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ABSTRACT

During the next decade it will be necessary to
develop novel combinations of management
strategies to sustain- ably increase crop
production and soil resilience. Improving
agricultural productivity, while conserving and
en- hancing biotic and abiotic resources, is an
essential requirement to increase global food
production on a sustainable basis. The role of
farmers in increasing agricultural productivity
growth sustainably will be crucial. Farmers are
at the center of any process of change involving
natural resources and for this reason they need
to be encouraged and guided, through
appropriate  incentives and  governance
practices, to conserve natural ecosys- tems and
their biodiversity, and minimize the negative
impact agriculture can have on the
environment. Farmers and stakeholders need to
revise traditional approaches not as productive
as the modern approaches but more friendly
with natural and environmental ecosystems
values as well as emerging novel tools and
approaches ad- dressing precise farming,
organic ~ amendments, lowered  water
consumption, integrated pest control and
benefi- cial plant-microbe interactions. While
practical solutions are developing, science
based recommendations for crop rotations,
breeding and harvest/postharvest strategies
leading to environmentally sound and
pollinator friendly production and better life in
rural areas have to be provided.
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Introduction :To feed a global population
forecasted to grow to over nine billion by 2050,
enhanced agricultural production will be of
utmost importance. Ensuring food security and
feed availability must clearly increase to meet
the future demands of a more affluent world
population (FAO, 2011). This places great
strain on major agricultural producing
countries across all continents, since the
available arable land is limited, and cli- mate
change provides less favorable conditions for
plant production in many agricultural areas.

In fact, among environmental triggers, drought
is the principal factor restraining global
agricultural production (Manavalan et al.,
2009). Cur- rently, about 40% of the world
population lives in regions where water is a
limited resource, specifically aggravating and
restricting its use in ag- riculture (UNESCO,
2009; Mekonnen and Hoekstra, 2016). Many
global agricultural regions including China,
India and the USA, the world's larg- est grain
producers, are already facing serious water
shortages (Zhao et al., 2010).

Improving agricultural productivity, while
conserving and enhanc- ing water resources, is
an essential requirement to increase global food
production on a sustainable basis. The role of
farmers in increasing agricultural productivity
growth sustainably will be crucial. Farmers are
at the center of any process of change involving
natural resources and for this reason they need
to be encouraged and guided, through appro-
priate incentives and governance practices (see
Fig. 1), to conserve nat- ural ecosystems and
their biodiversity, and minimize negative
impacts agriculture can have on the
environment (FAO, 2017).

One way of increasing agricultural production
might be to breed, with or without GMO, for
higher yielding crops that require less water,
less space, have better nutrient usage and are
adapted to climate change (Glowacka et al.,
2018), but this is not the only way to improve
plant production systems. Although we have
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considerably improved
productivity from conventional to integrated
agricultural practice, striv- ing to balance
nutrient cycles adapted to demands of the
crops, and have new crop varieties available,
we are still depending too much on
monocultures in  poor rotation schemes,
synthetic fertilizers and pesti- cides that lead to
uncoupling of energy and matter fluxes in the
produc- tion system and stress the soil
environment (Schroder et al., 2008).
At the same time, beneficial plant microbe
interactions are still an until now unexploited
ecosystem service for plant production. Plant
di- versity in crop rotations supports and selects
the microbial community in the rhizosphere.
However, when this diversity is being replaced
by uniformity, it is also reflected in the
agricultural market place, and in human diets
(IPES-Food, 2016). In fact, homogenization of
agricultural production systems, e.g. by
intensification and restricted use of plant va-
rieties, is one of the greatest causes of
agricultural biodiversity loss,

Population growth, Intensification of
Climate change > Production
Food and feed demand Pollution and Overuse

Degradation of
soils, biota,
water, food quality

Response:
Improved technologies,
Precision farming
Eco-adapted production

Fig. 1. Identification of problems and future
options in agriculture. In analogy to Mateo-
Sagasta et al. (2017), this flow chart utilizes
analogies to the UN DPSR model of indicators
to characterize problems and options.

through genetic erosion and the increasing
levels of genetic vulnerabil- ity of specialized
crops (SCBD, 2018).

Hence, a change in paradigm is needed to keep
the valuable produc- tion base, our soils,
healthy, and to unleash so far hidden processes
that will help increase production of food and
biomass at good quality. To guarantee food
supply and to ensure continued food security,
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environ- mental, economic, social and cultural
aspects of sustainability should all be covered
in future development of agricultural systems:
environ- mental, economic, social and cultural
(Keding and Schneider, 2013). In- novative
strategic food systems must target enhanced
agricultural production technologies, food
processing and preservation innovations,
environmental issues, and ultimately human
health (Godfray and Garnett, 2014). Albeit a
problem of global relevance, and being recog-
nized by the scientific community, political and
societal solutions are pursued differently in
different continents and major economic areas
of the world. The “ideal agriculture” may
depend of many various fac- tors such as the
social context in which farmers are living or
different environments. The present paper may
therefore be a bit restricted, since we gather
expertise from the direct experience with the
European situation, and the agro-scientifical
decision makers of the EU. Still, as in other
fields of scientific endeavor, many of the
conclusions drawn may be generally valid, of
common interest and find counter- parts in
regions outside of Europe. The present opinion
paper discusses the above mentioned options
for improved crop production under sce- narios
of climate change and soil degradation and
proposes innovative solutions for the complex
problem.

1.1.  Avvision for ideal agriculture

While it is generally accepted that land has a
value to be paid for, the same is not true for the
value of soil. In our general perception it seems
that good quality soil is taken for granted
(Keesstra et al., 2016). But it is clear that soils
are not renewable and deliver essential
services. Hence, within the framework of the
17 UN Sustainable Development Goals (SDGs)
(https://sustainabledevelopment.un.org/sdgs),
soil manage- ment and restoration are key
issues (Ussiri and Lal, 2018), and there is no
doubt that soils have to be well treated to keep
them productive (Supplementary Table 1).

In such a context, agricultural practice is the
main trigger to conserve and improve soil
functions on a large scale, indispensable to
adapt the production systems to the
requirements of future generations. Organic
farming emerged as a new sector of agro-
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business during last decades (Clark et al.,
1999). Designed to produce high-quality food,
while keep- ing inputs of resources (water,
energy, fertilizers, pesticides etc.) to a
minimum, it takes advantage of soil, microbial
and plant processes that contribute towards
crop stability and resource efficiency. More-
over, organic farming targets to cycle nutrients
and reduce losses, rely more on ecosystem
services than on artificial inputs, thus
contributing in manifold ways to strategic EU
policies (Smith et al., 2015). The public
perception of such farming systems in terms of
food quality, food safety and environmental
friendliness/sustainability is positive.
However, yields are lower than in integrated
plant production systems, which often means
that food based on organic agriculture is more
expensive than food from other types of
farming. The increasing demand for food, also
organically produced, due to the population
increase de- scribed above will lead to yet
higher prices for gross markets and con-
sumers. And in terms of nutrient and water
acquisition by crop plants, especially under
constraints such as nutrient deficient soils,
increasing frequency of droughts due to climate
change, or system-inherent limita- tions such as
the typical lack of livestock (and return of
manure) in Europe (EC, 2011), enhancement of
the production efficiency of our farming
systems is a timely demand.
At the same time, integrated production
systems have made great
progress in adopting technical improvements
like remote sensing, pre- cision farming,
computerized pesticide application, wide tires
on com- bines and tractors, adapted fertilizer
application, to name but a few.

Similar to organic farming, integrated farmers
have developed schemes for the reduced use of
agrochemicals and pesticides.

But, although well developed and in many
ways successful, both production systems have
some shortcomings, and so it might be timely
to merge the best of both worlds, integrated and
organic, to boost agri- cultural productivity and
soil health. In this context, biological interac-
tions are key.
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1.2. A possible solution

Future sustainable agriculture should be open
to adopt central man- agement practices of
both, conventional and organic farming by
com- bining low input principles of organic
farming with precise cultivation, tillage,
fertilizer application, pest control and water
reuse (see Fig. 2).

The central driving force in organic farming is
an elaborate crop ro- tation scheme, set up to
regenerate nutrient pools of the topsoil and pre-
vent erosion and nutrient losses (Schroder et
al., 2008). It is well-known that a high diversity
plant cover is likely to be self-sustainable due
to in- teractions developing between the
different plant species or between plants and
microorganisms in terms of nutrient use and
cycling, com- pared to monocultures and crop
rotations with low crop diversity that exhaust
soil, requiring therefore higher maintenance
costs (Fox, 2003). To achieve self-
sustainability, novel management regimes need
to manipulate soil and plant microbial
communities to best effect, while maximizing
positive ecological interactions and enhancing
eco- system services (Spehn et al., 2005). In
this way, strategic soil manage- ment reduces
costly and environmentally damaging chemical
inputs in each of these systems (Tilman et al.,
2002). Such a demand has been specifically
voiced in EU research calls, recognizing that
agrobiodiversity is essential for the resilience,
adaptability and productivity of disturbed
arable land.

