agriculture for research to improve thewsatefficiency of
Australian agriculture. He was elected a Fellow of the Australian Acadé®cience in

2016, was recipient of the Farrer Medal for distinguished contribution to agriculture in 2017,
and is an ISI Web of Knowledge Highly Cited Researcher for Agricultural Sciences in 2018.
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Martin Kropff joined CIMMYT as Director General in 28, after working

at Wageningen University and Research Center (Wageningen UR) in the
Netherlands, where he was Rector Magnificus and Vice Chairman of the
Executive Board for almost 10 year s. F
degrees in biology at Utrecbiniversity in the Netherlands and a Ph.D. in
agricultural and environmental sciences at Wageningen. From 1990 to 1995,
Kropff was the systems agronomist at the International Rice Research Institute (IRRI) in the
Philippines where he led an internationadgnam with National Agricultural Research

Systems and Universities in nine Asian countries on systems research and simulation for rice
production. Since 1995, he has served successive roles at Wageningen UR, including as
Professor and Director General b&tPlant Sciences Group and on the Executive Board. He

is still connected to Wageningen UR as a Professor. From 2013 to 2015, he was a member of
the Board of Directors of CGIAR, the Bember consortium of international agricultural
researchers to which IMYT and IRRI belong. He chaired the new System Management
Board of the reformed CGIAR from 2015 to 2017 and he is still a member.

Renee Lafitteworks at the interface of crop ecophysiology and crop

improvement, with the goal of improving the resilielée€rops and cropping

systems to abiotic stress. She received a M.Sc. in Agronomy and Ph.D in

Crop Physiology from the University of California, Davis. Renee began field
phenotyping for stress tolerance in 1985 at the International Center for Maize

and What Improvement (CIMMYT) in Mexico, using managed drought and
low-nitrogen environments in breeding programs. She also developed and delivered courses

in onfarm research for breeders and agronomists from partner countries in Latin America,

Africa, and Asialn 1995, she was employed at the International Rice Research Institute

(IRRI) in the Philippines, where she was responsible for-belsked and greenhouse

phenotyping to assess genetic variation in rice drought response, including approaches of

QTL analysis, gene expression profiling, and studies of inheritance. She also served as team

|l eader for | RRI 6s project on genetic enhance
nutrition in fragile environments, working closely with national program collaberaiuad

students to advance applied research goals. Renee joined DuPont Pioneer in 2005, with
responsibility for developing higthroughput field evaluation of novel transgenic corn lines

with greater yield stability under drought and nutrient stress. Se@araed a Pioneer
Research Fellow in 2011 and a DuPont Fell ow
American managed stress site in Woodland, California.

Lachlan Lake is a pulse physiologist in the Sustainable Systems Research
Division, SARDI. Lactan has been working in agricultural research since
2003 in projects focusing on Australie
investigating physiological drivers of yield, stress adaptation, N fixation,
disease resistance and modelling. Lachlan complesgdhid in chickpea

b physiology at the University of Adelaide and is currently undertaking a
GRDC funded Postdoctoral Fellowship investigating canopy dynamics and waterlogging
tolerance in lentil. Lachl ands wosugtainabdes been
farming systems and the need to improve pulse adaptation to Australian conditions in the face
of limited resources.
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Peter Langridge is Emeritus Professor at the University of Adelaide, Australia.

Peter established the Australian CentreFflamt Functional Genomics (ACPFG)

and was appointed Chief Executive Officer in 2003. In 2014 Peter resigned as

//m CEO of ACPFG to focus on his role on the boards of several research

’/ organi sations in Europe, North America
7 interests have focused on the role of modern technologies in crop improvement

with a particular focus on the importance of science, education and collaboration in helping

to improve agricultural productivity.

Jill Lenne has 38 yrs experience in tropical agricultural research,
management & development, including 15 yrs with CGIAR institutes (CIAT
and ICRISAT) and 8 yrs with Utbased institutes. She also has 18 yrs
experience as a consultant in project and programme rewidwvaluation
through shorterm assignments (1 week to 3 months) in more than 30
countries in Latin America, Asia and s@aharan Africa. She has worked seamd cropping
systems; horticultural especially vegetable systems; tropical rice systemsaltfogder and
crop/livestock systems; and tropical agpiodiversity management.

