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Mobilizing greater crop and land potentials sustainably

AMIR KASSAM?', GorrLieB BASCH?, Tueopor FRIEDRICH?, EmiLio GONZALEZ?,
Paura TRIVINO? and Saiot MKOMWA #

Abstract

The supply side of the food security engine is the way we farm. The current engine of conventional tillage
farming is faltering and needs to be replaced. It is faltering because it causes unacceptable level of soil erosion
and land degradation, and loss in yield potential, productivity, efficiency, resilience and ecosystem services.
‘Business as usual’ is no longer considered to be a suitable option for the future. This article addresses the
supply side issues of agriculture to meet future agricultural demands for food and by industry with the al-
ternate Conservation Agriculture (CA) paradigm (involving no-till seeding and weeding in soils with mulch
cover and in diversified cropping) that is able to raise productivity sustainably and efficiently, reduce costly
inputs, regenerate degraded land, minimize soil erosion, and harness the flow of ecosystem services. CA is an
ecosystems approach to farming capable of enhancing not only the economic and environmental performance
of crop production and land management, but also promotes a mindset change for producing ‘more from less’,
the key attitude towards sustainable production intensification. CA is spreading globally in all continents at an
annual rate of some 10 million hectares of cropland. In 2013-2014, CA covered more than 157 million hectares
of rainfed and irrigated cropland and it is likely that its current spread is close to some 200 million hectares. In
addition, perennial cropping systems such as orchards and plantations are being transformed into CA systems
in all continents. In addition to being a best option for large-scale farmers, CA offers a real pro-poor agricultural
development model to support sustainable agricultural intensification for low input smallholder farmers.

Keywords: conservation agriculture, supply side, demand side, tillage agriculture, no-till, sustainable in-
tensification

Introduction

A scrutiny of agricultural production sys-
tems, their functioning and organization
must consider how appropriate and sustain-
able the current agricultural paradigm is for
the future for farmers, their communities and
the society at large, and how environmental-
ly sustainable it is? The agricultural supply
side is generally analysed by mainstream sci-
entists in terms of available resources and in-
puts for agriculture to meet future demand.
Only more recently analyses have begun to
address externalities of the production sys-
tems, such as environmental damages, as-

sociated input factor efficiencies and system
resilience against major external challenges.
However, relatively rarely do mainstream
researchers question the conventional agri-
cultural paradigm regarding its appropriate-
ness for the sustainable development agenda
and the environmental challenges the world
is facing. Equally, the delivery of ecosystem
services by conventional agricultural has not
been an area of serious mainstream research
concern (MEA 2005; BeppinGToN, J. 2011;
Lar, R. and StewaRrT, R.A. 2013).

This article elaborates on the nature of the
supply side of food and agriculture systems
and discusses: How much food is being pro-
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duced currently? How much more do we
need to produce to meet our future needs?
How appropriate is the current production
paradigm of tillage agriculture for meeting
future food and agriculture needs? The ar-
ticle illustrates and discusses the inherent
destructive nature of the conventional tillage
agriculture itself in causing soil, land and en-
vironmental degradation, and its consequent
inability to function at maximum output with
efficiency and resilience, or to deliver ecosys-
tem services. The article shows how sustain-
able production intensification can be and is
being mobilized with the alternate paradigm
of no-till CA that has been spreading in all
continents since the 1990s (Gopparp, T.M.
et al. 2007; Kassam, A. et al. 2009, 2013, 2015,
2016; JaT, R.A. et al. 2014; FArRo0Q, M. and
Siopique, K. H.M. 2015).

Nature of the supply side

Latest estimates from FAO suggest that the
world needs to produce some 60 per cent
more food to meet the demand of the ex-
pected global population of 9.2 billion at 2050
(FAO 2012). Recent FAO forecast indicates
that this can be achieved if we can maintain
an annual increase in food production glob-
ally at an average rate of 0.9 per cent, with a
variation in regional rates from 0.3 per cent in
Europe to 1.6 per cent in Africa (FAO 2014).
In terms of the actual output of food, this cor-
responds to an increase in cereal production
from 2.53 billion tons in 2014, from an area of
715 million hectares (3.54 t/ha), to 3.28 billion
tons in 2050, from an area of some 736 mil-
lion hectares. This output equates to an aver-
age yield of 4.3 t/ha to meet food, feed and
biofuel demands as well as losses of some
40 per cent. If wastage was halved, the yield
required would drop to 2.64 billion tons, cor-
responding to average yield of 3.44 t/ha, and
not much more than what the world agricul-
ture is producing currently.

Reducing wastage is not going to be a sim-
ple matter because the issues involved are to
do with our food habits and life styles as we

become more affluent, urbanized and glo-
balized, and the way the modern food sys-
tem operates to store, process, and package
and deliver food to meet demands. However,
we can presume that there will be increas-
ing pressure in the future from the consum-
ers and governments to minimize wastage
of food as cost of production and consumer
prices rise, particularly in view to comply
with the SDG 12 on responsible consump-
tion and production.

To characterise the nature of the supply
side, we have used cereal output required,
and the corresponding net land area and av-
erage yield, to set the quantities involved.
This is because cereals meet two-thirds of
our calorie needs. Also, the proportion of
net land area under cereals to annual non-
cereal crops is generally about 50:50 (BoNTE-
FriepueiM, C. and Kassam, A. 1994), and
as cereal production increases, so does the
non-cereal production. Thus the total agricul-
tural land area required to meet global agri-
cultural needs from annual cropping at 2050
will be some 763 x 2 = 1.53 billion hectares.
Assuming that there is additional need for
land for permanent crops of various kinds
of some 0.5 billion hectares would suggest
a total net land area needed for annual and
perennial crops of around 2 billion hectares.

Currently the total agricultural cropped
area is 1.6 billion hectares. According to FAO
(FAO/IIASA 2002; (FAO 2012), potential suit-
able agricultural land area globally (i.e. very
suitable, suitable and moderately suitable
land combined) is some 4.5 billion hectares.
Thus, the net current cropped land area corre-
sponds to some 36 per cent of the total global
available suitable land area. In addition to the
suitable agricultural land, there is some 2.7
billion hectares of marginal lands. We believe
that this includes some 0.4 to 0.5 billion hec-
tares of land area that was once suitable ag-
ricultural land but has been abandoned over
the years (DreGNE, H.E. and Crou, N.T. 1992;
PimmenTEL, D. ef al. 1995; MonTGOMERY, D.R.
2007; Gises, H.K. and SarLmon, J.M. 2015),
particularly since the World War II, due to
severe land degradation and erosion arising
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from the unsustainable way land is managed
under the tillage-based agriculture in indus-
trialized countries and in developing coun-
tries (MoNTGOMERY, D.R. 2007).

For the expected plateau population of 10
billion around 2100 and beyond, the total ce-
real required could be some 5 billion tones, if
everyone were to demand some 500 kg per
capita of cereals, which is the current level
in Europe to meet food, feed and biofuel de-
mands and the amount that is wasted. This
equates to a yield of some 6.55 t/ha assuming
no more area expansion in the net cropped
area beyond 2050 (i.e. 763 million hectares)
and no decrease in wastage, or 5.24 t/ha as-
suming 50 per cent decrease in wastage.
Alternately, if we assumed an expansion of
net land area for cereal cropping to 1 bil-
lion hectares, then the corresponding yields
would be 5 t/ha, assuming current levels of
food wastage, or 4 t/ha assuming a 50 per cent
decrease in food wastage.

Whichever way the future unfolds, it
would seem that the total net area required
to meet global food and agricultural needs
would be between 2 and 2.5 billion hectares.
Based on the assessments of land and water
resources available, FAO and their collabora-
tors have maintained that it should be pos-
sible to meet 2050 global food, feed, biofuel
demand (including wastage) within realistic
rates for land and water use expansion and
yield development (FAO 2014).

The ‘hidden’ reality and societal cost of
conventional tillage agriculture

While the quantities of yield and total output
supply involved to support the food demand
at 2050 appear agronomically doable, and
there appears to be enough available land
and water resources to support the required
output, the reality on the ground on farms
tells a different story.

The FAO future projections are based on
assessments that assume the continued use
of the tillage-based agricultural production
systems (FAO 1978-1981, 2012, 2014; FAO/

ITASA 1984, 2002). However, the assessments
do not explicitly take into account the result-
ing degradation and loss of crop and land
productivity that has been occurring over
the past years and which will continue in
the future, leading to loss in productivity
and marginalization and abandonment of
agricultural lands. The marginal suitability
category of land in the FAO assessments in-
cludes much of the degraded and abandoned
agricultural land whose original agroecologi-
cal suitability status is unknown.