To achieve this, it will be necessary that
scientists from different

fields closely cooperate with farmers, key
stakeholders and end-users such as, seed
producers, agri-biotech firms, conservation
agencies and water management specialists,
integrating them from planning to deliv- ery.
Ground-breaking research aimed at developing
management rec- ommendations is required, in
different cropping systems, to improve the
macro- and microbial diversity of their soils, to
reduce chemical in- puts, and to maximize
positive interactions between organisms. Such
an approach might be worth the strain since by
studying and improving ro- tational croplands
across Europe, novel solutions to improve
resilience and productivity might be found.
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Fig. 2. On the way to economically and
ecologically sound decisions, future farm
management has to access all available field
data and translate them into operating
procedures for multifunctional aggregates.

The ultimate aim is to provide novel and
intuitive management rec- ommendations to
support Common Agricultural Policy (CAP)
instru- ments and foster improved agricultural
and environmental conditions across the EU
and affiliated countries.

Hence, major objectives of such an approach
might include, to

. combine cutting-edge interdisciplinary
breeding technology relevant to water
management, plant nutrient acquisition and
beneficial plant microbe symbioses for
selection of novel varieties to the field;

. manipulate/manage rhizospheres to
generate integrated rhizotechnologies that
optimize exploitation of plant-microbe inter-
actions in crop production

. predict effects of improved nutrient and
water efficiency (that are un- derstood at the
micro-scale) due to rhizosphere manipulation/
rhizotechnologies on crop/plant performance at
the macro-scale;

. close the gap between integrated and
organic farming by adopting the best methods
of both systems

. improve weed and pest control by
utilizing biorational pesticides, new
combinations, site-specific plant protection,
improved post-harvest procedures, and provide
a pollinator-friendly environment,

. perform field scale demonstration
studies for formulation of agropolicy decisions,
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and

. deliver a toolbox for surplus
productivity, translated to practical terms, for
farmers, stakeholders and decisionmakers.

In the following we will describe the influence
of the most crucial factors for surplus
productivity at small ecological footprints
within a European perspective.

1. Reclaimed water for irrigation

The main factor determining the amount of
plant biomass is water. To meet food demands
by 2050, worldwide crop production needs to
increase by 70% (Wu and Ma, 2015). Increases
in irrigation water con- sumption to meet those
food demands have been estimated to be 50%
in developing countries and 16% in developed
countries (Fischer et al., 2007).

Intensification in water consumption can cause
biodiversity loss, soil salinization; soil
flooding, loss of complementary services,
inequality between users, increases in
vulnerability, and the deterioration of water
sources and ecosystems.

On the other hand, agriculture itself contributes
to water pollution, especially with biogenic
compounds (nitrogen, phosphorus). In the last
20 years, a new class of agricultural pollutants
has emerged in the form of veterinary
medicines (antibiotics, vaccines and growth
pro- moters). In the European Union, 38% of
water bodies are significantly under pressure
from agricultural pollution (WWAP, 2015).
Pollution of waters limits the possibilities of
their use and at the same time forces to bear the
costs associated with their treatment. Pollution
also reduces the possibility of counteracting
water scarcity by reusing it, for example in
agriculture.

Since sustainable agriculture focuses on the
development of prac- tices that are safe for the
environment (Alberola et al., 2008), manage-
ment of water resources is perceived as a set of
measures to increase crop production while
minimizing water losses (Mancosu et al.,
2015). Careful wastewater reuse for crop
irrigation may eventually represent an efficient
practice to comply with water scarcity and
climate changes in drought affected regions,
but also with water use competition prob- lems
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in the water-energy-food-ecosystems nexus, as
discussed by many EU directives and policy
reports (Venghaus and Hake, 2018). However,
there are many caveats connected to this topic.
Reclaimed wastewater is currently already used
for crop irrigation in many regions of the world
including the Mediterranean (Hettiarachchi and
Ardakanian, 2016; Christou et al., 2017; De
Gisi et al., 2017). For large scale application,
the effluents from municipal wastewater

treatment plants are considered useful, since
they have the necessary flow and nutrients
(nitrogen and phosphorous necessary for crop
growth), while containing lower pollution loads
of toxic inorganic and organic chemicals (as in
the case of industrial effluents).

There are several factors that influence the
adoption of wastewater reused applications at
large scale as depicted in Fig. 3 and detailed
below:

1.1. Wastewater matrix (health and
environmental concerns)

Municipal  wastewater treatment plants
(MWWTP) collecting waste- water from
combined sewers usually remove solids of
different size, bio- degradable organic and
inorganic compounds based on conventional
processes such as mechanical (bar-screens, grit
removal, sedimentation, flotation), chemical
(precipitation) and biological (suspended or
attached growth) with or without tertiary
treatment (involving nitrogen and phos-
phorous removal).

For the implementation of wastewater reuse in
agriculture, the elim- ination of targeted
priority organic or inorganic pollutants (toxic
metals) and microorganisms (bacteria, viruses,
and parasites) is neces- sary in terms of health
related standards needed for water handling/
storage, accumulation in crops and risks posed
to human consumption (De Gisi et al., 2017;
Salgot and Folch, 2018, Sapkota, 2018). Such
prior- ity emerging pollutants include
pharmaceuticals and personal care products
(PPCPs), pesticides, industrial additives and
by-products, ste- roid hormones, drugs of
abuse, food additives, flame retardants and sur-
factants (Teodosiu et al., 2018). Even if these
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priority substances are present in very small
concentrations, they may pose significant
health hazards if not adequately monitored and
removed from wastewater. In a recent review,
Jaramillo and Restrepo (2017) mentioned
problems that may appear after irrigation with
the soil's  physicochemical and  mi-
crobiological parameters in close relation with
the wastewater compo- sition (pH, organic
matter, nutrients, salinity, toxic contaminants).

1.2.  Technological developments

Advanced wastewater treatment processes have
to be applied to eliminate target priority organic
or inorganic pollutants that are difficult to
remove within the conventional treatment
stages (mechanical, chemical and biological).
These processes can be coupled to MWWTPs
after the conventional treatment stages and
their selection may highly depend on
wastewater quality, crop irrigation
requirements, the avoid- ance  of
microbiological related risks and secondary
pollution and eco- nomic considerations
(Jaramillo and Restrepo, 2017; Salgot and
Folch, 2018; Licciardello et al., 2018). The
following treatment processes may

be used standalone or combined (see also Fig.
3): Advanced oxidation processes (AOPS);
Membrane  based treatment  processes
(ultrafiltra- tion, nanofiltration, membrane bio-
reactors); Filtration (sand); Disin- fection
(chlorination, UV radiation, ozonation, other
chemical disinfectants); Constructed wetlands
(Schroder et al., 2007; De Gisi et al., 2017,
Vergine et al., 2017; Licciardello et al., 2018).

1.2.1. Wastewater reuse standards

The adoption of guidelines on wastewater reuse
in agriculture will be very important for the
advanced wastewater treatment selection
process and threshold values to be established
for the microbiological indicators, turbidity,
suspended solids, nutrients and other quality
indi- cators (such as concentrations of heavy
metals, priority organic  pollut- ants,
biochemical oxygen demand- BOD, etc.).
Water reuse standards are available in some EU
countries (Cyprus, France, Greece, Italy,
Portugal, Spain), and a recent EU common
implementation strategy has been endorsed by
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the EU Water Directors (EC, 2016). Moreover,
based on the proposal of “Minimum quality
requirements for water reuse in agricultural
irrigation and aquifer recharge” (Alcalde-Sanz
and Gawlik, 2017), the European Parliament
and the Council has pro- posed the European
Directive on the “Regulation on minimum
require- ments for water reuse” (EC, 2018).
The importance of standardization for systems
dealing with waste- water reuse for irrigation is
also proven by other international standards as
follows:
- World Health Organisation (WHO)
which issued the “Guidelines for the safe use of
wastewater, excreta and greywater” in 1973
with its revised versions of 1989 and 2006
(WHO, 2006);
- United States Environmental Protection
Agency (U.S. EPA) (up- dated) guidelines for
wastewater reuse (EPA, 2012);
- International Organization for
Standardization (ISO), Technical Committee
TC 282/SC 1 is elaborating standards for
guidance on planning, operation, water quality
and good practices to avoid po- tential adverse
impacts of water reuse on public health, crops,
soil and water resources (ISO/TC 282/SC 1,
n.d). So far, five standards with guidelines for
treated wastewater use, monitoring and adapta-
tion of irrigation systems have been finalized:
ISO 16075- parts 1, 2, 3, 4 and ISO
20419:2018, while five standards are under
develop- ment
(https://www.iso.org/committee/5148678/x/cat
alogue/).