Bill Long is a farmer and for the past 23 years has managed his own
company- Ag Consulting Co, a South Australian based agricultural
consulting business established i®39The company provides

agronomic and farm business management advice to farm businesses
across SA and manages and conducts research and communication
projects to growers on a range of agronomic and farm management
issues. He has participated in and nggeabprojects on carbon, climate,
snails, controlled traffic, seeding systems, Hit®w sowing systems, cereal and pulse canopy
management, leaf disease control in cereals and pulses, weed management, plant growth
regulants, pollination, soil carbon andlsble. He has been a member of the BCG Yield
Prophet team to improve understanding of soil water and the use of crop modeling to assist
advisors and farmers knowledge on soil water/plant production relationships. He was a
founding member of the Yorke Penirla Alkaline Soils Group, the SA and Vic Independent
Consultant group and the Ag Excellence Alliance and is past Chairman and committee
member of; SA GRDC Advisor Update Committee, TopCrop SA, Crop Science Society of
SA and the Snail Management Action Gpoand the Grain Pest advisory group. He served

on the GRDCO0s southern panel from 2011 wuntil
benchmarking programs and was involved in the development of Plan to Profit®, a farm
business analysis tool. Bill holds acbalor of Applied Science in Agriculture, is a graduate

of the Institute of Company Directors and undertook studies in the use of decision support
tools and farmer and advisor decisimaking processes. He has a keen interest in ag
extension and adoptiongxctices. In more recent times and as a result of the studies in
decisionmaking, Bill spends more time with clients running farm boards and thinking
strategically about their business management and development opportunities. With his wife
Jeanette and sdWVill, he grows lentils, chickpeas, beans, cereals and canola, and runs sheep
on his properties on Eyre Peninsula and the mid north in SA. He is passionate about the
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grains industry and enjoys the complexity and challenges of understanding and managing
farming systems across Australia.

Stephen Losshas an Honours degree in Agricultural Science and PhD in
Plant Nutrition from the University of WA. He worked as a crop agronomist
with the WA Department of Agriculture for a decade, before joining CSBP
fertilisers where he managed their field trial program and soil and plant
testing services for the 12 years. In 2012 Stephen joined ICARDA based in
Amman Jordan to lead an ACIAR funded project promoting conservation
agriculture in northern Irag. When the projentled in 2015, Stephen joined
GRDC as an R&D Manager initially in Canberra, and then established their new office in
Adelaide. He is currently the Manager of Soils and Nutrition for the southern region.

Allan Mayfield brings extensive agronomy and farming knowledge
and 40 years of experience in government and as an independent
agronomic consultant to his role with the South Australian Grain
Industry Trust. Allan has a Bachelor of Agricultural Science and PhD

t in Plant Rithology. He was instrumental in setting up the Hart Field

o “ Site and starting precision agriculture and associated research in

South Australia. His industry involvement is extensive and includes seven years as a GRDC
Southern Panel member, six years asamsecoordinator for SPAA (Southern Precision
Agriculture Australia) and 10 years as the research manager for the Hart Field Site Group. In
addition to his role with SAGIT, he assists the Grains Research and Development
Corporation in project managemene i$ a life member of the Crop Science Society of SA, a
fellow of the Australian Institute of Agricultural Science & Technology, and a Churchill
Fellow 2002.

M. Inés Minguezis Full Professor of Crop Ecology and Agronomy of the
Technical University of Madd (UPM) since 1991. She has also worked at

the University of Cérdoba, Spain (13 years), at The Grassland Research
Institute, UK (1 year), and at The University of Melbourne and Horsham

Dept of Primary Industries, Australia (lyear). Her research started i

nitrogen fixation of grain legumes then extended to the role of legumes in
crop rotations focussing on water stress and water use that resulted in the construction of faba
bean crop model. During that time she also coordinated reports in the 1990gotedro

irrigation requirements under climate change for the National Hydrological Plan of the
Spanish Ministry of Infrastructures, and later focussed on the uncertainties linked to impact
evaluations and adaptations and tools for defining new adaptedicuilid future conditions

across Europe. More recently she has applied yield gap analysis to yield insurance design in
cereals and participates in the International Network TempAg. At present she is exploring
new cropping system approaches in a Europede project and is much interested on food
security and the need to consolidate studies at territorial scale. She has been principal
researcher and researcher in 25 projects; has 85 published references and 10 book chapters.
She has undertaken national amernational consulting, worked for the European

Commission at D&research and is currently on the Governing Board of FACRIEoN
AAgricul tur e, Food Security and Climate Chan
(Research Centre for the Management of Adgiral and Environmental Risks, UPM) and is
currently its DeputyDirector.
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Francis Ogbonnayais the Program Manager, Oilseeds and Pulses, Grains
Research and Development Corporation (GRDC) and has served at various
levels within the organization. At GRDOgbonnaya has been involved in
setting R & D initiative and strategies that have strongly influenced and
promoted innovative R & D options aimed at delivering enduring profitable
outcomes for Australian farmers. Ogbonnaya joined GRDC in 2012 from

the Iternational Center for Research in Dryland Agriculture (ICARDA),
Syria where he led and coordinated multinational and international collaborative R&D
initiatives with National Agricultural Research Institutes (NARIS) in Africa, Central Asia and
Middle Eastand Advanced Research Institutions (ARIs) in Australia, Europe and North
America and contributed to the formal release of severahhajtling varieties by national
research partners in Africa and Central Asia. Together with university lecturers, ¢ has
supervised thesis research on wheat improvement and mentored many postgraduate students
(MSc and PhD), mostly in Africa, Australia, Central Asia, Middle East and European
countries for which he received The Jeanie Borlaug Laube Women in Triticum Mentor
Award (2012). Prior to starting at ICARDA, Ogbonnaya served as Scientist and Senior
Research Scientist and led key scientific research team within the Department of Primary
Industry Victoria, Biosciences Research Division working on translational resedinch
emphasis on exploiting primary gene pool of wheat to improve cereal cyst nematode control,
pre-harvest sprouting tolerance, salinity tolerance, multiple disease resistance and water
limited yield improvement in wheat. Ogbonnaya obtained his PhD degfagicultural