Additionally, it is assumed that yield gaps
can continue to be filled based on the current
practice of intensive tillage and increased ap-
plication of costly and excessive production
inputs, assuming the same or even higher
production increase rates than in the past. In
other words, the paradigm assumed to meet
future food demand in the future scenarios
of FAO and their collaborators is the degrad-
ing ‘business as usual’ (FAO 1978-1981, 2012,
2014; FAO/IIASA 1984, 2002).

This ‘more of the same” approach to inten-
sification can no longer be considered to be
sustainable economically, environmentally
and socially anywhere including in the in-
dustrialized nations and in the emerging
economies. In the low income countries, till-
age agriculture based on the use of hoes and
animal traction to pull simple ploughs leads
to land degradation and loss of top soil to the
point where land is eventually abandoned.
Often, the lack of mineral fertilizers acceler-
ates the loss in crop and land productivity.

Further, in many important high yield
production areas the yields have reached a
ceiling (Brisson, N. et al. 2010), with declin-
ing or even negative rates of yield increase.
Conventional tillage-based production sys-
tems (sometime referred to as the Green
Revolution (GR) agriculture paradigm)
have generally become unsustainable for
the future. This is because they have been
causing land and ecosystem degradation,
including loss of agricultural land, and loss
of productivity and ecosystem and societal
services (MoNTGOMERY, D.R. 2007; GOopDARD,
T.M. et al. 2007; Kassam, A. et al. 2009, 2013;
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Linpwarr, C.W. and SonTag, B. 2010; Basch,
G.etal. 2012; JaT, R.A. et al. 2014; FArRoOQ, M.
and Sippique, K.H.M. 2015).

This GR approach does not seem to be go-
ing anywhere now even in the nations where
it is claimed to have made an impact in the
1960s and the 1970s. For example, it is often
stated that countries in Asia were the first
to benefit from the GR, but the question is
why did it not continue to spread? In fact, the
conventional ‘modern” approach to crop pro-
duction intensification based on expensive in-
tensive tillage, seeds, agrochemicals and en-
ergy is often not affordable by resource poor
smallholder farmers, nor does it lend itself to
socio-culturally inclusive development, given
that all the individual production enhancing
interventions of increased inputs must fit into
some form of a ‘neoliberal business model” in
which it is assumed that farmers must pur-
chase additional inputs from retail dealers in
the supply chain who are buying those inputs
from the wholesale dealers who are supplied
by the manufacturer.

The point we are making is that the so
called GR approach has led, particularly since
World War I, to a paradigm for production
intensification that is based on intensive till-
age and the notion that more output can only
come from applying more purchased inputs,
and that farmers and their service providers
and governments do not need to worry about
the negative externalities that may arise as a
result of the production practices being ap-
plied (PreTTY, J. 2002; BEDDINGTON, J. 2011).
Nor is there any concern being expressed in
the conventional GR agriculture approach
about agricultural land area continuing to be
severely degraded and abandoned due to the
negative impact of the conventional tillage-
based production paradigm (Kassam, A. et al.
2009, 2013). Many areas, which in human his-
tory were the cradle of culture and intensive
agriculture, are deserts today (MONTGOMERY,
D.R. 2007).

Some 400 million hectaresof agricultural
lands are reported to have been abandoned
since the World War II due to severe soil and
land degradation; and yields of staple cereals

in industrialized regions appear to have stag-
nated under tillage agriculture (MONTGOMERY,
D.R. 2007; Brisson, N. et al. 2010, Gisss, H.K.
and SaLmoN, ].M. 2015). These are signs of un-
sustainability at the structural level in the so-
ciety, and it is at the structural level, for both
supply side and demand side, that we need
transformed mind sets about production,
consumption and distribution. Intensification
under the GR paradigm globally has led to
more intensive and aggressive mechanical
soil tillage, input use and the application of
economic models such as the specialization
leading to extended monocropping. The re-
sult is more land degradation, erosion, pollu-
tion and vulnerability of agriculture related
to extreme climatic events under a climate
change scenario.

These practices in the tillage-based con-
ventional production systems have all con-
tributed, at all levels of development, to soil
degradation and loss of agricultural land,
decrease in attainable yields and input fac-
tor productivity, and excessive use of seeds,
agrochemicals, water and energy, increase in
cost of production, and poor resilience. They
have also led to dysfunctional ecosystems,
degraded ecosystem and societal services, in-
cluding water quality and quantity, nutrient
and carbon cycles, suboptimal water, nutri-
ent and carbon provisioning and regulatory
water services, and loss of soil and landscape
biodiversity. They all constitute the unaccep-
table food, agricultural and environmental
costs being passed on to the public and to
the future generations.

This is why we say that if we are to: (i) mo-
bilize greater crop and land potentials sus-
tainably to meet future food, agriculture and
environmental demands; (ii) maintain high-
est levels of productivity, efficiency and resil-
ience (‘more from less’); and (iii) rehabilitate
degraded and abandoned agricultural land
and ecosystem services, we need to replace
the faltering production ‘engine’- the con-
ventional tillage-based production paradigm
—and transform the food and agriculture sys-
tems that are built upon it. This transforma-
tion is now ongoing and needs to be acceler-
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ated (Gopparp, T.M. et al. 2007; Kassam, A.
et al. 2009, 2013, 2015, 2016; LinpwarLr, C.W.
and Sontag, B. 2010; Jat, R.A. ef al. 2014;
Farooq, M. and Sippique, K.H.M. 2015).

Replacing the faltering conventional
tillage-based production engine with
no-till CA

Soil’s productive capacity is derived from
its many components (physical, biologi-
cal, chemical, hydrological, climate) all of
which interact dynamically in space and
time within cropping systems and within
agroecological and socio-economic environ-
ments. A productive soil is a living biological
system and its health and productivity de-
pends on managing it as a complex biological
system, not as a geological entity. A regularly
tilled soil, whether with a hand hoe or with
a plough, eventually collapses and becomes
compacted, cloddy and self-sealing. Instead
of having 50 to 60 per cent air space in a
healthy undisturbed soil, tilled soils have
much lower volume of air space and no sig-
nificant network of biopores. Of the 50 to 60
per cent pore space in a healthy soil, some 50
per cent can be filled with water, thus serv-
ing as a major buffer against climate variabil-
ity. On the other hand, a regularly tilled soil
would hold much less water due to its low
pore volume and poor aggregate stability.

Scientific studies and empirical evidence
worldwide have shown that the biology of
the soil and all the biological processes along
with the other chemical, hydrological and
physical processes depend on soil organic
matter content.

So the real secret of maintaining a healthy
soil is to manage the carbon cycle properly,
so that the soil organic matter content is al-
ways as high as possible above 2 per cent,
that the soil is not disturbed mechanically to
minimize the decomposition of organic mat-
ter, and that the soil surface is protected with
a permanent layer of organic mulch cover
which also serves as a substrate for soil mi-
croorganisms. In addition to maintain and

support natural enemies of pests, a food web
must be allowed to establish itself in the field,
and this can only occur if there is a source of
decomposing organic matter upon which to
establish a food web above and below the
ground surface, providing habitats for the
natural enemies of pests.

As FAQO’s ‘Save and Grow’ approach
shows (FAO 2011, 2016), to harness the
conditions that are sufficient for achieving
sustainable production intensification, agri-
culture must literally return to its roots and
rediscover the importance of healthy soils,
landscapes and ecosystems while conserv-
ing resources, enhancing natural capital and
the flow of ecosystem and societal services
at all levels — field, farm, community, land-
scape, territory and national (and beyond).
The no-till production paradigm, known as
CA (CA), is totally compatible with the above
multi-dimensional goal as defined by its fol-
lowing three interlinked principles (www.
fao.org/ag/ca):

1. No or minimum mechanical soil disturbance.
Avoiding tillage and sowing seed or plant-
ing crops directly into untilled soil in order
to: lessen the loss of soil organic matter and
disruptive mechanical cutting and smearing
of pressure faces, promote soil microbiologi-
cal processes, protect soil structure and con-
nected pores, avoid impairing movement of
gasses and water through the soil, and pro-
mote overall soil health.

2. Maintaining a permanent mulch cover on
the soil surface with growing plants and crop
residue. Use crop residues (including stub-
bles) and cover crops to: protect the soil sur-
face, conserve water and nutrients, supply
organic matter and carbon to the soil system
and promote soil microbiological activity to
enhance and maintain soil health including
structure and aggregate stability (resulting
from glomalin production by mycorrhyza),
and contribute to integrated weed, pest and
nutrient management.

