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Chapter 22
Conservation Agriculture and Climate Change

M. Pisante, F. Stagnari, M. Acutis, M. Bindi, L. Brilli,
V. Di Stefano and M. Carozzi

Abstract This chapter review aims at developing a clear understanding of the
impacts and benefits of conservation agriculture (CA) with respect to climate
change, and examining if there are any misleading findings at present in the scien-
tific literature. Most of the world’s agricultural soils have been depleted of organic
matter and soil health over the years under tillage-based agriculture (TA), compared
with their state under natural vegetation. This degradation process can be reversed
and this chapter identifies the conditions that can lead to increase in soil organic
matter content and improvement in soil health under CA practices which involve
minimum soil disturbance, maintenance of soil cover, and crop diversity. The chap-
ter also discusses the need to refer to specific carbon pools when addressing carbon
sequestration, as each carbon category has a different turnover rate. With respect to
greenhouse gas emissions, sustainable agricultural systems based on CA principles
are described which result in lower emissions from farm operations as well as from
machinery manufacturing processes, and that also help to reduce fertilizer use. This
chapter describes that terrestrial carbon sequestration efficiently be achieved by
changing the management of agricultural lands from high soil disturbance, as TA
practices to low disturbance, as CA practices, and by adopting effective nitrogen
management practices to provide a positive nitrogen balance for carbon sequestra-
tion. However, full advantages of CA in terms of carbon sequestration can usually
be observed only in the medium to longer term when CA practices and associated
carbon sequestration processes in the soil are well established.
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22.1 Introduction

Agronomy management in agricultural landscapes should deploy production prac-
tices in harmony with soil-mediated ecosystem functions in order to deliver a
broad range of ecosystem services (Kassam et al. 2013). Conventional agriculture
is tillage-based in industrialized as well as developing countries and relies, as a
key operation for seedbed preparation, on mechanical soil tillage with no organic
mulch cover. It is generally considered to speed up the loss of soil organic matter
(SOM) by increasing its mineralization and through soil loss by erosion. In addi-
tion, tillage is a high energy-consuming operation that uses large amounts of fossil
fuel per hectare in mechanized systems. In contrast, conservation agriculture (CA)
is an agroecological approach to resource-conserving agricultural production that
complies with three practical principles, namely (1) minimum mechanical soil dis-
turbance (with no-till and direct seeding), (2) maintenance of permanent organic
soil cover (with crops, cover crops, and/or crop residues), and (3) species diversi-
fication through crop rotation and association (involving annual and/or perennial
crops including tree and pasture crops) FAO (2012). CA facilitates good agronomy
such as timely operations, improves overall land husbandry for rainfed and irrigated
production, and is complemented by other good practices such as the use of quality
seeds and integrated pest management (Pisante et al. 2012).

Anthropogenic climate change (i.e., that resulting from human activities) is
probably the most serious environmental challenge facing us today. Human activi-
ties contribute significantly to increased concentrations of atmospheric greenhouse
gases (GHGs), which in turn alter the way in which thermal radiation is absorbed by
the planet and reradiated, changing global temperatures, and climatic patterns. As a
consequence, we are faced with two parallel imperatives in order to deal with what
could be a very damaging situation:

* Climate change adaptation: we must make changes to the way we do things to
ensure that the ecosystem services upon which we rely on are sustained as condi-
tions change.

* Climate change mitigation: the emission of GHGs must be reduced and the se-
questration of atmospheric carbon increased (removal from the atmosphere to
soil and vegetative stores).

The combined environmental benefits of CA at the farm and landscape level can
contribute to global environmental conservation and provide a low-cost option
to help offset emissions of the main GHGs. This chapter tackles CA and climate
change as well as what solutions are being implemented in different parts of the
world for an efficiently sustainable farming and landscape management.
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22.2 CA and Climate Change

22.2.1 Impacts of Climate Change

The conclusions of the recent Working Group I contribution to the AR5-IPCC
(IPCC 2013) confirmed that human activity has played a primary role in the ob-
served global warming since the mid-nineteenth century, and indicated that future
increases in GHG concentration may further increase global mean surface temper-
ature and amplify changes in precipitation patterns and amounts. Proof of these
changes has been widely observed through several instrumental data on both local
and global scales. According to the latest [IPCC report (IPCC 2013), the globally av-
eraged combined land and ocean surface temperature data, as calculated by a linear
trend, show a warming of 0.85°C from 1880 to 2012. This increase was observed
mostly since 1950.

Moreover, on a global scale, several changes in the frequency and intensity of
daily temperature extremes have been observed since the mid-twentieth century.
In particular, averaged maximum and minimum temperatures over land have both
increased by in excess of 0.1°C per decade. Significant multi-decadal variability
was highlighted, including a recent period (1997-2004) of no change. In addition,
a significant increase in daily minimum temperature rather than maximum has been
observed (Alexander et al. 2006; IPCC 2013).