1.2.2. Economic and stakeholder concerns
Pistocchi et al. (2018) have published a
comprehensive analysis on the potential of
water reuse for agricultural irrigation in the EU,
mentioning

Agvanced wostewnter
trestitent procesues

Fig. 3. Wastewater reuse for irrigation. Concept
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and influencing factors, as detailed in the text.

that the total volumes of wastewater that in
principle can be reused for ir- rigation are
significant, this contributing to: a) reduction of
water stress with approx. 10% in water-scarce
regions and b) nutrient pollution miti- gation.
While the treatment and energy costs are minor,
total costs de- pend significantly on
infrastructure costs and the distance from the
MWWTP to the irrigated land, already existent
irrigation infrastructure being a benefit.
Treatment costs of approx. 8 €cents/m3 and
typical total costs below approx. 50 €cents/m3
are mentioned, but if treatment re- quirements
become more stringent, treatment costs are
expected to in- crease to 0.23 €/m3, causing
total costs to shift consistently. Energy
requirements for pumping reclaimed water
from MWWTP to agricultural land of approx.
0.5 KWh/m3 are reported.
Stakeholders/end-users have different
interactions with reclaimed water or with crops
consumption, due to the risks of direct or
indirect exposure. Farmers and irrigators are
susceptible to enter in contact with reclaimed
water frequently, supermarket chains and
retailers also exert a role as stakeholders who
impose conditions on the cultiva- tion of crops
they trade with, while the last stakeholder is
represented by people consuming crops
produced with irrigation wastewater (Salgot
and Folch, 2018).

The current drawbacks in reuse, apart from
technical and health as- sessment problems
related to the capacity of a reclamation system
to constantly obtain good quality water, refer
mainly to the expectations and limitations of
stakeholders (EC, 2016). Most end-users in
developed and developing countries have been
educated to consider wastewater as high cause
of chemical and microbiological risks, and the
shift to- wards a useful resource is not easy to
implement (Saliba et al., 2018; Chhipi-Shrestha
et al., 2019). Besides technologies that are
essential  for  safe  reuse, efficient
communication and public participation are
nec- essary in terms of public acceptance,
commitment, support to decisions and
increased awareness of reuse schemes benefits
and risks.
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1.3.  Sustainability assessments

The selection of wastewater reuse processes for
agricultural irriga- tion should consider
complex  criteria  involving  technical,
environmen- tal and economic aspects to
ensure a sustainable technological option, i.e.:
a) environmental assessment instruments (life
cycle assessment, environmental impact
assessment, carbon and water footprint, multi
criteria assessments, etc.), b) technical and
health performance indica- tors (removal
efficiencies, specific energy consumption, risk
assess- ment, reagent quantities, etc.), and c)
economical evaluation tools (life cycle costing,
cost-benefit analysis) (Meneses et al., 2010;
EC, 2016; Akhoundi and Nazif, 2018). Of
course, the selection of any specific as-
sessment instrument must be based on data
availability, legal and ad- ministrative
frameworks, monitoring program
characteristics, and stakeholder involvement.

2. Novel breeding techniques for adapted
plants

During the recent dry summer of 2018, farmers
and consumers in northern and central Europe
had to learn that impact of drought on crop
yield depends on the stress onset, duration and
intensity as well as on the response of the crop.
Shortage of water either at the emer- gence or
during the early establishment can be lethal,
while stress dur- ing the reproductive phase
generally causes high yield and quality
reduction. For example, barley (Wie et al.,
2018) but also groundnut (Reddy et al., 2015)
suffer from greater yield losses when drought
oc- curs during flowering and pod formation. In
maize, yield is often re- duced two to three
times more when water deficit coincides with
flowering, compared with other growth stages
(Grant et al., 1989). Also, varieties of wheat
benefit differently from their symbiosis with
arbuscular mycorrhizal fungi (AMF) under
drought stress (Zhou et al., 2015).

In general, plant species/varieties respond to
drought stress accord- ing to timing and
intensity of water deficits. A clear distinction
should be

made between traits that help plants to survive
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severe water stress (drought survival) and traits
that mitigate yield losses in crops exposed to
mild water stress (drought adaptation)
(Textbox/Fig. 4). Modern breeding is mainly
searching solutions for the latter case (for a
compre- hensive overview see Khan et al.,
2016, Luo et al., 2019).

2.1.  The molecular basis of drought stress
adaptation

Several candidate genes have been
characterized through forward and reverse
genetics for their involvement in the adaptation
to drought stress. Among them, genes involved
in the metabolism, signaling and lo- calization
of ABA play a fundamental role in the
regulation of stomata movement. For instance,
calcium-dependent protein kinases (CDPKS)
mediate stomatal movement under drought
stress (Zou et al., 2010), while membrane
localized transporters of the ABC family take
care of the correct localization of ABA during
water stress response (Kang et al., 2010).
Furthermore, transcription factors belonging to
ABF, MYBF and MYCF families are critical in
the regulation of downstream gene expression
and the organization of stress response
pathways (Osakabe et al., 2014).

Genes encoding the cytosolic ascorbate
peroxidase, glutathione per- oxidase and
manganese superoxide dismutase are, for
instance, induced under drought stress and
responsible to regulate ROS homeostasis
(Karpinski et al., 1997; Davletova et al., 2005;
Wang et al., 2005; Miao et al., 2006). For the
production of osmoprotectants, such as proline,
tre- halose and betaine, the expression of genes
involved in their biosynthe- sis, including 1-
pyrroline-5-carboxylate  synthase  (P5CS)
(Verbruggen et al., 1993), the trehalose-6-
phosphate synthase (TPS1) (Yeo et al., 2000)
and the betaine aldehyde dehydrogenase
(BADH) are also regu- lated by ABA-
dependent transcription factors (Zhang et al.,
2011). To- gether with that, several chloroplast-
to-nucleus retrograde signaling pathways are
also activated to adapt chloroplast activities to
physiolog- ical needs (for a review see Chan et
al., 2016). The few genes described above,
together with many others that we are not able
to fully cover here since the stress scenarios are
too broad, are currently at the center of
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scientific attention for the design of effective
drought-adaptation strategies in crops.

2.2. Traits and precision phenotyping for
drought adaptation

Genetic variation is found in crop species for
various types of drought stress responses.
These differences allow plant breeders to gen-
erate combinations of traits in elite genetic
backgrounds, and develop cultivars with wider
adaptability to various drought stress scenarios
and stable yield under unfavorable
environmental conditions. To assist with gene
discovery, precision phenotyping protocols are
based on multi-site experimental facilities
located in important crop production areas and
equipped with basic field facilities, including
weather sta- tions, access to soil analysis, and
phenotyping tools suitable to monitor different
traits such as early vigor, early maturity,

hotosynthetic activ- ity or water status of
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plants. Imaging techniques are widely used to
phenotype specific parts of the plant.
Additional traits for precision phenotyping
include canopy cover, leaf temperature,
biomass produc- tion, together with root weight
and length (for a review De Almeida Silva et
al., 2012, Khan et al., 2016). Clearly, precision
phenotyping needs high-throughput analytic
capabilities and  software, both still
representing bottlenecks in high throughput
phenomics. Nevertheless, phenotyping will be
instrumental to evaluate the most promising
combinations of morpho-physiological traits
for future agro-climatic conditions.

2.3.  Biotechnology and breeding

Once the most promising  morpho-
physiological traits for drought ad- aptation in
specific agro-climatic scenarios have been
identified and their

drought aveidance ard crovght tolzrance

In particular, three major strategies are used by plants in response to drought stress, namely drought escape,

Crougibt asoons is the ability of the plant to complete its e cyde before the onset of drought stress, and it &
successful in regions where drought stress occurs at the end of the crop growth cycle, Flowering time is
recogrized as the most critical trait 1o select for drought escape and that involves adjustment of the rate of
maturity, rapid phenclogical developement, developmental plasticity and remobilization of assimilates in order
Sabadin et al. 2012),

efined as the plan

10 escape the dry seaw

- Drought ovoidonce

0 sustain high plant water status or cellular hydration

under the effect of drought (Blum 2005). Mer oots, rolling of

leaves, slterstion in cutide permeability such as increased al regulation, absciscic

acid metabolism, and osmotic adjustment contribute to debydration &

- Uraught faferance is the ability to maintain plant health and productivity despite the low internal water
potential [Blum 2005). This involves the differential regulation of hundreds of genes with the aim to reduce
and/or repair the damages caused by the water limitation. The abdity to accumulate protective molecules
[such as LEA proteins, Defpdrins acting as chaperones and sugar content] and alterations in cefl cycle and

dnision contribute 1o maintain, st least partially, the plamt functionality and productivity in & defrydrated state,

Textbox/Fig. 4. Plant adaptation to drought
stress (Sabadin et al., 2012).

modelling-based  combinations  proposed,
genomics assisted breeding for drought
adaptation can be initiated by using different
strategies:

2.3.1. Marker assisted selection

In breeding applications, use of molecular
markers is among the most powerful tools.
They can be diagnostic (i.e. perfect markers of
a specific allele within a specific gene
sequence) or putative (e.g. markers associated
with or flanking a QTL discovered via mapping
in biparental crosses or in association panels).
Diagnostic markers are used to select desired
alleles in any parental or progeny line of a
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species under any crossing strategy.
Alternatively, such markers can be used for
transgenic manipulations (genetic
modification, GM) within or across crop
species. QTL markers from mapping studies
are not perfectly linked to genes, but they are in
linkage (‘nearby’) and are frequently difficult
to transfer between crosses, unless there is
substantial investment in crossing and mapping
to ‘fine map’ the QTL to locate markers within
a gene. The identification of QTLs for complex
traits is further confounded by sub- stantial
genotype x environment interaction effects that
occur for traits like heat and drought
adaptation. However, new statistical methods
en- able modelling of QTL X environment
effects and more robust detection

of useful genomic regions for selection (Boer et
al., 2007).