3. Diversification of species. Use of diversi-
fied cropping systems with crops in associa-
tions, sequences or rotations that will con-
tribute to: diversity in rooting morphology,
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root compositions, enhanced microbiological
activity, crop nutrition, crop protection, and
soil organic matter build-up. Crops can in-
clude annuals, trees, shrubs, nitrogen-fixing
legumes and pasture, as appropriate.
Implementing the above three principles
using locally appropriate practices, along
with other good practices of crop, soil, nu-
trient, water, pest, energy management, the
above principles appear to offer entirely-ap-
propriate solution, potentially able to slow
or reverse productivity losses and environ-
mental damages. They also offer a range of
other benefits, which generally increase over
time as new and healthier soil productivity
equilibrium is established, including;:

— Increase yields, farm production and prof-
it, depending on the level of initial degra-
dation and yield level (ECAF 2011; SoaNE,
B.D.etal. 2012; Jat, R.A. et al. 2015; FArR0OQ,
M. and Sippioue, H.K.M. 2015; L, H. et al.
2016; Kassam, A. et al. 2013, 2016).

— Up to 50 per cent less fertilizer required if
already applying high rates, and greater
nutrient productivity with increased soil
organic matter level (Sms, B. and Kassam,
A. 2015; Larant, B. et al. 2016; Kassam, A.
et al. 2016).

— Some 20-50 per cent less pesticides and
herbicides required if already applying
high rates, and greater output per unit of
pesticide or herbicide. In the case where
pesticides and herbicides are not used or
available, integrated weed and pest man-
agement can achieve adequate pest and
weed control with less labour require-
ments (Linowarr, C.W. and SonnTtag, B.
2010; Lavrant, B. et al. 2016; Kassam, A. et
al. 2016).

— Up to 70 per cent less machinery, energy
and labour costs. In manual production
systems there can be a 50 per cent reduc-
tion in labour requirement as there is
much less or no labour required for seed-
bed preparation and for weeding (Stms,
B. and Kassam, A. 2015; FreixiaL, R. and
Carvarno, M. 2010).

— Decrease in soil erosion and water runoff
(Derpsch, R. 2003), increase water infiltra-

tion, water retention and up to 40 per cent

reduced water requirement and increased

water productivity in rainfed and irrigated
conditions (LAnDERS, J. 2007; Basch, G. et

al. 2012; JaT, R.A. et al. 2015).

— Greater adaptability to climate change in
terms of more stable yields, and lower im-
pact of climate variability from drought,
floods, heat and cold (THIERFELDER, C. et
al. 2015; Kassam, A. et al. 2016).

— Increased contribution to climate change
mitigation from increased soil carbon se-
questration, reduced greenhouse gas emis-
sions, and decrease in the use of fossil fuel.
Additionally, lower carbon and environ-
mental footprint due to reduced use of
manufactured inputs such as agrochemi-
cals and machinery (ECAF 2011; Corsy, S.
et al. 2012; GoNzaLEz-SANCHEZ, E.]. et al.
2012; Kassawm, A. et al. 2009, 2013).

— Lower environmental cost to the society
due to reduced levels of water pollution,
and damage to infrastructure such as
roads, bridges and riverbanks as well as
water bodies due to reduced erosion and
floods (MeLLo, I. and van Rary, B. 2006;
ECAF 2011; Laurent, F. et al. 2011; ANA
2011; ITAIPU 2011).

— Rehabilitation of degraded lands and eco-
services from all agricultural land under
use as well as from abandoned agricultural
land in which the eroded topsoil and the
soil profile need to be rebuild (Kassam, A.
et al. 2013).

— Greater opportunity for establishing large
scale, community-based, cross-sectorial
ecosystem service programmes such as
the watershed services programme in the
Parana Basin in Brazil, and the carbon offset
trading scheme in Alberta, Canada (MEkLLo,
I. and van Rar, B. 2006; HauGeEN-KozyRra,
K. and Gopparp, T.M. 2009; Kassam, A. et
al. 2011, 2013; Laurent, F. et al. 2011; ANA
2011; ITAIPU 2011; CCC 2011).

The above benefits have now been docu-
mented on large and small farms through-
out the world (Gopparp, T.M. et al. 2007; JaT,
R.A. et al. 2015; FArRo0Q, M. and SipDIQUE,
K.H.M. 2015; Kassawm, A. et al. 2015, 2016).
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Consequently, increasingly greater attention
is being paid to support the adoption and up-
scaling of CA by governments, international
research and development organizations, na-
tional research and development bodies, NGOs
and donors. They all see it as a viable option
for sustainable production intensification to
support local and national food security, pov-
erty alleviation, especially of smallholders, im-
proving ecosystem services, and reducing cost
of production and minimizing land degrada-
tion. In 2013-2014, the global spread of CA was
157 million hectares of annual cropland, and
since 2008-2009, the global area under CA has
expanded at an annual rate of expansion of 10
million hectares. Some 50 per cent of the area
is located in the developing regions and 50 per
cent in the industrialized world.

Increasingly, CA is also seen to be com-
plementary to System of Rice Intensification
(SRI) because SRI performs best when
aerobic soil conditions are maintained.
Integrating SRI into rice crop management
under CA increases significantly the water
saving and yield potential. In practice, the
SRI crop management method of planting in
wide square spacing appears to benefit not
only rice but many other crops including
wheat, millet, tef, pulses and oilseeds, and
vegetables (Upnorr, N. 2015).

Concluding remarks

In light of the above, we draw the following

conclusions:

— Meeting 2050 food demand is agronomi-
cally doable. However, business as usual,
and continuing to rely on conventional
tillage-based farming system for further
intensification of agricultural production,
is not an option to meet future needs sus-
tainably.

— For the farming communities, CA ad-
dresses the root causes of agricultural
land degradation, sub-optimal ecological
crop and land potentials or yield ceilings,
and poor crop phenotypic expressions and
yield gaps.

— CA is potentially applicable in most land-
based agro-ecosystems and all cropping
systems in rainfed and irrigated conditions.

— CAisincreasingly seen as a real alternative
and constraints to adoption are being ad-
dressed. It is now increasing at the annual
rate of 10 million hectares and covered
some 157 million hectares in 2013-2014.

— Land, water and climate constraints affect
regions differently. All regions, but espe-
cially resource-poor regions, and areas
affected by climate change would benefit
immediately from CA.

— For developed regions, CA can improve
profit, sustainability and efficiency at high
yields with less degradation and more re-
sistance to climatic shocks. For the high
output farmer, CA offers greater efficien-
cy (productivity) and profit, resilience and
stewardship.

— For developing regions, CA offers greater
output and profit to small and large farm-
ers with less resources and land degrada-
tion. CA not only provides the possibility
of increased crop yields for the low input
smallholder farmer, it also provides a pro-
poor rural and agricultural development
model to support agricultural intensifica-
tion in an affordable manner and an afford-
able way to adapt to climate change.

— CA is capable of rehabilitating degraded
lands and ecosystem services on land-
based production systems world-wide.

— Policy and institutional (including edu-
cation and research) support, farmer or-
ganizations and champions are needed to
mainstream the adoption of CA globally.
As national economies expand and diver-

sify, more people become integrated into the
economy and are able to access food. However,
for those whose livelihoods continue to de-
pend on agriculture to feed themselves and
the rest of the world population, the challenge
is for agriculture to produce the needed food
and raw material for industry with minimum
harm to the environment and the society, and
to produce it with maximum efficiency and
resilience against abiotic and biotic stresses,
including those arising from climate change.
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There is growing empirical and scientific
evidence worldwide that the future global
supplies of food and agricultural raw materi-
als can be assured sustainably at much lower
environmental and economic cost by shifting
away from conventional tillage-based food
and agriculture systems to no-till CA-based
food and agriculture systems. To achieve this
goal will require effective national and global
policy and institutional support (including
research and education).
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Sustainability using cover crops in Mediterranean tree crops,
olives and vines — Challenges and current knowledge

Josi A. GOMEZ!

Abstract

Tree crops cover a large area of European landscape, 13.3 million hectares, with olive, grapes, nuts and almonds
been the most extended and mostly concentrated in Mediterranean areas. The cultivation of tree crops in rain
limited Mediterranean areas depend on an adequate management of water balance that, been historically
mostly based on bare soil, has created severe erosion and offsite contamination problems. Temporary cover
crops can be an alternative to control these problems with a larger effect on erosion control than on reducing
runoff, and a moderate impact on soil properties. This impact depend strongly on the ability to implement
temporary cover crops that achieve a significant development during the rainy season while simultaneously
minimizing the competition for soil water with the major crop, which is not always easy in commercial farms.
This balance between soil protection and yield has been achieved in some conditions but not in others, and
a significant reduction in yield has been reported for some situations. This potential risk of yield decrease,
combine with the difficulty to see a collapse in yield due to soil degradation by water erosion in the short/
medium term can explain, partially, the reluctance of farmers for an extensive use of temporary cover crops.
The development of improved strategies for using temporary cover crops which could include the use of
water balance models, new varieties better adapted to the region, and strategies for restoring ground cover
in severely degraded orchards seems to be necessary, coupled with regulations and incentive to their use
by farmers. Future research should focus in the less understood elements of this system, among them root
development, biomass production, phenology under different microclimate of the cover crops and the main
tree crops, use of cover crops mixes, which are hampering the tuning of the system for specific conditions. It
is also necessary a better definition and measurement of the impacts of cover crops on biodiversity that should
be related to the landscape conditions.