Global mean precipitation has increased annually by about 2% from 1900 to
1998 (Dai et al. 1997; Hulme et al. 1998) which corresponds to approximately
1.1 mm per decade (IPCC 2007). The precipitation trend varied worldwide, with
higher increases in specific areas (from +7 to +12 %, between 30 and 85°N) and
less in others (+2 % between 0 and 55°S; IPCC 2007). In addition, a considerable
decrease in snowfall events has occurred. In particular in situ observations showed
significant reductions in the extent of snow cover over the past 90 years particularly
in June, when the average extent of snow cover decreased by 53 % (40-66 %) from
1967 to 2012 (IPCC 2013).

Recent years have been also characterized by a large number of extreme epi-
sodes as heat waves, cold spells, and floods. Globally, while cold spells decreased,
heat waves significantly increased (Alexander et al. 2006). In particular, a signifi-
cant reduction in cold spells was observed over central and northern Russia, parts
of China and northern Canada, while warm spells increased over central and eastern
USA, Canada, and parts of Europe and Russia (Alexander et al. 2006).

Looking at climate projections, simulations developed for IPCC’s Fifth Assess-
ment Report (ARS) projected increases in mean surface temperature for the end
of the twenty-first century is likely to exceed 1.5°C relative to 1850-1900. More
specifically, this projected increase is likely to range from 0.3 to 4.8 °C depending
on the new Representative Concentration Pathways (RCPs) scenarios. However,
warming above 4 °C by 2081-2100 is unlikely in almost all RCPs scenarios. It is
also virtually certain that many areas will be characterized by an increase in hot
temperature extremes and a decrease in cold temperature extremes as global mean
temperatures increase.
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The ARS also confirmed an increase in global mean precipitation with increas-
ing global mean surface temperature. According to the four RCPs scenarios, this
increase is likely to range from 0.5 to 4 % °C™! at the end of the twenty-first century.
Generally, the pattern of change indicates that high latitudes and moist midlatitude
regions are likely to experience more precipitation. Conversely, many midlatitude
and subtropical arid and semiarid regions are likely to experience less precipitation
by the end of this century. The latest IPCC report (IPCC 2013) also indicated an
increase in extreme precipitation events in terms of intensity and frequency, espe-
cially over most midlatitudes and wet tropical regions.

These changes in climate regimes may have severe consequences especially in
sectors like agriculture, where the lifecycle of crops is mainly determined by cli-
mate conditions. Therefore, changes in temperature and precipitation trends can
bring shifts in phenology, yield changes, modification of crop physiology, and re-
silience (Parmesan 2006; IPCC 2007; Cleland et al. 2007; Zhao and Running 2010,
Olesen et al. 2011).

Expected increases in temperature can lead to positive or negative impacts on
crop growth and yield depending on several factors (i.e., region, crop type, etc.).
Generally, at high and middle latitudes, global warming is expected to increase the
length of the growing season especially with the advance of spring sowing. The
lengthening of the growing season is expected to increase crop growth and produc-
tivity, thus resulting in higher crop yields (Easterling and Apps 2005). In particular,
for countries at latitudes >60°N, advances in sowing time are estimated to proceed
very rapidly (Peltonen-Sainio et al. 2009; Rétter et al. 2011). Similarly, Olesen et al.
(2012) indicated an advance of spring cereal sowing from 1 to 3 weeks by 2040.
Moreover, warmer climate conditions are expected to increase potential cultivated
areas of commonly grown major and/or minor crops, especially above their current
northern limits for cultivation (Peltonen-Sainio et al. 2009). In particular, crops with
higher thermal need (e.g., soybean and sunflower) are expected to move towards
northern areas (Harrison et al. 1995; Bindi et al. 1996; Moriondo et al. 2010; Bindi
and Olesen 2011). These crops, however, may encounter some limitations when
adapting their photoperiod to different summer light conditions. Conversely, warm-
er conditions may be detrimental for crop growth and productivity over southern
regions. In these areas, the temperature increase may result in faster physiological
development, thus shortening the growing season and consequently the time for
biomass accumulation (e.g. Lobell and Field 2007; Battisti and Naylor 2009; Gi-
annakopoulos et al. 2009; Supit et al. 2010; Confalonieri et al. 2012).

The negative effect of higher temperatures on crop growth and productivity may
be counterbalanced by the higher atmospheric CO, concentration, which is expect-
ed to increase crop productivity through a higher photosynthetic rate (Kimball et al.
2002; Ainsworth and Long 2005; Qaderi and Reid 2005; Franzaring et al. 2008).
The benefit of higher CO, concentration is mainly expected for C3 species (i.e.,
almost all cereals and legumes, etc.), compared with C4 species (e.g., maize, sor-
ghum, sugarcane, etc.; Kimball et al. 2002; Ainsworth and Long 2005; Southworth
etal. 2000; Yano et al. 2007). Elevated atmospheric CO, concentrations are expect-
ed to reduce the vulnerability of pasture and forage production to climate variability
and increase crop roots yields (Farrar 1996; Soussana and Liischert 2007).
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Nevertheless, increases in CO, may be insufficient to completely recover yield
losses due to higher temperatures. Tubiello et al. (2007) suggested that in the most
vulnerable areas such as the Mediterranean basin the benefit offered by higher CO,
concentration might be nullified if temperatures increase by about 2 °C.