Only few QTLs of large effect have been
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documented for performance-related traits
under heat or drought and no candidate genes
have been shown to have large effects on
performance or yield. In part, the low success
rate for these stresses relates to the genetic and

environmental  complexity of  drought
adaptation.
2.3.2. Next generation sequencing

technologies and breeding

With the advent of next-generation sequencing
(NGS) technologies, genotyping is moving
from amplicon-based low-throughput (LTP) to
SNP-based high-throughput (HTP) systems
(reviewed in Nepolean et al., 2018). The
abundance and cost-effective assays make SNP
a pre- ferred marker choice for genomic
studies. High-density SNPs are needed for high
resolution  fingerprinting, genome-wide
association mapping (GWAS) and genomic
selection. Low to medium density SNPs are
needed in genetic diversity analysis, QTL/trait
mapping, marker-assisted selection (MAS),
marker-assisted recurrent selection (MARS)
and candidate gene-based selections.
NGS-based sequencing technologies were used
to capture the SNPs at whole genome level.
Now, third-generation sequencing technologies
(Jiao and Schneeberger, 2017) have emerged
capable of generating long-read sequences.
Pacific Biosciences (PacBio) Single Molecule
Real Time (SMRT) sequencing, Illuminas Tru-
seq Synthetic Long-Read

technology and the Oxford Nanopore
Technologies sequencing platform offer third-
generation chemistries to capture SNPs.
Whole-genome se- quencing also provides
functional information on genes and SNPs.
Genome-wide SNPs will be eventually used in
identification of haplo- types and in genetic

mapping.

2.3.3. Genome editing

Targeted genome editing is the latest approach
to manipulate gene function. For plant genome
manipulation, short palindromic repeats
(CRISPR) and CRISPR-associated protein9
nuclease (Cas9) are used (Cong et al., 2013).
The employment of truncated-gRNAs (tru-
gRNAS) reduces the risk to generate off-target
mutations (Osakabe et al., 2016). Through
genome editing approaches, point mutation

Page | 1465

UGC Care Group | Journal

Vol-09 Issue-03 September-December 2019

(deletion or in- sertion), gene knockouts,
activation or repression of genes and epige-
netic changes are possible (Kamburova et al.,
2017). In maize upstream of the ligulelessl
(LIG1) gene, male fertility genes (Ms26 and
Ms45), and acetolactate synthase (ALS) genes
(ALS1 and ALS2) have been successfully
altered through targeted mutagenesis, precise
gene editing, and site-specific gene insertion
using Cas9 and guide RNA (Svitashev et al.,
2015). A CRISPR/Cas9 binary vector set was
devel- oped as a toolkit to perform multiplex
genome editing in a variety of plant species
including maize (Xing et al., 2014). Biolistic
delivery of pre-assembled Cas9—gRNA
ribonucleoproteins into embryo cells, and
DNA- and selectable marker-free recovery
with mutated alleles at high frequencies was
demonstrated in maize (Svitashev et al., 2016).
Genome editing is currently akin to MAS
where one or few genes are being modified for
a given trait. Since drought tolerance is a
complex trait, many genes need to be targeted
to achieve the desired level of tol- erance.
Mutant lines can be created for various
drought-responsive genes and those genes can
be introgressed into a single genotype through
pyramiding. Since pyramiding approaches are
laborious and re- source intensive, up-grading
or modification in the existing genome editing
approaches is needed to alter several genes
operating in various pathways in a genome at
one go. Such an advanced approach will be
useful to manipulate several target genes of
individual and component

traits to develop drought tolerant genotypes
rapidly.

3. Employing the microbial hub

Arable soils provide a diverse range of
beneficial microbes that crops can recruit, like
mycorrhizal ~ fungi, other  rhizospheric
symbionts and endophytes (van der Heijden et
al., 2015; Estendorfer et al., 2017). Growing
crop varieties with improved compatibility
towards beneficial

soil organisms can be a powerful way to
manage soil health and a good strategy to
enhance soil nutrient use efficiency (Ellouze et
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al., 2014; Rillig et al., 2016). Endophytes,
nitrogen fixing bacteria and mycorrhizal fungi
live symbiotically within plants and can
promote growth, nutrient use efficiency, stress
tolerance and pathogen resistance (Le Cocq et
al. 2016). For instance, research has shown that
arbuscular mycorrhiza (AM) can determine
nutrient composition in plants (Ravnskov and
Larsen, 2016) as well as increase plant
tolerance against abiotic stress like heat (Cabral
et al., 2016), drought (Zhou et al., 2015) and
biotic stress caused by soil borne pathogens
(Yu et al.,, 2012). In brief, a great body of
evidence demonstrates that the microbiome can
improve the nutrient status of the plant and the
crop resilience to biotic and abiotic stresses
(see also Section 5.4).

In addition, it has been shown that a plant
attacked by pests can warn and thereby induce
plant defense in the neighboring plant through
the AM fungal mycelium connecting the plants
in the soil (Cabral et al., 2018). However,
farmers influence the occurrence of soil
microbes, for instance, the diversity of root-
associated fungi seems to change with
increasing amount of organic fertilization and
part of this change is an increase in AM fungal
root colonization (Yu et al., 2013). This is in
agreement with results of Kahiluoto et al.
(2009), who found that AM symbiosis
stimulates plant nutrient uptake in low-input
sys- tems with organic fertilization. Such
ecosystem services play an inte- grated role in
plant nutrient uptake and growth, and are
essential for economic and sustainable crop
production (Gianinazzi et al., 2010; Smith and
Smith, 2011). Next generation cropping
systems must better incorporate the
microbiome aspect of agriculture (Gopal and
Gupta, 2016). With this ‘holobiont’ view of
plants and microbiome-extended genotypes
(Vandenkoornhuyse et al., 2015), a huge
potential exists to improve integrated cropping
by microbial treatment (Fig. 5) to enhance
productivity at lowered chemical inputs,
resulting in significant envi- ronmental and
financial benefits (Murphy et al., 2017).

4.1.  Triggering the Holobiont
Since the importance of microorganisms in the
lives of all higher or- ganisms has been

recognized, their ubiquity has led to the concept
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of the hologenome as a genetic unit
representing the combined genomes of a host
and associated microorganisms (Moran and
Sloan, 2015).

Crop fields can be regarded as holobionts
according to this theory. The microbiome of
plants is closely linked to soil microbial
characteristics and a large proportion is
recruited directly from the soil (Bonfante and
Genre, 2010; Xu et al., 2012). Pot and rhizobox
studies have shown how important microbes
and AMF for nutrient acquisition may be
(Ravnskov and  Larsen, 2016), and
metatranscriptomic analyses have provided
first insights in the required set of players in the
rhizosphere (Xu et al., 2012), while laboratory
and field experiments have proven the active
contribution of plants in the recruitment of root
colonizing microbes. Since gene expression of
rhizoplane colonizing bacteria is under the
control of bacterial signals, a central role for
communication  via  quorum  sensing
compounds has been established. As part of this
sig- naling pathway, plants are known to emit a
variety of organic acids, exsudates, from their
roots. Metabolic profiling showed that cereal
root exudates were modulated not only by
fungal strains application, but even by fungal
species biodiversity (Lucini et al., 2019). Data
from these studies now have to be translated
into practice to improve field management, so
that seed inoculations can be tried to initiate so
far lacking processes in the holobiont. In such
a context, novel crop varie- ties could be
selected in relation to their genetic variability
and symbi- otic interactions with endophytes
(Hohmann and Messmer, 2017). However,
managing microbial inocula for vyield
improvement is a major challenge to farmers
and inoculum suppliers, because the
microbiome diversity of crops is immense
while their function and mode of action has not
been exhaustively characterized and several in-
ocula that were successful in controlled
conditions failed during field application due to
unforeseen difficulties (Murphy et al., 2015;
Yang et al., 2017).