Keywords: olive, vines, sustainability, water balance, erosion, Mediterranean

Mediterranean tree crops

Tree crops are a key element of the Euro-
pean agricultural landscape with more than
13 million hectares of permanent tree crops
in the EU-28. The majority of them, approxi-
mately 80 per cent of the surface, are concen-
trated in areas with Mediterranean type of
climate (Table 1). This is because the majority
of these crops in the EU (such as olives, citrus
or almonds) are best grown under a Mediter-
ranean type of climate. The only exception
among the dominant tree crops are vines.
The 3.2 million hectares of vines in the EU-

28 are distributed across the continent among
21 countries, from Sweden to Malta, albeit
the majority of them are also concentrated
in Mediterranean areas.

The major reason for that distribution is
the favourable conditions in terms of tem-
perature and radiation. Other reasons are the
rusticity of some of these tree crops, particu-
larly olives and almonds, which allows cul-
tivation in areas not suitable for other crops
or grazing and their double role as a food
and cash crop. However, the Mediterranean
type of climate is characterized by a limited,
and highly variable, precipitation in relation
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to the potential evapotranspiration (ETo) and
by a dry season during the period of maxi-
mum temperature and ETo (Figure 1).
Agronomical practices in orchards in
Mediterranean areas have evolved in the
direction of prioritizing the improvement
of soil water balance for the tree, to insure
productivity and survival of trees and crops
under limiting water conditions.
Historically this has been achieved com-
bining three major elements. One is a low
tree plant density, which allows a large soil
volume for the roots to explore for soil water,
with the other two been a limitation of the
canopy size by pruning and elimination of
weeds to prevent competition for soil water
with the tree. This, agronomically sounded,
strategy has been successful for allowing tree
cultivation over centuries in Mediterranean
areas, but it has also created landscapes, like
the one shown in Photo 1 characterized by
a simplified landscape with limited ground
cover on sloping areas. This has resulted in
some environmental problems, particularly
severe in some areas of the Mediterranean.
Several studies have noted these prob-
lems, particularly in olives growing areas
(e.g. BEaurroy, G. 2001; ScHEIDEL, A. and
Krausmann, F. 2011). They can be sum-
marized in: soil degradation by accelerated
water erosion, decrease of water quality by
offsite contamination, decrease of biodiver-
sity and an increasing pressure on water

300 - —e—ETo

—@—Rainfall

Monthly rainfall and ETo, mm
=
8

1 2 3 4 8 9 10 11 12

5 6 7
Month of the year

Fig. 1. Average monthly precipitation and potential

evapotranspiration (ETo) for Cordoba, Southern

Spain, from 2001 to 2015. Error bars indicates stand-
ard deviation.

resources in areas where irrigation, which
is almost exclusively deficit irrigation, has
expanded in recent decades.

In an effort to mitigate some of these prob-
lems it has been an continuous attempt for
in introducing the use of cover crops in tree
crops on Mediterranean areas, at least since
1969 (Ruiz pe CasTrROVIEJO, . 1969). It is worth
clarifying that when talking about cover crops
in the context of rainfed (or deficit irrigation)
tree crops in Mediterranean conditions we al-
ways refer to temporary cover crops. Photo 2
summarized the concept of temporary cover
crops which is based on seeding, or allowing
growing, of herbaceous vegetation in the lanes
during the rainfall season (autumn/fall and
winter) controlling chemically or mechanically
the cover crop in early spring to prevent losses
of soil water by transpiration, and maintain-
ing its residues over the surface until next fall
when, ideally, it will regrow from seeds pro-
duced during the previous year.

This communication revises some of the
issues regarding sustainable cultivation of
tree crops in Mediterranean conditions with
the use of cover crops, focusing particularly
in olives and vines.

Modification of soil properties, erosion
and runoff losses at plot scale

Most of the available information to evaluate
the impact of the use of temporary cover crop
as an alternative to bare soil comes from ex-
periments at plot scale. Figure 2 summarizes
results from experiments carried out under
natural rainfall conditions in experiments
lasting 2 or more years in plots at least 12 m
long. This criterion was followed to limit the
bias induced by short term experiments, sim-
ulated rainfall, or those performed at very
small scale not including relevant processes.
Figure 2 (top side) shows how the use of
cover crops has a clear and significant effect
on reducing soil losses in olive orchards and
vineyards at plot scale. In all the experiments
this reduction was found, with an average
reduction close to 60 per cent.
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Late summer Fall

Spring Winter

Photo 2. Evolution of a temporary cover crop in an olive orchard during the four seasons of the year.
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The effect on average annual runoff is
shown in Figure 2 (down side). In this case
the effect of the use of cover crops is not as
clear and although there is an overall reduc-
tion in average annual runoff of approxi-
mately 25 per cent, this reduction is site spe-
cific with some orchards and vineyard pre-
senting very small reductions in cover crops
(CC) compared to bare soil by conventional
tillage (CT) or no tillage with bare soil with
herbicide (NT) or even slight increase in
runoff, with others showing a large reduc-
tions. The reasons for that different answer in
runoff and soil losses have been discussed in
detail elsewhere (e.g. GoMEZ, J.A. et al. 2011).

They can be summarized in that while the
reduction in soil losses is primarily the re-
sult of physical protection by the cover crop
and its residues, the mechanism controlling
infiltration is more complex and varied with

100
80
60
40

20 y=0,43x
7 R?=0,91

Average annual soil loss CC (mm ha'! year?)

s 3
0 08 *
0 20 40 60 80 100
Average annual soil loss in CT or NT (t ha year?)

y=0,76x
R? = 0,42

50

Average annual runoff CC (mm year?)

. * o
0 50 100 150 200

Average annual runoff in CT or NT (mm year?)

Fig. 2. Comparison of average annual runoff losses

(top) and soil losses (down) between cover crops (CC)

and bare soil management by tillage (CT) or herbicide

(NT) in olives and vineyards. Source: Own elaboration

from data in Bippoccu, M. et al. 2016, and GomEz, J.A.
et al. 2009a, 2011.

sites. In situations where infiltration is lim-
ited by surface sealing or reduced porosity of
the top soil the over crop has a clear effect,
however in situations while the infiltration
rate is controlled by saturation of the soil
profile or by subsurface layers the effect of
the cover crops is very small or negligible.

In Mediterranean areas it is frequent to
have orchards and vineyards on shallow
soils and also periods of high precipitation
in which the soil profile is close to satura-
tion. It reasonable to expect that this differ-
ent answer in runoff and soil losses when
using cover crops can be a widespread phe-
nomenon in Mediterranean tree crops. It is
worth noting that MagTeNs, W. ef al. (2012) in
a metanalysis of plot experiments in Europe
also detected a higher effect of conservation
tillage in reducing soil losses compared run-
off losses when compared to conventional
systems. Figure 3 shows for two long term ex-
periments in vineyards and olives the annual
variability of the reduction in runoff and soil
losses. It is apparent the same overall trend
commented before and also that this variabil-
ity must be related to the interaction between
rainfall, soil conditions and soil management
within each year, since the overall correlation
with annual rainfall is weak.

The spatial distribution of soil properties
within an orchards or vineyard is different
to those in a field crop, since it has a mosaic
pattern in which the influence of the tree and
the cover crop induces differences in some
of them, like infiltration rate or bulk density.
When interpreting and modelling hydrologi-
cal processes, such as runoff generation, water
balance or water erosion, this heterogeneity
depicted in photos needs to be considered
(Photo 3a and 3b). For instance, Castro, G. et
al. (2006) showed the relevance of run-on in
the under canopy and cover crop area with
some of the runoff generated in the area of
the lane with bare soil These effects have been,
sometimes, incorporated into the efforts for
modelling runoff and water erosion in olives
and vineyards at hillslope scale. For instance,
RomERo, P. et al. (2007) developed and validat-
ed values for the CN method for different soil
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Fig. 3. Annual ratio of soil (top) and runoff losses

(down) between cover crops (CC) and bare soil man-

agement by tillage (CT) or herbicide (NT) in olives

and vineyards. Source: Own elaboration from data in

Bippboccu, M. et al. (2016), and Gomez, J.A. et al. (2011)
and unpublished data.

management in olive orchards, and these CN
values have been used successfully in water
balance models in olives (ABazr, U. et al. 2012).

The CN method has also been used for
determining runoff losses in water balance
modes in vines in Mediterranean conditions
(e.g. CeLETTE, F. et al. 2010) although in these
case the CN values were apparently taken
from the values developed for orchards in
USA by the USDA. The effect of soil manage-
ment in water erosion in olives and vines has
been incorporated in RUSLE through cali-
bration of C values for specific conditions.
GomMmEz, J.A. et al. (2003) proposed several C
values for different olive plant density and
soil management in orchards considering
the influence of the variation of soil moisture
content during the year.