Besides temperature and the CO, concentration, crop growth and productivity
are also determined by water availability; therefore, changes in precipitation trends
(total amount, frequency, and intensity) are expected to have devastating effects on
agricultural systems in many regions. For instance, in the Mediterranean basin, the
expected decrease in precipitation by up to 20 % (Del Rio et al. 2011) coupled with
increased rainfall frequency and intensity may lead to prolonged water deficit. This
condition may be extremely harmful during the most sensitive growth phases (i.e.,
flowering, pollination, and grain filling), especially if coupled with the expected
increase in evaporation rate, which can lead to negative consequences such as the
complete failure of potential yield. Furthermore, crop systems may suffer higher
competition with other plants (i.e., weeds, trees, etc.) for freshwater availability,
while the expected increase in evaporation rate will also contribute to increased soil
salinization risk, preventing cultivation of highly sensitive crops (e.g., vegetables,
fodder, root, and tuber crops).

Finally, further increases in extreme events (i.e., drought and heat stress) are
expected to be detrimental for cropping systems. Drought affects yields by reducing
grain number and the amount of dry matter produced during flowering, or decreas-
ing grain number and size through the reduction and limitation of ovule function
and nutrient supply during the reproductive stage (Wheeler et al. 1996; Prasad and
Staggenborg 2008). Conversely, heat stress influences seed-filling duration, result-
ing in smaller seeds and lower yields (Prasad and Staggenborg 2008). Although
these events can occur independently, their combined impact are the most detrimen-
tal for crop systems affecting almost all plant physiological processes (i.e., growth,
productivity, area expansion, number and final size of leaves, photosynthesis, etc.;
Jagtap et al. 1998; Jiang and Huang 2001; Alves and Setter 2004; Rizhsky et al.
2004; Prasad et al. 2006a, b). These observed and predicted changes in climate and,
in turn, crop systems have raised further concern about how to reduce, or at least
limit, further impacts over the next decades (IPCC 2007). In order to deal with the
evolution of these changes, adaptation and mitigation strategies may be applied.

Adaptation strategies are aimed at minimizing the consequences of climate change
and variability on crop systems. These strategies tackle the effects of climate change
through policies, planning, and measures that are efficient in the short term by main-
taining suitable yields. Adaptation options need both global and local coordination;
however, they can be independently developed and applied by individual farmers.

Conversely, mitigation strategies aim to reduce or stabilize GHG emissions from
anthropogenic activities. They constitute an economic benefit by reducing the im-
pacts of climate change and its consequent costs. These strategies deal with the
causes of climate change through a long-term activity, which should be coordinated
at a global scale and involve several countries and institutions. Among the agricul-
tural adaptation and mitigation strategies that can be combined to reduce climate
change impacts, CA may represent a good option to obtain sustainable crop produc-
tion and cope with climate change.
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22.2.2 Adaptation

CA systems tend to offer more climate change adaptation benefits than conven-
tional farming systems. Most of these benefits are related to increasing both soil
fertility and water conservation. The application of CA principles should produce
changes in soil properties and physical, chemical, and biological processes, thus
enhancing water supply and soil quality (Palm et al. 2013). These improvements are
fundamental for minimizing yield variability and maintaining suitable productivity,
especially under climate change conditions.

According to several studies (Stockfisch et al. 1999; Tebriigge and Diiring 1999;
Horacek et al. 2001), both reduced tillage (RT) and no-tillage (NT)—by modifying
biological activity, topsoil physical properties, and soil erosion (Dennis et al. 1994;
Balabane et al. 2005; Riley et al. 2005)—allow considerable accumulation of SOM
on topsoil as well as carbon vertical stratification (Hernanz et al. 2002; Moreno
et al. 2006), thus resulting in improved soil fertility and, in turn, higher productiv-
ity. Moreover, RT and NT can also contribute to reduce soil erosion that is widely
accepted as detrimental for crop productivity. According to Tebriigge and Diiring
(1999) and Hernanz et al. (2002), these practices can improve the stability of soil
aggregates and avoid soil surface sealing. This change in soil structure improves
soil fertility and, as a consequence, the crop’s productivity efficiency.

Permanent soil organic cover is another main principle of CA. While RT and NT
can limit water infiltration in soil due to surface crust formation, the presence of
residues on the soil surface can increase water storage (Lampurlanés and Cantero-
Martinez 2006). Moreover, cover crops can also avoid runoff by reducing the over-
land flow velocity, thus improving soil structure (Sudhishri et al. 2008; Dass et al.
2010). The improved soil structure and increased water availability is mainly due to
the increased bio-pores, which should maximize the effect of rainfall and recharge
groundwater, and therefore reducing the impacts of drought (Wuest 2001; Herrero
et al. 2001; Akbolat et al. 2009; Ben Moussa-Machraoui et al. 2010). Therefore,
permanent soil organic cover is a fundamental strategy for limiting expected yield
losses under climate change, especially in dry areas.