4.2. Microbiome services for sustainable
agriculture

Anyway, the use of plant-associated bacteria
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and microbial products has the potential to
change the way we grow crops, with a bright
per- spective of moving to a more sustainable,
healthy and efficient agricul- ture. Just as recent
advances in human microbiome research are
revolutionizing medicine, applying new
knowledge on the phytobiome to agricultural
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management practices could release our crops
from a huge number of agro-chemicals, one of
the pillars in which the green revolution of the
60s” was sustained. Novel approaches using
microbial
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Fig. 5. Integrated techniques for novel crop
breeding. While today's crops are selected for
yield and pathogen resistance, modern crops
will be designed for lower water consumption
and other desired traits. Future crop design
should be open for precise cropping
approaches, engineered rhizospheres and
accept optimized amendments for cropping by
soils.

products are emerging to improve plant
protection against biotic or abi- otic stress and
face problems derived from climate change like
water scarcity and desertification (Fig. 5). The
challenge is to optimize microbiome services in
agroecosystems. Nowadays, farmers have a
wide range of tools at hand to manipulate the
microbiome of agricul- tural species for
increased productivity and health or to confer
specific organoleptic traits to their crops. The
first techniques involve direct ap- plication of
beneficial microorganisms. Plant growth
promoting rhizobacteria (PGPR), arbuscular
mycorrhizal fungi (AMF) or microor- ganisms
for biological control in the field are
commercially available in many countries since
Page | 1467

the 1950s. In fact, the current biofertilizer mar-
ket represents about 5% of the total chemical
fertilizers market (Timmusk et al., 2017). Bio-
organic fertilizers containing functional mi-
crobes and specific organic substrates have
shown to favorably modify rhizosphere
microbial communities resulting in improved
quality and health in apple and watermelon
(Wang et al, 2016; Zhao et al.,, 2018).
Recently, new promising and complex
inoculants involving microbial consortia or
even microbial communities have been
developed with en- couraging results. A three
component  Azospirillum-Pseudomonas-Glo-
mus consortium successfully promoted growth
of maize (Couillerot et al., 2013), and
inoculation  with  bacterial communities
conferred dis- ease resistance in Nicotiana
attenuata, revealing that a core consortium of
five bacteria was essential for disease reduction
(Santhanam et al., 2015). Transfer of soil
microbiome alleviated drought stress in
Arabidopsis thaliana (Zolla et al., 2013), and a
core microbiome com- posed of Burkholderia,
Phormidium, Bacillus, Aminobacter,
Acidiphilum among others was identified as
key player in alleviating the abiotic stress. In
another study, foliar microbiome transplant
resulted in disease resistance in Phyllostegia
Copyright @ 2019 Authors
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kaalaensis (Zahn and Amend, 2017). The use of
lytic phages has been shown to reduce plant
disease in potato crops (Czajkowski et al.,
2017). This virus-based technique could
represent a direct and precise tool for future
microbiome manipulation.
Not only beneficial microorganisms can be
applied but also micro-
bial products. Indeed, the cross talk between
microbes and plants occur- ring in the
rhizosphere has already been exploited with
positive results. Some studies using microbial
signaling molecules such as N-Acyl L-
Homoserine lactones (HSLs) have shown that
application of these mol- ecules to rhizospheres
protects the plant against pathogens (Hartmann
et al., 2014; Hernandez-Reyes et al., 2014) and
that plants can be primed by bacteria producing
specific AHLs like Sinorhizobium meliloti.
The same approach can be applied in the
opposite direction for microbiome
manipulation. Recently, it became clear that
plants are able to select their root microbiome
by changing their exudation pattern, in a pro-
grammed manner, for the benefit of the host in
a given ecosystem (Hu et al., 2018; Zhalnina et
al., 2018). These results open the door to new
applications involving novel biostimulants for
the improvement of plant fitness through plant
microbiome manipulation.
Another way to manipulate root and soil
microbiomes is through specific cropping
practices. Hartman and coworkers showed
recently that soil and plant microbiomes could
be tuned by cropping practice (Hartman et al.,
2018). In winter wheat, influential soil bacterial
com- munities were primarily structured by
tillage, whereas soil fungal com- munities
responded mainly to management type with
additional effects by tillage. In the rhizosphere,
management type was also the driver for
bacteria but not for fungi, which were more
determined by tillage inten- sity. A holistic
analysis including above- and belowground
traits should be used for the evaluation of crops.
Root biomass correlates with above- ground
biomass and yield (Chmelikova et al., 2015).
The open question is if priming can be
exploited in the frame of a sustainable
agriculture as realistic tool to increase the
resilience of both traditional and modern crops
under a changing environment. Or, more
widely, if microbial services can have a key
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role in agroecology, resulting in lowering the
impacts of agriculture at the farm and land-
scape scales.

Despite these recent advances, the development
of microbiota management practices still
requires much deeper understanding of

agricultural microbiomes. Microbial
populations introduced to farm- lands often
decline rapidly (Streeter, 1994). Moreover,
unexpected del- eterious effects on ecosystem
functions have not been well studied as yet.
Thus, interdisciplinary research strategies
involving the manipula- tion of microbiome
assemblies and informatics pipelines for the
identi- fication of core microbiomes are
required to optimize microbiome functions in
agroecosystems (Toju et al., 2018).

It is noteworthy the fact that the effective role
of microbiota exploi- tation in agricultural
systems is now the object of robust debate. In
many crops beneficial microbiota has been
convincingly shown to in- crease yield, but
cereal responsiveness to AMF and soil
microbiota has not been fully elucidated. The
debate is therefore particularly focused on
cereals, mostly wheat, a major global crop.
Criticisms have been raised by Ryan and
Graham (2018) “if there is sufficient evidence
to rec- ommend farmers consider impact on
AMF when making management de- cisions
and to suggest high-priority areas for future
research”. After reviewing the last 16 years
literature focusing on cereal field experi- ments
that manipulate indigenous AMF and report
crop vyield the au- thors concluded that
“management of AMF by farmers will not be
warranted until benefits are demonstrated at the
field scale under pre- scribed agronomic
management”. On the contrary, the meta-
analysis from Pellegrino et al. (2015) carried
out taking into account wheat field trials
worldwide conducted, showed that AMF field
inoculation in- creased wheat grain yield and
harvest index. Also, varieties of wheat benefit
differently from their symbiosis with
arbuscular mycorrhizal fungi (AMF), e.g.
under drought stress (Zhou et al., 2015).

Rillig et al. (2019) reply that yield is a crucial
component for farmers and consumers in the
short term, but it is necessary to take into
account even long-term  benefits  for
sustainability and yield stability of
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agroecosystems.  Thirkell et al. (2017)
hypothesize that the greatest benefit of high
AMF colonisation in crop plants is non-
nutritional, via the effects on soil structure and
function, and on plant defences.
There is general agreement on the fact that the
studies should now be scaled up to field,
landscape or ecosystem levels to better
understand the complex interconnections
among crop and microbial partners. Moreover,
Ryan et al. (2019) underpin that the massive
introduction of microbial service in cereal
cultivation must be preceded by a strong
systems agronomy approach overlaying all
research.

4. Breaking the rules

In today's agriculture, several dogmata could be
critically inspected to approach better
productivity and enhanced environmental
friendli- ness at the same time. One of the
strongest paradigms is the use of pure inbred
varieties in monocultures. These cropping
systems have been postulated to produce higher
yield and to contribute towards fight against
hunger in a global perspective. Conversely, it
has been shown that mixtures of varieties
adjusted to the conditions of the pro- duction
site can lead to yield stability over a range of
environmental conditions and sustained higher
productivity than monocultures (Mundt, 2002).
These effects were attributed to crops
maintaining health-promoting soil microbial
communities, enhancing resistance of the stand
against disturbance by pests, and eventually
also against abi- otic stressors (Kier et al.,
2009). Cultivar mixtures seem to represent a
viable strategy to increase diversity in
agroecosystems, promoting in- creased yield
and yield stability, with minimal environmental
impact (MEA, 2005; Reiss and Drinkwater,
2018). Higher yields of good quality will
certainly compensate for varietal purity in a
world facing famine. Hence it is necessary to
thoroughly investigate options for mixed
cropping and provide valid recommendations
for the implementation of such cropping
systems.

Since monoculture also leads to low microbial
diversity in soil as

compared to soil with crop rotation (Ferrari et
al., 2015), traditional monoculture systems can
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be replaced by efficient crop rotation to im-
plement high microbial diversity beneficial for
crop production. Simi- larly, mixed row
cropping and intercropping can increase
microbial

diversity, and high soil microbial diversity is
positively correlated with crop yield (Duchene
et al., 2017). The influence of quantity and
quality of organic fertilization on inter-plant
nutrient exchange via the AM hy- phal network
seems to be high for both, monoculture or
mixed cropping (Hohmann and Messmer,
2017).