These C values seem to provide reliable pre-
dictions of soil losses when compared to long
term erosion rates estimations (VANWALLEGEM,
T. et al. 2011) or plot data (MariN, V.J. 2013).

AuerswaLp, K. and Scawas, A. (1999) pro-
posed C values for USLE for different soil
management and vine plant density in
Germany, although to our knowledge, these
values have not been validated. When com-
paring C values for vines proposed by differ-
ent authors in Europe (GomEz, J.A. et al. 2016)
it is noticeable that they show large differenc-
es even for apparently similar managements.
This is probably for a combination of differ-
ences in the conditions for which they have
been determined and the lack of a standard
approach for its calibration and validation.
Overall, all the C values proposed for olives
and vines capture the trend towards reduced
erosion with the use of cover crops, albeit
there is the need for extensive validation to
evaluate the uncertainty existing on the pre-
dicted values of soil loss.

The modification of soil properties induced
by the cover crop in an orchard and vine tend
to be limited to the area where the cover crop
is implanted, usually only a fraction of the or-
chard (see Photo 3—4), and tend to be concen-
trated in the top 0-20 cm of the soil (see GOMEz,
J.A. et al. 2009a). For this reason their overall
impact on nutrient and carbon content in the
orchards and vines, albeit significant, tend to
be limited and related to the spatial extension
of the cover crop strip. An element of major
concern when extrapolating the benefits of
the cover crops, in term of runoff and soil loss
reduction, from experimental areas to com-
mercial farms should be the large variability
in the “quality” of the cover crop found in dif-
ferent farms (Photo 5-6). This “quality” should
be understood as the ability to provide enough
ground cover and biomass during the rainy
season in a significant area of the orchard. In
transects within a relatively small areas GomEz,
J.A. et al. (unpublished data) measured in
spring (before killing the cover crop) values
of aboveground biomass for the cover crop
area from 0.1 t/ha (almost bare soil) to 1.8 t/ha
(which provided a good ground cover).

There are several reasons for this large dis-
parity in cover crops development, among
them differences in soil quality, seed bank and
soil management among different orchards.
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Photo 3+4. View of orchards showing the area of influence of the olive canopy (top) and the cover crop (down).
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Photo 5-6. Comparison of two olive orchards declaring use of cover crops, Note narrow over crop strips in the
upper picture compared to the one below.
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Similar differences in cover crop biomass
production in the lanes of olive orchards
have also been noted by other authors (e.g.
ViceNTE-VICENTE, ].L. 2017). These results
highlight the need of more focused efforts in
developing innovative strategies for achiev-
ing successful implementation of temporary
cover crops in these situations which in
many cases are associated to severely de-
graded soils. GOMEz, J.A. et al. (2009b) noted
this heterogeneity of cover crop conditions
as one of the reasons for the large variability
found in organic olive orchards with cover
crop management. GOMEz, J.A. et al. (2014a)
discussed the implications of these large
differences between experimental results
and field situations when trying to estimate
regional erosion rates for olive growing ar-
eas in Andalusia. He noted a variation of
approximately 30 per cent in the predicted
average erosion rate and severely degraded
area estimation under current common ag-
ricultural policy (CAP) regulations regard-
ing the compulsory use of cover crops when
introducing a decrease in the efficiency of
these cover crops based on calibrating the
C factor of RUSLE based on observations of
cover crops status from field visits to several
orchard in the region.

Water balance and yield

Water is the major limiting factor for agri-
cultural production in semiarid environment
with soil management playing a major role
in controlling that water balance (HENDER-
son, D.W. 1979). A modification of soil man-
agement such as the use of temporary cover
crops in Mediterranean tree crop cannot be
successful without understanding the im-
plications for yield due to the modification
of the water actually available to the crop.
Figure 4 depicts the results of some experi-
ments comparing the impact on olive fruit
and wine yield of temporary cover crops in
olives and wines. It is apparent that in some
situations the system of temporary cover
crops has been adjusted to provide soil pro-

tection while achieving yields that are similar
to those under bare soil management (e.g.
CC controlled in early spring in Figure 4),
although in other situations, (e.g. those con-
trolled in mid-late spring in Figure 4) there is
a significant decrease in yield.

This decrease when comparing those ap-
proaches (CC vs. CT) has been noted by oth-
er researchers in long-term experiments (e.g.
FERREIRA, 1.Q. et al. 2013). This potential risk
of a yield decrease remains a major obstacle
for expanding the use of temporary cover
crops in Mediterranean tree crops particu-
larly under rainfed conditions. Another tool
to fine tune the management of cover crops
under a broad range of conditions is the use
of simulation models to study its impact on
water balance.

The literature describes several models
developed for vines or olives. For instance,
CereTTE, F. et al. (2011) presented WALIS as
a simple model to simulate water partition-
ing in a crop association and use it to study
the case of an intercropped vineyard, while
Asazi, U. et al. (2013) presented WABOL,
other conceptual model for the case of inter-
cropped olives. These studies concluded that
the models provided realistic simulations,
and they could be useful tools in providing
a better understanding of cover crops in ol-
ives and vines. However, in both studies the
authors mentioned the need for an extensive
validation of the model results, which to date
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Fig. 4. Comparison of vine and olive yield in conven-
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Source: Own elaboration from data in GémEez, J.A.
2005, and Ruiz-CoLMENERO, M. et al. 2011.
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still lacking. Parameterization of these models
is of paramount importance and some of their
key parameters still remain relatively poorly
understood. Among those less understood
are the phenology and root development of
the tree crops and cover crops species under
different conditions, the effect of capillary rise
of subsurface layers during the dry season,
and improved determination of the transpi-
ration of the tree and cover crops in complex
situation such as only partial ground cover or
vertic soils are among the processes on which
future research could be focused.

Even with the caveats mentioned by the
authors, these conceptual models have pro-
vided insight into the feasibility of cover crop
use under different conditions. Figure 5 sum-
marizes the results of a study made by Asazi,
U. et al. (2012) in which the variations in olive
transpiration under different conditions in
cover crop and conventional tillage condi-
tions were evaluated for Andalusia (Southern
Spain). The model results predicted for some
situations no significant differences in olive
transpiration while it also predicted in oth-
er locations that CT seems to have slightly
higher transpiration compared to CC, which
agree with the agronomical experiments pre-
viously commented.

These conceptual models incorporate the
effect of soil depth into soil water storage ca-
pacity, and so they have the potential to be
used in the evaluation on the decrease of vine
or olives potential productivity due to the
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Fig. 5. Predicted olive transpiration for the aver-

age conditions rainfed olives in eight locations in

Andalusia under conventional tillage (CT) and tem-

porary cover crop (CC) for period 2006-2010. Error

bars are standard deviation. Source: Adapted from
Asazi, U. et al. 2012.

reduction of soil water availability accompa-
nying the decrease of available soil depth by
accelerated erosion. GOMEz, J.A. et al. (2014a)
evaluate the effect of decreasing soil depth on
olive potential productivity under two con-
trasting situations both characteristic of large
areas in the Mediterranean: soils with rela-
tively good water holding capacity and stony
soils with worse water holding capacity.

Figure 6 summarizes some of the major re-
sults of this study. One is that for soils with
relatively deep rooting zones and good soil
water holding capacity the decrease in poten-
tial yield appears clearly only at very shallow
soil depths (see lines for Cordoba situation in
Figure 6). The other is that the slope of the de-
crease in potential yield with decreasing soil
depth is not very steep, so the year to year
decrease in potential year can be masked by
other factors such as climate variability, pest
and effect of agronomical practices.

Both facts combined can help to under-
stand, at least partially, the low priority giv-
en by farmers to the implementation of soil
erosion control practices in olives. Basically,
because the effects of soil degradation in the
reduction of potential yield are difficult to be
observed in the short or medium term, and
its worst effects will be suffered in the future.
VanwarLeGHEM, T. et al. (2011) noted this situ-
ation in an mountainous olive growing area
in Southern Spain in which the loss of ap-
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Fig. 6. Potential olive tree yield for different average
annual rainfall and rooting depth for two contrast-
ing situations: Obejo, sandy soils with coarse mate-
rial and moderate water holding capacity; Cordoba,
fine textured soils with high water holding capacity.
Source: Adapted from data in GomEz, J.A. et al. 2014a.
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proximately 40 cm of rooting depth (from 120
to 80 cm approximately) in olive orchards in
the area in the time span of two centuries was
accompanied by an increase in yield, attrib-
uted to improved agronomical practices.