Despite the role of cover crops being considered fundamental for erosion mitiga-
tion, many studies (Friebe and Henke 1991; Puget et al. 1995; Frielinghaus 2002;
Balabane et al. 2005) concur that there are even further benefits when soil cover is
coupled with RT or NT. This combination may increase aggregate stability and soil
water infiltration rate, which are closely linked to SOM, soil organic carbon (SOC),
and earthworm activity. Therefore, the coupling between soil cover and RT or NT is
expected to be fundamental, especially over those regions where climate change re-
sults to be very detrimental for crop growth. In particular, for Mediterranean areas,
several studies on annual and perennial crops suggested that the combined effect of
minimum soil disturbance and soil cover seems to reduce both water and wind ero-
sion but also increase precipitation storage (De Alba et al. 2001; Lopez et al. 2001;
Gomez et al. 2005; Lopez and Arrtie 2005; De la Rosa et al. 2005; Cantero-Martinez
et al. 2007).
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Even diversification of crop species and rotations may be functional as adapta-
tion strategies to cope with climate change. In particular, the role of legumes is
expected to gain more importance due to the biological nitrogen fixation process,
an efficient way to supply large amounts of nitrogen to the soil and to build SOM.

22.2.3 Mitigation

According to several studies (i.e., Lal et al. 2007; FAO 2011; Kassam et al. 2009),
the application of CA over wide areas may have the potential to slow/reverse the
rate of emissions and enhance the sinks of CO, and other GHG by agriculture. This
was confirmed by Smith and Olesen (2010) who found that the proper application
of the main CA pillars can contribute to reduce GHG emissions particularly through
improved nitrogen use efficiencies and enhanced soil carbon storage. In particular,
a study carried out by Baker et al. (2007) estimated that the global conversion of all
croplands to conservation tillage could sequester 25 Gt C over the next 50 years.

In regard to minimum soil disturbances (i.e., RT and NT), both practices can
contribute to reducing GHG emissions by reducing SOM oxidation into CO,, which
increases under conventional tillage (FAO 2011). However, the C sink response
varies under both RT and NT depending on the area considered (Eagle et al. 2011).
RT and NT can increase soil C sequestration by improving whole soil structure. In
particular, increasing the number and quality of soil aggregates coupled with less
soil compaction reduces CO, losses from soil, thus enhancing the passive C pools
in soil. Moreover, as an indirect consequence especially of NT, a strong reduction
in CO, emissions can result from lower fuel energy inputs due to less machinery
use (FAO 2008).

In addition, permanent soil organic cover is useful for increasing long-term
carbon sequestration processes (West and Post 2002). Improved soil structure will
contribute to reduced CO, fluxes from soil. For instance, soil organic cover can re-
duce the risk of erosion episodes and limit C losses for soil respiration through the
reduction of the impact of rain drops with high energy during intense rainfall events.
Soil C storage can increase due to the presence of abundant root biomass. This was
confirmed by Kassam et al. (2009) who identified roots as the main source of CO,
sequestration due to their capacity to partially stock C above- and belowground as
a resistant SOM pool.

Permanent soil organic cover can also limit GHG emissions indirectly. First,
it can decrease CO, emissions through increased inter-species competition. This
reduces the presence of invasive species and, in turn, CO, emissions due to less
use of machinery for weed treatments. Second, permanent soil organic cover helps
maintain high nitrogen levels close to roots, thus lower fertilization requirements
and, in turn, N emissions.

Finally, the diversification of crop species and rotation should enhance SOC con-
centration in soil (Gregorich et al. 2001), especially when the soil nitrogen balance
is positive (Bayer et al. 2000a, b). In this context, the ability of legumes to provide
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sufficient N supply can increase C stock in soil, thus increasing atmospheric C se-
questration. The role of mineral N as fertilizer in SOC improvement was confirmed
in several studies (Mrabet et al. 2001; Baker et al. 2007; Mrabet 2008; Lopez-Fando
et al. 2007; Akbolat et al. 2009; Lopez-Bellido et al. 2010). In addition, legumes
increase soil N content, thus reducing the need to apply energy inputs such as fertil-
izer.

22.3 CA for Carbon Storage in Cropland

22.3.1 SOC Accumulation

SOC constitutes on average about 58 % SOM. Several SOM pools can be distin-
guished in the soil on the basis of size, state of decomposition, and chemical and
physical properties. A labile pool, also known as the active pool, is the least decom-
posed organic matter smaller than 2 mm but larger than 0.25 mm. It consists mainly
of young SOM (such as plant debris), is partially protected in macroaggregates,
characterized by a rapid turnover or transformation, sensitive to land and soil man-
agement and environmental conditions. It consequently plays an important role in
short-term carbon and nitrogen cycling in terrestrial ecosystems and can be used as
a sensitive indicator of short- and medium-term changes in soil carbon in response
to management practices (Chan 1997; Whitbread et al. 1998).