Reduction in beneficial insect fauna viz.
pollinators, predators and detritivores is
another key problem due to monoculture
systems (Zhang et al., 2007). Simultaneously
growing wind- and insect polli- nated crops at
the same site will provide feed for bees or other
pollina- tors and lead to reproductive assurance
(Friedman and Barrett, 2009). It will also
improve habitats in non-productive areas such
as field margins to support insects (Kovacs-
Hostyanszki et al., 2017).

To protect surface waters, buffer zones are
strongly recommended alongside field, and
hedgerows and buffer zones are key
contributors in reducing pesticide drift in
agricultural lands (Lazzaro et al., 2008). Other
benefits include wildlife habitat creation
(Heath et al., 2017), en- hanced pollinators'
activity and biological control of insect-pest by
con- servation of natural enemies (Morandin et
al., 2016). Establishment costs are a major
disincentive to the adoption of hedgerow
intercropping (Nelson et al., 1996). Crop yields
can be reduced due to

competition between the crops being grown in
the system. Additionally, weed management in
hedgerows or buffer zones can be a challenging
task resulting in increased competition with the
main crop (Rao et al., 1991). Intercrops may
also harbor various kinds of insect-pests in
addi- tion to the beneficial insects (Pannell,
1999).

5.1.  Shaping the agro-environment
In order to recognize and eliminate weaknesses
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in a given system, the entire process must first
be analyzed and examined. Digitalization is
therefore also a big step forward in agriculture
management. Elabo- rate maps on soil,
environment and production related issues are
the starting point for increased sustainable
production. To date, data ob- tained from the
evaluation of satellite images, aerial
photography and  multi-spectral ~ sensor
techniques can provide the farmer with
valuable information about the optimal
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management of his land. Mobile proxi- mal
sensors and drones characterized by precision,
user-friendliness and minimal cost overcome
the limitations associated with current in-
strumentation of satellite- or aircraft-based
sensing systems for map- ping crop condition
and soil properties (Fig. 6). They differentiate
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Fig. 6. Integrating remote sensing techniques
for more efficient soil and crop management. In
order to reach optimum performance in future
agriculture, it will be necessary to utilize the
advantages of mapping and precise farming.
Satellites can help designing optimized field
size, shape and borders. They can also provide
remote information on plant performance in
rotation, and water availability connected to
soil types and weather data. These maps can be
translated into precise management plans
which are supervised by proximal sensors in
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drones, and farm machinery. For short term
decisions on seeding density, fertilizer
management or phytosanitary measures,
swarming drones can supply real time data.
GPS driven farm machines will then seed
appropriately, apply fertilizers accurately, and
spray compounds for plant protection (organic
or integrated) with precision accuracy.
Utilizing the potentially available data will
make the ecological footprint smaller, preserve
water quantity and quality, and lead to
sustainable biomass production for food, feed
and byproducts.
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between water stress and nutrient deficiency, a
key element to apply variable-rate inputs in an
integrated way, with multispectral sensors.
Overall, they help to implement smart and
conservative farm manage- ment strategies for
future agri-environmental schemes.

On such a background, farms can be optimized
by re-structuring field sites, inserting hedges,
buffer strips, tree lines and fallow for biodi-
versity protection as well as by determining the
need for irrigation or modifying tilling plans,
according to local climate and soil condition.
Im- pacts on soil quality and sustainability have
to be monitored as changes in soil properties
such as soil organic carbon, clay content,
structure, pH, cation exchange capacity and
degradative processes such as compac- tion,
erosion, nutrient depletion and salinization
affect soil biodiversity, soil organism activities
(micro-, meso- and macrofauna), weed dynam-
ics and crop yields. Soil/crop management,
local weather, parent sub- strate and terrain are
all further factors that need to be monitored in
order to sustain soil and ecosystem health and
functionality. Next, it will be necessary to
translate the available knowledge into site-
specific farming techniques that will promote
resilient soil life and to stimulate cycling of
nutrients. It is known from precision farming
ap- proaches that high organic matter zones
have greater water holding ca- pacity and
nitrogen mineralization potential, and thus,
need reduced water and nitrogen inputs relative
to low organic matter zones.

Contour farming, shortening slopes and
reduced tillage have all been proven to be
solutions for erosion problems and water
management in hilly landscapes (Reents et al.,
2008; Auerswald et al., 2009). If exact spatial
and temporal irrigation, composting and
fertilization needs of each management zone
are determined, mixed cropping fields will pro-
duce highest yields.

5.2.  Amendments enhance resilience

It has been postulated that the largest part of
fertilizing and enhanc- ing water holding
capacity of soils can be reached by organic
amend- ments (Reichel et al., 2018, Schroder et
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al.,, 2017). Among them compost, animal
manure, tree litter and green manure and cover
crop residues providing large amounts of fibers
and carbon enhance the quality of fields and
maintain physical and chemical characteristics
at high status. Perhaps one of the greatest
opportunities to further develop sustainable
agriculture is brought about by the challenge of
effectively incorporating organic amendment
schemes and manure management into
cropping systems at minimum environmental
risks (Schepers et al., 2000; Moshia et al.,
2014). Manure application with precision
farming techniques has been demonstrated and
could therefore evolve into being part of good
agricultural practices, in both integrated and or-
ganic farms. Organic amendments improve the
water retention capacity and thus enhance
drought tolerance of the canopy. In spring and
after harvest, organic amendments can also
prevent that soil particles are eroded by intense
rain or wind (Magdoff and Weil, 2004). Of
course, precise manure management needs to
find a compromise between eco- nomic and
environmental issues that will aid soil fertility
improvement on poor soils and consequently
enhance crop Yyield across the whole
management zone (Moshia et al., 2014).

New methodologies to elaborate compost, the
use of agricultural

and farming organic waste, as well as the
introduction of waste from agroindustry, the
quality control procedures and the application
guide- lines have made a new investment
opportunity  for compost and organic
amendments products. It would be tempting to
use municipal solid waste (MSW) for
composting and contribute to the “end-of-
waste” European policy (Saveyn and Eder,
2014). However, the quality of the composts
depends on the source and proportion of waste,
as well as on the quality of the composting
plants facility and the maturation pro- cess
(Hargreaves et al., 2008), and hence compost
elaboration, quality and application must
follow national and international guidelines.
Since it has been recognized that some
amendments used to create con- ditions
favorable to crops may negatively affect the
beneficial microbial associates of plants that
are adapted to soil conditions suboptimal for

production (Ellouze et al., 2014), it is important
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to study the effect of amendments and
suppressive composts in laboratory systems
before applying them to the field. Sewage
sludge application can also increase soil
nutrients and organic matter content, improve
soil structure and re- duce costs, but there are
some limiting factors yet to be studied. Some
risks associated to the compost from MSW and
sewage sludge in the past were the increase of
salinity and the presence of heavy metals and
organic pollutants, pathogenic microorganisms
and, in some cases, the presence of micro and
nano plastics (Alveranga et al., 2015). This can,
from a legal point of view, trigger a situation,
where such com- posts remain considered as
waste and their use in agricultural and hor-
ticultural land is severely restricted (Farrell and
Jones, 2009). With reusing and recycling
resources, in which compost (‘waste’) -output
from one metabolic urban conversion equals
input for another (Wielemaker et al., 2016), the
nutrient movement from products of ag-
ricultural land to cities can be balanced with the
reverse movement and reuse of waste nutrients
in form of compost to agricultural land. In this
context, the CO2 footprint of all actions that
include the elaboration, transportation and
application must be determined. If balanced,
this al- ternative is in agreement with novel
trends based on circular economy to enhance
local resources.
As already discussed above, a major problem in
crop production is
the timely availability of water. Several
countries already nowadays en- counter severe
water shortage, if not droughts, during the
cultivation period. New crop variates with
better water use efficiency as discussed above
and with tailor-made organic amendments can
mitigate prob- lems of water supply. Fresh
organic matter and manure have a stronger
effect  on microbially-mediated  soil
structuration than stable organic matter, while
the effect of the Ilatter is long-lasting
particularly when large amounts are applied
(Geisseler and Scow, 2014). Organic amend-
ments favor fungal and microbial proliferation
and adsorb nutrients and retain water. This
increases the soil nutrient pool, soil moisture
levels and soil health, which further supports
the growth and quality of crops (Ellouze et al.,
2014).
The recent introduction of biochar and biochar-
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compost products adds a new option to improve
soil fertility, remediate degraded land and
mitigate greenhouse gas emission from farm
land. The conversion and valorization of
organic waste into a soil amendment can be a
suit- able solution to maintain an appropriate
level of soil organic matter and the nutrient
cycle, but research is needed on composition
and elab- oration of these amendments,
application doses, and long-term effects
(Agegnehu et al., 2017). It is evident that
biochar influences physico- chemical and
biological properties of soils, providing
habitats for bene- ficial soil bacteria and
mycorrhiza. This alone can enhance
nitrification, reduce GHG emissions (Atkinson
et al.,, 2010; O'Neill et al., 2010), by that
resulting in reduced fertilizer application and
increased water retention. While biochar-
compost mixtures have the potential to re-
plenish deficiency of nutrients in soils of
medium fertility, crop produc- tivity can also
suffer. Properties of biochar must hence be
scrutinized in short and long term trials to
unravel the mode of action and to evaluate
biochar versus compost from same feedstock as
a part of future line of soil improvement.