This situation, soil degradation due to
soil erosion which is not currently decreas-
ing yields dramatically and it will not do it
in the medium term, can be a recurrent pat-
tern in some of the tree crops growing areas
in Mediterranean regions. All these facts con-
sidered suggest the need for regulations and
incentives for erosion control on tree crops
growing areas in the Mediterranean regions,
particularly when most of the cost of erosion
from these areas has been played downstream.
Costs of soil erosion from agricultural areas in
Europe has been estimated by MONTANARELLA,
L. (2007) as an average of 48 EUR/ha per year
(within the range from 4.8 to 93.0 EUR/ha per
year) with off-site damages representing more
than 90 per cent of this costs.

A review of possible strategies for
implementation cover crops

Table 2 summarizes the major kind of cover
crops alternatives and some of the main is-
sues regarding the choice of the option best
suited for a given objective, as well as some
of the major features and decisions to be
considered regarding their implantation and
management. In the context of limited water
availability the decision for temporary cover
crops aimed mostly to soil management has
oriented many of the experiences in olives
and vines towards the use of grasses.
Several research projects has pursued the
selection of grasses from local species which
present a shorter growing cycle and could
emerge with the first rains in fall and com-
plete the seed development by late winter or
early spring. This is the situation depicted in
Photo 7 in which a difference in phenology
of several weeks can be appreciated among
several grasses. A shorter, best adapted, cycle
will results in a lower risk for water compe-
tition but also in a better persistence of the

Table 2. Summary of alternatives of cover crops based on objectives and major questions regarding management practices
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Photo 7. View of a cover crops experiment in Cordoba (Southern Spain) in early May. It is apparent the dif-
ferent in phenology between raygrass (front of picture still green) with Bromus (mid position in the picture,
already eared and dried).

introduced cover crop in the plot, since it will
have greater chances of producing seed before
been controlled. In the search of better adapter
species of grasses, precocity in emergence and
a shorter size (an eventually lower biomass
production) are also characters favoured. In
vineyards, and lately although sporadically
in olives, it is relatively frequent the use of
mixes combining many species designed to
increase biodiversity providing a large period
with flowers in the orchard (e.g. Sweet, R.M,
et al. 2010; GomEz, J.A. et al. 2014Db).

There is a limited understanding of the dy-
namic of these mixes composed by a large
number of different species. GomEz, J.A. et
al. (2017) noted how a large number of them
were not found in surveys in the seeded plots
one and two years after their seeding, indicat-
ing how a lower number of species composed

the majority of the flora in the plots. A bet-
ter understanding the dynamic of mixes, in
terms not only of composition and long term
evolution but also in terms or air and root
biomass production of the different compo-
nents are necessary if we want to evaluate
these promising new alternatives using water
balance models. The use of less diverse mixes
can be useful in this objectives, as well as in
optimizing expenditure in seed of species
that could actually been viable in a mix for a
given condition. Figure 7 shows preliminary
results of a study comparing the evaluation of
a simple mix with three species chosen from
local flora for their potential.

Despite all these efforts, statistics indi-
cates that in many situations farmers still
choose not to seed but to develop a cover
crop from the flora naturally present in the
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Fig 7. Distribution of root biomass with depth for dif-
ferent cover crops alternatives. Source: Adapted from
Soriano, M.A. et al. (2016).

orchard or vineyard. In Spain, for instance
of the 30 per cent of the olive orchards us-
ing some kind of cover crops, 97 per cent of
them opted for natural weeds and only 3 per
cent were seeded (MAGRAMA 2013). Cost is
probably the major reason for this situation,
although other reasons, such as the loose
coupling between severe erosion and yield
losses discussed above can also play a role.
Within this context it might be appropriate
to consider strategies for introducing cover
crops that will require a very limited cost
for farmers, for instance species that could
be easily propagated by them. Also concen-
trating more studies in situations where the
naturally present weeds cannot be an alter-
native, such as in extremely degraded soils
with poor fertility and exhausted seed bank.

Effects on biodiversity

An improvement in biodiversity is one of the
benefits frequently mentioned when recom-
mending the use of cover crops in tree crops
under Mediterranean conditions. However,
for an issue which is extremely complex in-
volving different orders of plants and animals
and different scales the experimental data are
relative limited and indicate less conclusive
results than when compared to other of the
questions commented in this article.

For instance, BEauroy, G. (2008) evaluating
the results of a project evaluating the future
of olive production in sloping land in sev-

eral EU countries noted how the evaluation
of the impact on biodiversity was extremely
superficial, indicating the need for a more
focused research. In the last years more pub-
lications have been published on the subject
indicating the need for establishing a clear
link between the biodiversity indicator meas-
ured and the landscape conditions where
the study was performed. ParepEs, D. et al.
(2015) presented the results of a metanalysis
evaluating the effect of cover crops in olive
orchards in reducing the effect of several
pests in Andalusia (Southern Spain), expect-
ed due to the increase of natural predators
for these pests when using cover crops. Their
results show that the presence or not of cover
crops explained a very small part of the pest
response, with local, landscape and regional
variability explaining a large proportion of
the variability in pest response variables.

This study points to perennial vegetation
close to the focal crop as a promising alter-
native strategy for conservation biological
control that should receive more attention.
Focusing in a different indicator of biodiver-
sity, songbirds, Castro-Caro, J.C. et al. (2015)
predicted that the presence of ground cover
and landscape heterogeneity would have
a positive effect on songbird communities,
although the effect would be greatest in ho-
mogeneous environments.

The same team, however, in another study
(CastrO-CARO, ]J.C. ef al. 2014) measured a
different response in the abundance and rich-
ness of omnivorous vs insectivorous birds to
the use of cover crops depending on the pres-
ence or not of hedgerows. In their study, they
indicated how the richness of insectivorous
birds increased with the presence of cover
crops, or hedgerow, in the olive orchards,
with a maximum increase in richness when
both elements (cover crops and hedgerows
were present simultaneously). However, in
the case of omnivorous birds they did not
found a significant increase with any the
presence of a cover crop, hedgerows, or both
elements in the olive orchards compared to
an orchard managed with a bare soil and not
hedgerows.
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These examples illustrate the complexity of
the relationship between use of cover crops
and biodiversity. In this context it is not sur-
prising that metanalysis evaluating the impact
of cover crops on biodiversity in vineyards
have found a moderate impact (WINTER, S. et
al. 2016). However, despite this complexity
many of the studies on biodiversity indicate
that for a proper understanding of the effect of
cover crops in Mediterranean tree crops they
need to be linked to the landscape structure
and, particularly, to the role of other vegeta-
tion in that landscape. The need for this link
has been noted also in erosion studies. For
instance, GOMEz, J.A. et al. (2014c) in study in
a small catchment on a vertic soil note the rel-
evance of gully erosion which could explain
the high erosion rates in very rainy years
which had high runoff coefficients.

It is clear that much benefit could be
achieved if some of the future studies evalu-
ating the impact of cover crops could incor-
porate this across-scale effects and interac-
tion with other vegetation for hydrological
and biodiversity studies. Also for innovative
approaches in the design of environmental
regulations that link the benefits of the use
of vegetation on landscape, biodiversity and
erosion control on solid technical knowledge.

Conclusion

Soil protection, enhancement of biodiversity
and water quality are three major ecosystem
services that should be delivered by agricul-
tural areas in addition to crop production.
Tree crops cover a large area of the European
landscape, particularly in the Mediterranean
areas. Although research have demonstrated
the potential of temporary cover crops to
deliver those services in Mediterranean tree
crops this potential is not fully exploited. The
need to balance two conflicting objectives: an
appropriate ground cover vs. an adequate
management of the cover crop to limit its wa-
ter consumption by transpiration to prevent
yield reductions, results in many farm situa-
tions in a reduced ground cover and biomass

production, which it is not enough to deliver
those ecosystem services.

The conservative approach of many farm-
ers to cover crops reflects also the limited
understanding of key elements that are
hampering the fine tuning of the system for
specific farm conditions, which is a critical
element for success. Future research should
focus in the less understood elements of the
tree and cover crops system such as: cover
crops and tree root distribution and develop-
ment; biomass production; phenology under
different microclimate of the cover crops and
the main tree crops; or performance of cover
crops mixes. It is also necessary a better defi-
nition and measurement of the impacts of
cover crops on biodiversity that should be
related to the landscape conditions.

This research should lead to the develop-
ment of improved strategies for using tempo-
rary cover crops which could include the use
of water balance models, new varieties better
adapted to the region, and strategies for re-
storing ground cover in severely degraded
orchards. All they are necessary to expand the
use of effective cover crops in Mediterranean
tree crops by farmers, coupled with regula-
tions and incentives to promote their use.
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Influence of tillage systems on short-term soil CO, emissions

Darya BILANDZIJA, ZeLjka ZGORELEC and Ivica KISIC!