The pool of SOM, smaller than 0.25 mm and larger than 0.053 mm (250-253 pum),
is a labile, insoluble intermediate in the SOM continuum from fresh organic materi-
als to humified SOC, ranging from recently added plant and animal debris to par-
tially decomposed organic material. The stable pool, the recalcitrant SOM, contains
particles less than 0.053 mm (<53 pm). The organic matter has reached the highest
level of transformation and is incorporated into aggregates, where its further de-
composition is protected. It holds moisture, retains cations for plant use, and acts
as a recalcitrant binding agent preventing nutrients and soil components from being
lost through leaching.

Several factors which determine the soil carbon budget are influenced by land
management practices; in this context, the reasons for the positive influence of CA
in SOC accumulation is related to the permanent and total protection of the soil
through species diversity, a similar pattern to that of the most stable natural ecosys-
tems. These conditions are inherent in CA principles, i.e., minimum mechanical soil
disturbance, permanent soil organic cover, and species diversification. The perma-
nent presence of abundant, undisturbed (above- and belowground) biomass fosters
the buildup of new SOC (Stagnari et al. 2009) and carbon losses from decomposi-
tion are reduced by SOC inclusion within soil aggregates, as enhanced by the low
soil disturbance (Table 22.1; de Moraes Sa et al. 2001).

With respect to the first principle of CA, SOC accumulation is a reversible pro-
cess and any short-term disturbance, in a system which aims to improve carbon
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Table 22.1 SOC accumulation in deeper soil layers under the CA management system

Location

Experiment duration

Results

Author

USA, north

22 years

The carbon stock under CA to a depth
of 122 cm is 10.6 t ha™! greater than that
under TA

Doran et al.
1998

Brazil, south

13 years

Where complex rotations are adopted,
soil carbon stocks under CA are approxi-
mately 17 t ha™! higher than under TA,
and that 46-68 % of carbon gains occurs
at 30-85 cm depth

Sisti et al. 2004

Brazil, south

17 years

Samplings to 107.5 cm depth in an Acri-
sol demonstrate the significant potential
of legume crops and nitrogen fertiliza-
tion under CA to improve SOC stocks:
the average carbon sequestration rate of
legume-based cropping systems (with
N-fertilizer) in the whole 0-107.5 cm
layer was 1.42 tha™! y! when consider-
ing the soil profile down to 100 cm depth

Diekow et al.
2005

Brazil, south

15-26 years

The experiments on free-draining
Ferralsols under rotations containing
intercropped or cover-crop legumes
show annual SOC accumulation rates of
between 0.04 and 0.88 t ha™! to 30 cm
and from 0.48 to 1.53 tha™! y™! when
considering the soil profile down to

100 cm depth

Boddey et al.
2009

Brazil, south

13 years

When green-manure cover crops are part
of the rotation soil carbon stocks were
approximately 17 t ha™! higher under CA
than under TA

Sisti et al. 2004

USA, Indiana

28 years

10 t ha™! greater SOC content under
CA than in moldboard plowed trials
at 0—100 cm depth in a dark-colored
Chalmers silty clay loam in Indiana

Gal et al. 2007

Australia

Higher SOC cncentrations at 230 cm
depth in Vertisols when compared with
other soil types in Australia

Knowles and
Singh 2003

CA conservation agriculture, 74 tillage-based agriculture, SOC soil organic carbon

status as a long-term management tool, will not achieve significant improvement in
SOC accrual (Jarecki and Lal 2003; Al-Kaisi 2008). The formation of stable micro-
aggregates within macroaggregates is inhibited under tillage-based agriculture (TA;
Six et al. 1998). Even with a single tillage event, sequestered soil carbon and years
of soil restoration may be lost, and the damage to soil life is considerable (Grandy
etal. 2006). In general, the mixing of litter in tilled soils favors bacteria (hence quick
degradation processes), while the higher presence of fungi in undisturbed systems
like CA (Beare et al. 1992, 1993; Frey et al. 1999; Guggenberger et al. 1999; Drijber
et al. 2000) is responsible for a buildup of soil carbon in the form of polymers of
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Table 22.2 Percentage of carbon in the crop residues released from the soil after different treat-
ments (Reicosky 1997)

Tillage practice Percentage of carbon in the crop residues
released as CO,

Moldboard plow 134

Moldboard plow and disc harrow 70

Disc harrow 58

Chisel plow 54

Sod seeding 27

Table 22.3 Carbon costs of the variables that intervene in the CA and the TA systems. (Smith et al.
1998; Tebriigge 2000; FAO 2001, 2008, 2009)