Science (Plant Breeding and Genetics) from the University of Melbourne, Australia, and a B.
Agric Science Honours degree from the University of Nigeria, Nsukka. Ogbonnaya has
published over 150 papers in referred journals, book chaptensesn reviewed conference

papers.

Kathy Ophel Keller is the Research Chief, Sustainable Systems Research
Division, SARDI. Sustainable Systems Division covers SARDI research in
cropping, viticulture and horticulture systems. It comprises science programs
in Plant Health and Biosecurity, Entomology, Soil Biology and Diagnostics,
New Variety Agronomy and Crop Improvement Science Areas, Climate
Applications as well as Water Resources, Viticulture and Irrigated Crops.

The Division assists the South Austral@op sectors by breeding and evaluation of new
varieties, improving crop agronomy and providing practical and productive ways to maintain
production by managing risk from SA6s variab
pests. Dr. Ophel Keller isr@cognised expert at an international and national level in
development and utilisation of DNA technology to monitor organisms in complex
environments such as soil. Over the past 15 years, Dr. Ophel Keller has been involved in the
development and delivenf unique technology to measure plant pathogens in soil, including
the development of PredictaPT to assess the risks of potato soilborne pathogens prior to
planting a crop.
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Jairo Palta is an Honorary Research Fellow at CSIRO Agriculture &

Food in PerthWestern Australia. He is also Adjunct Research

, Professor at The University of Western Australia Institute of

Agriculture & School of Agriculture and Environment and Visiting

Research Professor at the Institute of Water and Land Conservation,
Chinese Acaday of Sciences, in Yangling, Shaanxi China. He

completed a Ph.D in Crop Physiology at La Trobe University, Melbourne, Australia and

conducted Poglloctoral research at the Centre for Adidne Studies at University of

Bangor, North Wales, UK, and the thali.of Nuclear Medicine and Radiation Biology of the
University of California, Los Angeles (UCLA). He held positions with the International

Center for Tropical Agriculture (CIAT) and CSIRO Plant Industry. At CSIRO he was the

|l eader of the SwmppCogpaand|mpstowvre Productio
|l eader of the program Al mprovement of Rainfe
Seconded Scientist for the Cooperative Research Centre for Legumes in Mediterranean
Agriculture (CLIMA), was memberdf he Revi ew Panel for the UNE
stability of plant communities in response t
Physiology Panel for the Ecological Research Division of the US Department of Energy. He

is currently involvedn several international research initiatives (Expert Working Group

[EWG] on Adaptation of Wheat to Abiotic Stress, Nutrient Use Efficiency and Heat and

Drought Wheat Improvement Consortium [HeDWIC]. He is one of the Etit@hief of

Field Crops Reseadn¢ Consulting Editor for Plant and Soil, Associate Editor for Crop and

Pasture Science, Functional Plant Biology and Frontiers of Plant Sciences. He has published

over 160 papers in referred journals and as book chapters and is the editor of two books.

John Passiourahas a bachel ords degree in agrioc
Ph.D. in soil chemistry (1963) from Melbourne University, Australia. He
currently holds an emeritus appointment at CSIRO Agriculture in Canberra, and
was formerly Chief Research $ntist and Leader of the Crop Adaptation
Program there. His research has ranged over: soil chemistry and physics
(transport of water and nutrients in soil); plant physiology (water relations, drivers of growth
rate and adaptation to abiotic stresses);vameiat prebreeding and agronomy directed at
improving watedlimited productivity of dryland crops. He was elected Fellow of the
Australian Academy of Science in 1994. He spent 6 years on partial secondment to the
Australian Grains Research and Developn@mjanization (GRDC) where he oversaw a
portfolio of projects on soil and water management that aimed at improving both the
productivity and environmental performance of Australian grain farms. More recently he has
written several reviews relating to cropguctivity and the pursuit of effective agricultural
research. He has also been a consultant to the CGIAR, having undertakiheyblghviews

of several of their programs, existing or prospective.

John Porter is an internationally known agi@cological scientist with an

expertise in ecosystem services in ageosystems, including agszology,
simulation modelling and food system ecology. His main contribution has been

' multi-disciplinary and collaborative eggmental and modelling work in the

response of arable crops, energy crops and complexeagsystems to their

environment with an emphasis on climate change, ecosystem services and food

systems. Porter has published 145 papers inneeewed journals ut of a

total of about 350 publications. On average, hisqped@ewed papers have been

cited more than 100 times each. He has personally received three international prizes for his
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