Abstract

Agricultural ecosystems can play a significant role in greenhouse gas emissions, specifically, carbon dioxide.
Tillage management can increase atmospheric CO, concentrations and contribute to global warming but it
is uncertain to which extent tillage enhances the transfer of soil CO, to the atmosphere. Our objectives were
(1) to determine short-term, tillage-induced soil CO, emissions; (2) to determine the effect of different tillage
systems and time after tillage operation on soil CO, emissions and soil microclimate and (3) to examine the
relations between short-term soil CO, emissions and microclimate (soil temperature, soil water content; air
temperature and relative air humidity). Soil CO, concentrations were measured on Stagnic Luvisols, in a tem-
perate continental climate of the central lowland Croatia in October 2013 before, zero and three hours after
tillage operations with in situ closed static chamber method. The four tillage systems were no-tillage (NT),
ploughing to 25 cm (P,), very deep ploughing to 50 cm (P, ) and subsoiling to 50 cm (PS, ). The study showed
that tillage has impact on soil CO, emissions and soil microclimate. Tillage has accelerated the transfer of soil
CQ, to the atmosphere but soil CO, emissions declined sharply within three hours after tillage operations. Soil
temperature has decreased after tillage operation and afterwards continued to rise while soil water content
has been decreasing during whole study period. Correlations between soil CO, emissions and microclimatic
factors were mostly weak or modest while best type of studied correlations between soil CO, emissions and
microclimate showed to be the second order polynomial correlation.

Keywords: short-term soil CO, emissions, tillage, soil water content, soil and air temperature, relative air
humidity

Introduction emissions due to a rapid physical release of

CO, trapped in the soil air pores (BiLanDZ1j4,

Agricultural sector has contributed by 9.4 per
cent to total Croatian greenhouse gas emis-
sions in 2014 (NIR 2016). Agricultural soils can
act both as a source or a sink of greenhouse
gases. Tillage often accelerates and increases
soil CO, emissions by speeding organic car-
bon decomposition i.e. decreasing soil organic
matter, changing soil microclimate (tempera-
ture and water content), disrupting soil aggre-
gates, increasing aeration and increasing con-
tact between soil and crop residues (GEBHART,
D.L. et al. 1994; Reicosky, D.C. et al. 1995, 1997,
GrecoricH, E.G. et al. 2005; BiLeN, S. et al. 2010;
BiLanpziya, D. et al. 2016). Tillage may have
long-term influence on soil CO, emissions
but also it often increases short-term soil CO,

D. et al. 2013). Tillage management can in-
crease atmospheric CO, concentrations but it
is uncertain to which extent tillage enhances
the transfer of soil CO, to the atmosphere.

The objectives of our research were (1) to
determine the effects of ploughing (30 cm
depth), very deep ploughing (50 cm depth)
and ploughing (30 cm depth) with subsoil-
ing (50 cm depth) on short-term soil CO,
emissions relative to no-tillage (NT); (2) to
determine the effect of four different tillage
systems and time after tillage operation on
soil CO, emissions and soil microclimate; (3)
to determine best function of correlation be-
tween soil CO, emissions and microclimatic
conditions.

! Department of General Agronomy, Faculty of Agriculture, University of Zagreb. Svetosimunska cesta 25,
10 000 Zagreb, Croatia. E-mails: dbilandzija@agr.hr; zzgorelec@agr.hr; ikisic@agr.hr.
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Materials and methods
Experimental site and tillage systems

Field experiment with four different tillage sys-
tems usually implemented in Croatia was set
up in Blagorodovac near Daruvar (elevation:
133 m a.s.l;; N 45°33'54"", E 17°02'56"") in cen-
tral lowland of Croatia. Field experiment was
established in 1994 with the aim of research
on determination of soil degradation by wa-
ter erosion and later, in 2011, expanded to the
research on soil CO, concentration measure-
ments. Soil type at the experimental site is de-
termined as Stagnic Luvisols (IUSS 2014). Size
of each tillage plot is 22.1 m x 1.87 m. Tillage
systems differed in tools that were used, depth
and direction of tillage and planting.

Tillage was conducted in October 2013 and
tillage systems were:

a) no-tillage (NT) — planting directly into
the mulch along the slope;

b) ploughing to 30 cm (P,) - tillage and
planting across the slope;

c) very deep ploughing to 50 cm (P, ) - till-
age and planting across the slope;

d) ploughing to 30 cm + subsoiling to 50 cm
(PS,,) - tillage and planting across the slope.

Measurement of CO, concentrations and
calculation of soil CO, emissions

Soil CO, concentrations were measured before,
zero and three hours after tillage implementa-

tion in three repetitions at each plot. For the
measurement of soil carbon dioxide concentra-
tions, in situ closed static chamber method was
used. The chambers were made of lightproof
metal material and they consist of two parts:
frames (25 cm in diameter) and caps (25 cm in
diameter and 9 cm high) fitted with a gas sam-
pling port. The circular frames were inserted
about 10 cm into the soil at the beginning of
measurements. Before the chambers closure,
near the soil surface, the initial CO, concen-
trations inside the frames were measured. Af-
terwards, the chambers were closed with caps
and the incubation period was 30 minutes after
which accumulated CO, in the chamber was
measured (Photos 1-4). Measurements of CO,
concentrations (ppm) were conducted with
portable infrared carbon dioxide detector (Ga-
sAlertMicro5 IR, 2011). Measurements were
conducted on bare soil and when necessary
(at no-tillage system), vegetation was removed
before the beginning of measurement.

The soil CO, emissions (efflux) were after-
wards calculated according to Wipken, B. and
LinproTH, A. (2003), and TotH, T. et al. (2005) as:

MxPxV(c,~-c,)
2 RxTxA(t,-t)’

where FCO, =s0il CO, efflux (kg/ha per day); M =
molar mass of the CO, (kg/mol); P = air pressure
(Pa); V = chamber volume (m?®); ¢,—c, = CO, con-
centration increase rate in the chamber during
incubation period (umol/mol); R = gas constant
(J/mol/K); T = air temperature (K); A = chamber
surface (m?); t, — t, = incubation period (day).

FCO

Photos 1-4. Measurement of short-term soil CO, emissions (from left to right): tillage implementation (1); insert-
ed circular frames into the soil (2); incubation period (3); measurement of accumulated CO, in the chamber (4).



BilandzZija, D. et al. Hungarian Geographical Bulletin 66 (2017) (1) 29-35. 31

Determination of microclimate

Soil temperature, soil water content, air tem-
perature and relative air humidity were meas-
ured in order to determine their influence
on tillage-induced CO, emissions. Soil tem-
perature (°C) and soil water content (%) were
determined with IMKO HD2 - probe Trime,
Pico64 (2011) at 10 cm depth in the vicinity
of each chamber along with measurement of
soil CO, concentrations. The air temperature
(°C) and relative air humidity (%) were deter-
mined with Testo 610 (2011) and air pressure
was determined with Testo 511 (2011) at the
height about 1 m above the soil surface.

Data analysis

Soil CO, emissions were analyzed using sta-
tistical Software SAS (SAS 2002-2004). Vari-
ability between tillage systems were evalu-
ated with analysis of variance (ANOVA) and
tested, if it were necessary, with adequate
post-hoc (Bonferroni) t-tests. In all statistical
tests significance level was p<0.05.

A linear, exponential, logarithmic and
second order polynomial regression proce-
dure was used to determine the dependence
of each climatological factor on soil surface
CO, emissions. The value of the correlation
coefficient was ranked by Roemerk-Orphal
scale (0.0-0.10: no correlation; 0.10-0.25:
very weak; 0.25-0.40: weak; 0.40-0.50: mod-
est; 0.50-0.75: strong; 0.75-0.90: very strong;
0.90-1.00: full correlation) (Vasiry, D. 2000).