Variables Cost of the variable under CA as compared to
TA

Fuel consumption per unit area output 35-80 % less

Number of passes 50-54 % less

Size of machinery 50 % lower power requirement

Depreciation rate of machinery Two to three times lower (i.e., two to three
times longer lifetime)

melanin and chitin, which are relatively stable and resist degradation (Stahl et al.
1999; Bailey et al. 2002). Beyond its effect on the oxidative breakdown of SOM
through mineralization, tillage has a direct effect on CO, exchange between the soil
and atmosphere. The amount of CO, lost is directly correlated to the disturbed soil
volume; consequently plowing, by disturbing the greatest soil volume, produces the
maximum CO, flux, while NT causes the least CO, loss (Reicosky and Lindstrom
1993, Reicosky et al. 1995; Reicosky 1997, 1998; Table 22.2). In addition, plowing
is an energy-intensive process: On average, tillage agriculture uses up to 80 % more
energy (fuels) than CA (Table 22.3). Studies have also identified tillage-induced
soil erosion as the major cause of severe soil carbon loss and soil translocation on
convex upper slope positions of cultivated, upland landscapes (Lobb et al. 1995;
Lobb and Lindstrom 1999; Reicosky et al. 2005).

The amount of SOC is limited by the availability of sufficient plant residue. In
conventional agricultural systems, aboveground production is removed (harvested
orused as livestock feed) or burned, leaving only root biomass for incorporation into
SOM. Sometimes above- and belowground inputs are mechanically mixed (e.g., by
disking or chiseling) into the soil with the residues rapidly decaying (Magdoff and
Weil 2004). Such decay of SOM depends on the composition of the material: Read-
ily decomposable carbon (e.g., low C/N ratio residues or liquid manure) generally
induces a priming effect and increases CO, emissions. The composition of residues
not mixed into the soil does not affect the decay of accumulated SOM (Chadwick
etal. 1998; Flessa and Beese 2000; Kuzyakov et al. 2000; Chantigny et al. 2001; Bol
et al. 2003; Fontaine et al. 2004; Sisti et al. 2004; Fontaine 2007). In no-tilled soils
over long periods, SOM decomposition on the soil surface is reduced and increas-
ing active fractions of SOM are observed (Franzluebbers et al. 1995a, b; Stockfisch
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et al. 1999; Tebriigge and During 1999; Horacek et al. 2001). The accumulation of
SOM in surface layers influences carbon vertical stratification (Hernanz et al. 2002;
Moreno et al. 2006), water infiltration, erosion resistance, and nutrient availability.

There is also clear evidence that species diversification, the third pillar of CA,
positively influences SOC storage. Indeed, some authors found negative SOC ac-
cumulation rates under repeated monocropping in conventional systems (Angers
et al. 1997; Wanniarachchi et al. 1999, VandenBygaart et al. 2003). Changing from
monocropping to a multicrop rotation positively influences SOC concentration.
Several studies comparing SOC concentration under multicropping with monocrop-
ping systems support this theory (Havlin et al. 1990; Entry et al. 1996; Mitchell
et al. 1996; Robertson et al. 1994; Robinson et al. 1996; Buyanovsky and Wag-
ner 1998; Gregorich et al. 2001; Lopez-Fando and Pardo 2001). In addition, soil
type and climatic conditions are important variables which can strongly modify
the effects of cropping pattern on SOC (VandenBygaart et al. 2003). Each type of
rotation has a different potential to induce carbon sequestration. Generally, carbon
accumulates when the nitrogen balance of the crop rotation is positive (Sidiras and
Pavan 1985; Bayer and Mielniczuck 1997; Boddey et al. 1997; Alves et al. 2002,
2003, 2006; Sisti et al. 2004; Bayer and Bertol 1999; de Maria et al. 1999; Amado
et al. 1999, 2001; Bayer et al. 2000a, b). Negative SOC accumulation rates under
CA are associated with specific rotations, i.e., with fallow-, barley- and soybean-
based rotations. In any case, fallow-based rotations should not be associated with
the concept of CA (Black and Tanaka 1997; VandenBygaart et al. 2003; Hernanz
et al. 2009; Lopez-Bellido et al. 2010). A barley—wheat—soybean rotation does not
seem to allow SOC accumulation (Angers et al. 1997). Barley, as a versatile spe-
cies, is often cultivated, where growing conditions (e.g., climate and soil fertility)
are most difficult for cereal crops as well as for SOC accumulation. Further nega-
tive SOC accumulation rates under CA were observed in a maize—wheat—soybean
rotation (Yang and Kay 2001; VandenBygaart et al. 2002). Including soybean in the
rotation does not appear sufficient to enhance SOC accumulation: Most of the fixed
nitrogen was exported with the grain (Sisti et al. 2004) and, while its residues may
improve nitrogen availability, they decomposed very quickly, returning insufficient
biomass to the soil.

Agricultural systems such as CA that rely on permanent organic soil cover and
NT to maintain crop residues on the surface layer lead to superficial SOC accumula-
tion, and offer potential benefits in controlling some negative environmental effects
traditionally associated with agroecosystems.