5.3.  Increase resilience with crop rotation
strategies

Biological diversity is the foundation for the
maintenance of ecosys- tems. Consequently, it
is thought that anthropogenic activities
reducing the diversity in ecosystems threaten
their performance (Wagg et al., 2014). A
combination of methods is required, integrating
diverse rota- tions, including diverse
leguminous and non-leguminous crops, break
crops and cover crops and highly competitive
crops (e.g. bioenergy crops), cultural methods
to increase the competitiveness of crops
(Barberi, 2002). Improved crop rotation
planning has to take into ac- count regionally
different problematic winter and spring annuals
and perennial weeds at the same time
(Bachinger and Zander, 2007). In the past,
rotational schemes with 4 or 5 greens and
cereals have proven

to be most effective in sustainable farming, and
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nutrient efficiency. They are also optimal with
view to market flexibility. For example,
typically a green (potato/canola/alfalfa) should
be followed by a grain (winter bar- ley or rye),
alternated to yet another winter grain. As fourth
fruit, an early summer green (sunflower, pulses,
silage maize) can be sown, be- fore a summer
cereal (barley or wheat) will complete the
scheme. De- pending on soil quality and market
situation, turnip, potato or beets might be
added. Several software tools for rotation
planning are on the market, among them
ROTOR (Bachinger and Zander, 2007),
ROTAT (Dogliotti et al., 2003) or others. To
keep mineral fertilizer at minimum, compost,
green manure and amendments pelleted from
chicken manure, spent mushroom substrate and
biogas residues can be used as supplementary
fertilizer, replacing chemicals. Under such
conditions, an increase in carbon and
minimization of N losses can be expected.

An important player in future agriculture is the
use of meta-data and prediction. Process-driven
models are able to simulate the growth, de-
velopment and yield levels and quality of
agricultural crop and grass- land as a function
of weather, soil management and crop genetics
(Brisson et al., 2003; Jones et al., 2003; Nendel
et al., 2011). Thus, such models are a useful
tool to determine production performance of
crop, crop rotations and perennial grasslands
under climate, weather and soil conditions
beyond what is feasible to determine
experimentally.  Notably,  process-driven
models have been used extensively to deter-
mine crop production potential and different
climate change scenarios (White et al., 2011) as
well as to determinate crop yield sensitivity,
spa- tial soil variability (Persson et al., 2015)
and to inter- and intra-annual weather
variability. Moreover, crop simulation models
can be used to set breeding goals and to
determine the performance of hypothetical
cultivars under climate change (Semenov and
Halford, 2009) and other foreseen or aimed
future conditions such as changed soil condi-
tions. It is of great importance that simulation
studies are closely linked to experimental data
against which crop and grassland parameters
are calibrated, and their accuracy is evaluated
before simulations of hypo- thetical or aimed
crops and cropping systems. In total, a smart
combina- tion of experimental and simulation
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studies could increase the knowledge of the
effects of spatial climate, weather and soil
variability as well as temporal climate and
weather variability on crop and grass- land
yield levels and stability. Such knowledge is, in
turn, essential for a successful implementation
of novel management methods across large
regions with varying climate and soil
conditions.

5.4. Novel approaches to sustainable pest
management

Control of pests is a key factor to crop
production. Failure to control pests already in
simple cropping systems will lead to yield
reduction and crop failure (Fig. 7). However,
reliance on heavy pesticide usage is more and
more seen as critical. Global concerns about
pesticide residues in food chain, adverse effect
on soil flora and fauna as well as their harm- ful
effect on the environment have drawn the
attention of researchers and practitioners to find
novel ecologically sound practices insect and
weed management practices (Pujari et al.,
2013).

Growth and physiology of weeds and crops can
only be understood with respect to their
interactions in a changing climate scenario.
Nota- bly, too narrow a reliance on herbicides
has resulted on the one hand in a few species
becoming endangered (e.g. in Europe: Adonis
aestivalis, Agrostemna githago), while other
species expanded and weed control became
difficult because of their resilience (in
Germany e.g.: Alopecurus myosuroides,
Equisetum arvense, Polygonum persicaria).
Novel integrated pest management (IPM)
strategies which combine remote sensing with
drones, decision making for weed control and
optimization and targeted changes of active
substances in chemical control as well as
management practices such as soil tillage,
planting time and density, fertilization,
irrigation and crop rotations allelopathic
potentials could be beneficial to control these
types of pest problems. The use of chemi- cal
pest control methods should be based on
economic pest population
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Fig. 7. Failure to control weeds in maize (2016,
upper Bavaria, Germany) leads to rapid
overtopping of the crop in early summer and to
severe yield reduction, or even complete loss at

harvest (photo by Georg Gerl).

thresholds and critical periods when pests cause
damage to crop spe- cies. This is essential,
since failure to control weeds already in simple
cropping systems will lead to yield reduction
and crop failure (Fig. 7). Future agriculture
needs to select among the broad spectrum of
crop protection methods which involves the
utilization of ecologically sound practices, thus
emphasising on the basic principle of integrated
pest management (IPM) and being supportive
to the environment (Amadou Binta and
Barbier, 2015).

To further optimize herbicide use to minimum
effective rates by adapting to the weed species,
growth stages as well as to the climatic
conditions is important for sustainable weed
control to further reduce costs and
environmental hazards. In order to overcome
low soil persis- tence or narrow effect
spectrum, mixtures of different active
ingredients have to be adapted to the weed
control strategies. This will broaden the effect
spectrums of mix partners as well to prolong
the duration of ef- fects. To further increase the
efficacy, additives and/or adjuvants of nat- ural
origin can be included in the mixture.
Technical solutions for site-specific weed
control are on the way, using different
approaches of remote and proximal sensing.
With the in- creasing speed of computing and
imaging, it will soon be possible to use spot-
spraying with varying herbicides to ensure
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lowest possible pesti- cide load on soil and non-
target plants (Esau et al., 2017).

But whenever possible, preventive methods
should be applied be- fore or after planting to
reduce the number of diaspores, to delay the
timing of weed emergence, to prevent the
introduction of new weed seeds into the field as
well as to improve crop performance against
weeds. Soil tillage, planting date, density of
crop plants per unit growing area, amount and
type of irrigation and fertilization are important
fac- tors affecting the interactions between
crops and weeds in the short run. Crop species
having allelopathic potentials should preferably
be chosen in rotation or intercropping systems
as well as cover crops to ob- tain a sustainable
weed control (Jabran et al., 2015; Farooq et al.,
2011). Allelopathy maybe a challenging topic
for future weed control strate- gies. These
natural suppressive substances can be used as
living or dead mulches in crop rotation systems,
as biorational herbicide extracts for weed
control.

With view to organic farming, it might be worth
to implement dis- ease and pest control systems
into spot spraying applications, taking
biocontrol ~ agents,  resistant  varieties,
intercropping and mechanical methods into
account. Such an overlapping weed control
strategy would embrace the best available
technologies of all production sys- tems and
protect our resources at the smallest possible
ecological footprint.

In this context, the capacity of microbial
inocula and mycorrhiza to reduce plant disease
has also been proven (Ellouze et al., 2014;
Rankl et al., 2016). Also, more studies have
shown that high natural occur- rence of AM
fungi in soil was correlated with lower
incidence of root disease (Yuetal., 2012; Xu et
al., 2012).

As a complement to a more efficient herbicide
use described above mechanical progress must
not be neglected. Already now, video image
analysis methods are available to exactly
determine positions of crop plants in a canopy
and then mechanically remove weeds from the
inter- mediate rows and, most importantly,
between the plants in a row. As long as the
foliage of plants can clearly be distinguished
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from each other, and for crops planted at
regular intervals and row spacing, such a
method will remove weeds even without
chemical inputs.