Results

Microclimate and short-term tillage-induced
soil CO, emissions

During the studied period on October 28, 2013
(between 8.00 and 17.00 hours) it was mostly
sunny and warm, air temperature ranged
from 23.2 to 28.2 °C and relative air humid-
ity varied from 50.9 to 60.4 per cent (Table 1).
Soil temperature before the tillage operations
varied from 26.9 to 33.0 °C, immediately after
the tillage operations it declined sharply up to
10.9 °C and afterwards it mostly continued to

Table 1. Soil CO, emissions and climatologic factors (means + SD) before, zero and three hours
after tillage operation (n =3)

P . Before tillage Zero hours Three hours
arameter Tillage system K - -
operation after tillage operation

NT 232 +0.7 25.7+0.5 28.1+0.7
Air temperature, P, 232+09 25.7+0.3 28.1+0.4
°C P, 234+1.2 25.8+0.3 282+ 1.1
PS,, 23.4+0.8 25.8+0.2 28.2+0.9
NT 60.4+2.2 55.6 +0.8 50.7 +1.1
Relative air humidity, P, 604+19 55.6 +0.7 50.7 +0.9
% P, 56.7 +2.2 53.7+0.9 509 +1.3
PS,, 56.7 +2.1 53.7+0.9 509 +1.1
NT 33.0+1.7 334+22 33.0+2.0
Soil temperature, P, 315+1.3 109+0.7 11.5+27
°C P, 269+1.3 128 +2.1 16.2+25
PS,, 31.0+3.2 11.6+15 10.7+1.5
NT 23.4+0.1 22.7+0.1 16.2+0.0
Soil water content, P, 23.9+0.3 23.0+0.0 16.2+0.1
% P, 25.7+0.1 23.8+0.1 18.7+0.0
PS,, 25.7+0.1 23.7+0.1 18.6 £0.1

NT 114.1+13.3 100.5 +20.1 122.8 +16.3
Soil CO, emissions, P, 85.9+4.7 126.0 +10.2 45.6 +6.3
kg CO,/ha per day™ P, 76.5+45 116.6 +18.8 49.6 +6.4
PS,, 85.9+ 6.3 123.3+15.3 34.9+7.6




32 Bilandzija, D. et al. Hungarian Geographical Bulletin 66 (2017) (1) 29-35.

rise while on no-till system, soil temperature
was mostly steady. Soil water content ranged
from 23.4 to 25.7 per cent before the tillage
operations, and after the tillage operations it
was continuously declining during the study
period up to 16.2 per cent (Table 1).

The soil CO, emissions measured on tilled
systems before tillage ranged from 76.5 to
85.9 kg CO, /ha per day". Immediately af-
ter tillage soil CO, emissions ranged from
116.6 to 126.0 kg CO, /ha per day and were
on average 47.4 per cent greater than the
average emission before tillage operations,
while three hours after tillage it was on av-
erage 48.6 per cent lower compared to av-
erage emission before tillage operation. The
exception was no till system where soil CO,
emissions were high and ranged from 100.5
to 122.8 kg CO, /haper day during the whole
study period (Table 1).

Influence of tillage systems and time on soil
CO, emissions and soil microclimate

Different tillage systems didn’t have any
significant impact on average soil CO, emis-
sions and soil water content while average
soil temperature determined at no-till was
significantly higher compared to other tilled
systems (Table 2).

Average soil CO, emission of the experi-
mental plot measured before tillage operation
was not significantly different from soil CO,
emissions after tillage but emissions measured

immediately after and three hours after till-
age operation were significantly different. Soil
temperature measured before tillage was sig-
nificantly higher compared to those measured
after tillage. Soil water content was significant-
ly declining within hours after tillage operation

Correlation between short-term soil CO,
emissions and microclimate

Between soil CO, emissions and soil tem-
perature, very weak positive logarithmic
(r = +0.23), modest positive second order
polynomial (r = +0.41), weak positive linear
(r = +0.25) and exponential (v = +0.35) cor-
relation was determined. The values of cor-
relation coefficients indicate the presence of
positive modest linear (r =+0.40), exponential
(r = +0.48) and logarithmic (r = +0.40) corre-
lation between soil CO, emissions and soil
water content. An exception is the correlation
in the second order polynomial type which
is negatively modest and amounts r = -0.41.
Between soil CO, emissions and air tempera-
ture, negative weak linear (r =-0.36), negative
modest exponential (r =-0.47), negative weak
logarithmic (r = -0.35) and negative strong
second order polynomial (r = -0.70) correla-
tion was determined. Positive weak linear
(r=+0.37) and logarithmic (r = +0.38), positive
modest exponential (r = +0.46) and negative
strong second order polynomial (r = -0.52)
correlation was determined between soil CO,
emissions and relative air humidity.

Table 2. Influence of different tillage systems and time on soil CO, emissions and soil microclimate

. Soil CO, emission, . o Soil water content, %
Tillage kg CO,/ha per day Soil temperature, °C vol.
NT 1125a 332a 20.8 a
P, 85.9 a 18.0b 21.0 a
P, 80.9 a 18.6 b 22.7 a
PS, 81.4a 17.8b 227 a
. Soil CO, emission, . . Soil water content, %
Time kg CO,/ha per day Soil temperature, °C vol.
Before tillage 90.6 ab 30.6 a 24.7 a
Zero hours after tillage 116.6 a 17.2b 23.3b
Three hours after tillage 63.2b 179b 174 ¢

Averages followed by same letter are not significantly different.
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Discussion

Air temperature was rising and relative air
humidity was declining during the meas-
urement period. Soil temperature was high
and steady at no till during the whole study
period while on tilled systems soil tempera-
ture declined sharply after tillage operation
due to the disruption of soil aggregates and
increasing aeration by which the soil climate
was changed; after which soil temperature
continued to rise. Soil water content was con-
tinuously declining, partly due to the tillage
operation but also due to the increase of air
temperature and an increase in soil water
evaporation. Decreased soil water content
in tilled treatments just after tillage and the
greatest soil water content in NT was ob-
served by ALvaro-FUENTEs, J. et al. (2007).
LAMPURLANES, ]. ef al. (2001) also observed
greater water contents in NT and suggested
that better infiltration rates in NT promoted
greater soil water content as compared to
tilled treatments.

At no till system, soil CO, emission was not
significantly higher compared to tilled systems
and was high and steady during the whole
study period. Soil CO, emissions increased
rapidly immediately after tillage operation
due to physical release of CO, from soil pores
and solutions at all tilled treatments. A sig-
nificant increase of CO, emission immediately
after tillage operations in tillage treatments,
except NT, was also observed by ALvaro-
FuenTEs, J. et al. (2007). Already three hours
after tillage operation, soil CO, emissions de-
clined sharply and were lower compared to
emissions measured before tillage operation.
Rercosky, D.C. (1997), observed a decrease
within 2 hours after a pass with plough.

Many authors (Rercosky, D.C. and
LinpstroM, M.]. 1993; Reicosky, D.C. et al.
1997; ELLerT, B.H. and Janzen, H.H. 1999; Ar-
Kaisi, M.M. and Y1, X. 2005) also obtained
in their research that the effect of tillage on
soil CO, emission was short-lived. Rercosky,
D.C. and LinpstrOM, M.J. (1993), and Priog,
S.A. et al. (2000) suggested that initial CO,
emission after tillage was also related to the

depth and degree of soil disturbance. In our
experiment, similar results were not deter-
mined. Within tilled treatments, P, was the
tillage operation with greatest CO, flux after
tillage compared to other tilled treatments
although the differences were not significant.

In our study, no significant relationships
between CO, emissions and microclimate
conditions were found. Microclimatic con-
ditions had mostly weak or modest impact
on soil CO, emission. Similar results were
reported by Kessavarou, A. et al. (1998); AL-
Karst, M.M. and Yin, X. (2005); OMONODE,
R.A. et al. (2007); JaBro, J.D. et al. (2008); L,
C. et al. (2010); Bianpzija, D. et al. (2014) and
BiLanpzija, D. (2015). Of all tested functions,
best type of correlation between soil CO,
emissions and microclimatic factors, showed
to be the second order polynomial correla-
tion, except for soil water content.

According to its determination coefficient,
17 per cent of soil CO, emissions depended
on soil temperature, 17 per cent of soil CO,
emissions depended on soil water content,
27 per cent of soil CO, emissions depended
on relative air humidity and 49 per cent of
soil CO, emissions depended on air tempera-
ture. A possible explanation for this lack of
relationship with CO, flux may be related
to the fact that soil microclimate conditions
were only measured to 10 cm depth and soil
tillage was implemented to 30 and 50 cm soil
depth. Therefore, a large proportion of the
CO, emission could come from deeper than
10 cm soil layer.

Conclusions

At no till system soil CO, emissions were
steady and high during whole study pe-
riod. Tillage did not have significant, on 3
hours average, short term impact on soil CO,
emissions. However, tillage accelerated the
transfer of soil CO, to the atmosphere and
caused an immediate sharp increase in soil
CO, emissions which were on average 40-50
per cent higher compared to those before till-
age. This was a relatively short lived process,
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lasting less than 3 hours from tillage opera-
tion after which the soil CO, emissions were
on average 40-50 per cent lower compared
to those measured before tillage.

At tilled systems, soil temperature rapidly
declined after tillage operation and after-
wards continued to rise while at no-till sys-
tem it was steady during whole study period.
Soil water content was declining with time
of measurement during whole study period.
The tillage-induced soil CO, emissions ap-
peared to be independent of changes in mi-
croclimate as correlations between soil CO,
emissions and microclimatic factors were
mostly weak or modest. The obtained data
suggested that correlations were independ-
ent from the function type used. Further long
term research is needed to better assess also
the impact of other agroecological factors
such as soil physical and chemical param-
eters, especially changes of soil organic mat-
ter content in the topsoil on CO, emissions.
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