22.3.2 Soil Biodiversity

The positive impact of CA is not restricted to SOC accumulation, but more gener-
ally it induces enhancements in terms of soil quality, i.e., the capacity of the soil to
function within ecosystem boundaries to sustain biological productivity, to maintain
environmental quality, and to promote plant and animal health (Doran and Parkin
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1994). One fundamental aspect of soil quality is “biodiversity,” which had not been
appropriately considered until some years ago. Soil biodiversity is normally de-
scribed as the variability of living forms—soil fauna, flora, vertebrates, birds, and
mammals—within a habitat or management system of a territory involved in agri-
cultural activity.

It has been largely demonstrated that in undisturbed soil or soil managed follow-
ing CA techniques, biomass diversity and biological activity are higher compared to
those under deep cultivation (Lupwayi et al. 2001; Spedding et al. 2004). Bacteria,
actinomycetes, fungi, earthworms, and nematodes are higher in mulched fields than
in those where residues are incorporated. The rate of organic C input from plant bio-
mass is generally considered the dominant factor controlling the amount of micro-
bial biomass in soils (Campbell et al. 1997); as the total organic C pool expands or
contracts, the microbial pool also expands or contracts (Franzluebbers et al. 1999).

Microfauna, such as protozoa (Cochran et al. 1994), are favored by those man-
agement practices that are expected to also favor bacteria, since bacteria are their
main food source. In addition, the abundance of mesofauna, in particular potworm,
is greater where CA is practiced than in compacted soil (Rohrig et al. 1998). The
negative effects on microarthropod populations are caused in part by the physical
disturbance of the soil by tillage. Some individuals may be killed initially by abra-
sion during tillage operation or being trapped in soil clods after tillage inversion
(Wardle 1995).

Soil mesofauna are mainly represented by springtails (Collembola) and mites
(Acari; Kladivko 2001). Springtails are usually inhibited by tillage disturbances
(Miyazawa et al. 2002; Wardle 1995). Mites exhibit more extreme responses to till-
age than microbial groups: moderate to extreme increases or decreases have been
observed (Wardle 1995). Interestingly, the mite population seems more affected by
cover crop than tillage practice (Reeleder et al. 2006). Another important meso-
fauna group is the enchytraeids, thanks to their burrow which increases aeration,
water infiltration, and root growth (Cochran et al. 1994). They may be inhibited or
apparently stimulated by tillage in contrast with most other groups, probably due to
their ability to recover from disturbances (Wardle 1995).

Large organisms (macrofauna) appear to be especially sensitive to agroecosys-
tem management (Chan 2001; Folgarait 1998; Black and Okwakol 1997; Kladivko
et al. 1997; Robertson et al. 1994; Holt et al. 1993; Barnes and Ellis 1979) with
less negative impacts on species with high mobility and higher population growth
potential (Decaéns and Jiménez 2002). Earthworms play a crucial role in mixing
plant residues and other materials into the soil, particularly important in no-till sys-
tems due to the lack of mechanical mixing (House and Parmelee 1985). Earthworm
species differ in their ecological behavior thus having different effects on soils.
Large earthworms produce large-sized and compact aggregates, whereas small eu-
drilid earthworms produce small, fragile castings; both groups appear essential for
maintaining soil structure (Blanchart et al. 2004). Their abundance, diversity, and
activity increase under CA when compared to conventional agriculture (Kladivko
2001; Chan 2001; Kladivko et al. 1997; Barnes and Ellis 1979; Gerard and Hay
1979; Table 22.4). The few exceptions (Nuutinen 1992; Wyss and Glasstetter 1992)
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Table 22.4 Abundance of earthworms (number m2) under no-tillage, conventional tillage, and
permanent pasture

No-tillage | Conventional Permanent | Remarks Reference
tillage pasture

270 90 - On a very poorly drained soil, culti- | Boone et al.
vation by normal plowing 1976

137 67 - Cultivation by deep plowing Gerard and Hay

1979

913 213 - Cultivation involved moldboard House and Par-
plowing, three disk plowing and two | melee 1985
rotary tilling

342 130 - Lupin/wheat rotation, three culti- Rovira et al.
vation to 7 cm with a duck food 1987
scarifier

275 117 - Cultivation involved scarifying Haines and Uren

(10 cm) two to three times and light | 1990
harrowing (7 cm)

266 48 477 - Deibert et al.
1991
467 52 1017 - Springett 1992
250 175 825 Lismore site, after 8 years of Francis and
cropping Knight 1993
- 52 168 - Mele and Carter
1999

are probably related to type and timing of tillage as well as original species assem-
blage (Chan 2001). Tillage is the main factor perturbing earthworm populations, but
mulched crop residues are fundamental, since earthworms are unable to maintain a
constant water content (Edwards and Bohlen 1996).