For insect pest management in organic farming,
use of biorational in- secticides, hedgerow,
intercropping, crop rotation, growing of
resistant  varieties, tillage, trap crops,
conservation, augmentation and periodic
release of natural enemies has been
recommended (Lotter, 2003; Zehnder et al.,
2007; Willer et al., 2008). In this context, the
use of plant extracts as biorational insecticides
IS gaining popularity. These plant based
biorational insecticides can be defined as any
type of bio- chemicals extracted or derived
from plants which is active against pest
populations, but relatively harmless to non
target organisms and therefore, non-disruptive
bio control agents (Howell and Hazzard, 2014).
Their use dates back at least two millennia in
ancient China, Egypt, Greece, and India.
Depending on the mode of action, these
biorational insecticides can be categorized into:
toxicants, repellents, feeding
deterrents/antifeedants, growth regulators,
chemosterilants, at- tractants and synergists.
For example: pyrethrins, rotenone, ryania and
nicotine are the most common commercial
botanicals owing to their toxic nature against a
variety of insect-pests (Pavela, 2016).
Citronella oil, eucalyptus oil and lemon oil are
strong repellents, while chinaberry and Melia
azadirach extracts are strong deterrents
(Chandler et al., 2011; Villaverde et al., 2014).
Similarly, Lindera erythrocarpa and Soli- dago
serotina are natural insect growth regulators
(Lee et al., 2015). Andrographis lineata, A.
paniculata, essential oils of garlic, citronella,
eu- calyptus, lemon and wintergreen oil are
chemosterilants (Renugadevi et al., 2013).
Onion and Araujia serisofera are used as
attractants in baits. Dillapiol, sesame oil,
citronella oil and pongamia oil are natural
synergists for various commercial insecticides
(Pinheiro et al., 2013). These products would
enable to  develop and impellent
environmentally friendly insect pest control
strategies that will meet the expectation of
consumers and society. Meanwhile, these new
control tools will lead to reduction in use of
synthetic insecticides, that will help to restore
bio- diversity in arable crop fields where
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extensive  pesticides application caused
dramatic reductions in many plant and insect
species. Some plant-based products such as
neem extracts have shown promising re- sults
when tested against different insect herbivore
in the field.

New approaches are also on the way to improve
the enantioselectivity

of processes that determine the fate of
pesticides in agricultural soils, in- cluding
assessment of the influence of certain
agronomic practices on such enantioselective
behavior. An innovative proposal of these
studies is the design of active-enantiomer slow
release formulations using clay or organic
amendments as a support. These formulations
would permit reduced pesticide application
rates and minimize the agrochemical losses by
transport processes, improving its efficacy
against the target pest, in- crease their efficacy
and reduce their environmental impact (Gamiz
et al., 2016; Lopez-Cabeza et al. 2016, 2017).
Crop resilience to biotic stresses can even be
improved by exploiting plant priming
phenomena. Priming is an adaptive strategy
triggered by different stimuli that enhance the
defensive  capacity of plants against
environmental stresses. A primed plant
activates faster and/or stronger defense
mechanisms after the onset of the stress. At the
same time, the primed state is not costly for the
plant, in terms of either plant growth or yield.
This intriguing mechanism is therefore a form
of immunological plant memory that can be
potentially exploited to increase crop resil-
ience. Priming is now considered an intrinsic
part of induced resistance

and can be divided into a “priming phase”, a
“post-challenged primed state” and a
“transgenerational primed state” (Balmer et al.,
2015). In the priming phase, the period between
the stimulus perception and the occurrence of a
stress, several biological changes take place in
the plant to prepare an enhanced response.
These physiological, molecular and even
epigenetic changes can be either transient or
permanent, inherited and either specific or
generically induced by several different stimuli
(Pastor et al., 2014).

Previous studies have demonstrated how both
plant-growth pro- moting fungi and molecules
can trigger priming, inducing low cost changes
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in the plant that enhance responsiveness upon
challenge. Among molecules, the non-protein
amino acid DL-3-aminobutyric acid (BABA)
is a well-known priming inducer that has been
even pro- posed as novel plant (priming)
hormone (Baccelli and Mauch-Mani, 2017).
Among commercially available products, some
synthetic fungi- cides have been shown to have
a dual mode of action, i.e. direct antifun- gal
activity as well as activating a (low) level of
induced resistance. Benzothiadiazole or BTH,
commercially available as Bion® is perhaps the
best known synthetic elicitor. Some plant
extracts have been shown to possess activity
against a range of pathogens on many crops,
though it is not clear how much of this control
is due to induced resis- tance or to a direct
antimicrobial action (Lyon, 2007). Priming fits
in the ecological context of induced resistance
but it is not exactly coinci- dent with it, being
an adaptive plant's solution to the trade-off
dilemma between disease protection and costs
involved in direct defense activa- tion (Mauch-
Mani et al., 2017). In other words, a priming
treatment puts a plant into a state of increased
alertness with no or only minimal gene
induction (Slaughter et al., 2012). Basically,
these methods encour- age to design a wide
range of alternate ways to minimize reliance on
synthetic insecticides and fungicides. Modern
techniques can contribute to food security if
properly utilized in a compatible manner and
could make organic ecosystems unattractive to
pest species.

In conclusion integrated pest management
strategies are extremely

beneficial for sustainable crop production, in
which preventive methods are primarily
applied and combinations of different post
emergence  treatments  are  included.
Allelopathic compounds are challenging tools
for future weed control, so special attention
should be given to investi- gations with these
substances. The use of herbicides should be
mini- mized by optimizing application rates
and combining with other weed control
methods as well as applying them by precise
technologies. Si- multaneously, the reduction
of herbicides influences insect biodiversity
(ecosystem services), e.g. parasitoids providing
biological pest control. A systematic approach
is now needed to implement beneficial
microbes into integrated crop protection of
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mixed cropping systems to reduce the plant-
pest pressure (Fig. 7).

5. Bridging the gaps

When smart agricultural management on
highly productive sites provides options to
sequester nutrients and to convert crop residues
into raw material for biogas and digestate or
composting, it contributes to smaller carbon
footprints. Following the initiative of the 4 per
1000, carbon farming should include cover
crops, rotating crop, reducing till- age, compost
or manure applications to fields (Chabbi et al.,
2017; Rumpel et al., 2018). Site-specific soil
and land use data will support de- cision makers
to obtain an overview of regional soil quality,
and which areas should be prioritized for
investment to improve soil carbon stocks.
Furthermore, precise strip intercropping will
save water and sequester carbon (Altieri et al.,
2017, Bybee-Finley and Ryan, 2018).

Precision can also be added to harvest and post-
harvest procedures. During harvest, a
significant proportion of the valuable crop
remains on fields due to improper adjustment
of the harvesters. This is a well- known
problem of potato and cereal production
(Humburg, 2016). By more precisely adjusting
reels, cutting bars and conveyors this can be
prevented, and volunteer crops (that need to be
controlled by herbi- cides) can eventually be
minimized. Of course, further groundbreaking

research is needed, principally aimed at
developing management recommendations for
elaborate high yielding cropping systems by
im- proving microbial diversity of soils, and to
maximize the positive inter- actions between
plants and their root systems and other
organisms in the field, in order to reduce
chemical inputs by improving ecosystem
services.

The benefits and socio-economic implications
of adopting sustain- able practices in face of
ecosystem services and climate change mitiga-
tion in agricultural production systems can
easily be communicated to the public. Adding
value to existing agricultural and food value
chains has a strong potential to create jobs and
income opportunities. Impacts of efforts made
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to sustain such natural resources continuity and
reduce poverty could soon become visible as
well as the impacts of crop man- agement and
microbiota functionality on key ecosystem
services such as carbon sequestration, nutrient
cycling, pollution prevention, irriga- tion and
climate change mitigation in an agricultural
production system. Moreover, adding value to
existing agricultural and food value chains has
a strong potential to create jobs and income
opportunities, and thus counteract poverty and
low attractivity of rural areas. This is all in
accordance with the above mentioned SDGs
and the 2030 Agenda for Sustainable
Development. It is now timely to change
current para- digms to keep the agricultural
productivity at its level, to increase resil- ience
against climate change and pests, in order to
avoid an increasing decay of our production
systems, and our soils.
For a new momentum in agriculture, we must
be open to innova- tions and cross borders,
convince industry to invest in novel technolo-
gies, as well as to rethinking and education
regarding sustainable agriculture.
Diversification at the cropping systems level
with new vari- eties is ever so important.
Relying less on external nutrient supply while
conserving water resources is an essential
requirement for farmers to increase global food
production on a sustainable basis.
While large scale farms are the core of food and
fodder production, the role of smallholder
farmers in exploring new ways to increase agri-
cultural productivity and sustain soils will be
equally important. Farmers are at the center of
any process of change involving natural re-
sources and for this reason they need to be
encouraged through appro- priate incentives
and guided governance practices, to minimize
the negative impact agriculture can have on the
environment (Bruinsma, 2017). While practical
solutions are developing, science based recom-
mendations for water (re)use, crop rotations,
breeding and harvest/ postharvest strategies
leading to environmentally sound and
pollinator friendly production and better life in
rural areas have to be communi- cated. In this
context, it will be ever so important to bridge
the gap be- tween scientific findings and tools
usable for advisors and farmers, to increase the
understandability of results and to translate
science into ac- tion plans.
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Supplementary data to this article can be found
online at https://doi.
0rg/10.1016/j.scitotenv.2019.04.212.
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