Although ants are as important as earthworms in soil transformation, there is a
lack of literature on ants in agroecosystems (Gotwald 1986). In general, ants in-
crease infiltration by improving soil aggregation and porosity (Nkem et al. 2000)
even in situations of low organic matter and clay contents (Mando and Miedema
1997). Management options favoring ant populations, such as residue mulch and
reduced or zero tillage, have been identified as key factors in improving topsoil in
agroecosystems, even in the degraded conditions of the Sahel (Mando and Miedema
1997). Most arthropods concentrate their activities above or within the topsoil and
take part, at least partially, in organic matter incorporation through burrowing and
food relocation (Zunino 1991). Theoretically, arthropods (Coleoptera and Araneac)
favor CA conditions given the litter presence on the soil surface, which constitutes a
food source for many arthropods (Kladivko 2001), and the higher niche availability
(Ferguson and McPherson 1985). Nevertheless, many studies conducted in North
America and Europe report inconsistent results with increased (Andersen 1999;
Holland and Reynolds 2003), decreased (Andersen 1999; Holland and Reynolds
2003) or no effect (Holland and Reynolds 2003) on arthropod abundance. General-
ly, species diversity of all arthropod guilds is higher in CA compared to convention-
al agriculture (Stinner and House 1990). Interestingly, various authors (Holland and
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Reynolds 2003; Marasas et al. 2001; Stinner and House 1990; House and Stinner
1983) found an increased presence of predators (spiders as well as carabid and
staphylinids beetles) compared to phytophagous species under zero tillage systems.

22.3.3  Soil Moisture

Eighty percent of the world’s cultivated land depends on “green water” for its pro-
duction, which is defined as water located in the soil. Agriculture which depends
only on green water is called “rainfed agriculture.” Green water resources will, in
the foreseeable future, be the dominant source for human food production. How-
ever, only 15% of actual rainfall is productively used for crop growth, while the
pressure on “blue water resources” is increased. The ground water, or surface water
bodies, is limited; consequently, it will be difficult to increase the size of areas under
irrigation. More pragmatically, it would be necessary to increase the efficiency of
green water resources.

Improves soil and water management is possible through CA; data indicate in-
creased crop yields of 10-100 % with water requirements for crop production re-
duced from 2500 to 1250 m? ton!. Conversely, conventional farming favors the
loss of soil moisture by reducing the ability of the soil to capture, drain, and store
rainwater. Unproductive losses take place through surface runoff, unproductive soil
evaporation in bare soil surfaces, and unproductive evaporation due to soil aera-
tion during tillage operations. There is evidence that long-term use of conventional
tillage leads to soil compaction, increased runoff, and poor infiltration (Hussain
et al. 1999b; Ferreras et al. 2000), ultimately determining the risk of soil erosion.
Indeed, the destruction of the original soil structure alters many soil physical pro-
prieties including the stability of aggregates>2 mm (Chan et al. 2001), pore space
and size distribution, water-holding capacity, and soil water content. CA, which
favors improved soil structure and continuous soil pores, enables higher infiltra-
tion and ultimately increases available water for crop production (Roth et al. 1988;
Thierfelder et al. 2005). Azooz and Arshad (1996) found that both saturated and
unsaturated hydraulic conductivities were higher under zero tillage conditions than
under conventional tillage on two luvisols (silty loam and sandy loam soils). Chan
and Heenan (1993) found that, despite similar bulk densities, hydraulic conductivity
under ponded infiltration of zero tillage with residue retention was one to four times
that of conventional tillage with residues burnt. In the USA, CA reduced runoff by
between 15 and 89 % and reduced dissolved pesticides, nutrients, and sediments
within it (Clausen et al. 1996). Besides lower runoff intensity, numerous studies
have shown significant reductions in soil erosion rates with CA or NT (Govaerts
et al. 2007; Li et al. 2007; Pinheiro et al. 2004; Chan et al. 2002; Filho et al. 2002).

The effects of CA on soil evaporation are significant. Tillage moves moist soil to
the surface, increasing drying losses (Hatfield et al. 2001). It has been demonstrated
that tillage disturbance of the soil surface increases soil water evaporation more
than untilled areas (Blevins et al. 1977; Papendick et al. 1973). The amount of ener-
gy the soil surface receives is influenced by canopy and residue cover. Greb (1966)



22 Conservation Agriculture and Climate Change 593

found that residue and mulches reduce soil water evaporation by reducing soil tem-
perature, impeding vapor diffusion, absorbing water vapor into mulch tissue, and
reducing the wind speed gradient at the soil-atmosphere interface; residue thickness
(volume) is more important than mass per unit area for controlling evaporation
(Unger and Parker 1976; Steiner 1989). It has been estimated that the presence of
residues on the surface lowers evaporation by 34-50 % (Sauer et al. 1996). Besides
residue thickness, the rate of drying is determined by the atmospheric evaporative
potential (Tolk et al. 1999). In general, residue characteristics, which affect energy
balance components, have a large impact on evaporation fluxes and are strongly
influenced by the effect of the year and by the nonuniform distribution (Sauer et al.
1997).

As a direct beneficial effect, soil moisture is conserved under CA systems and
more water is available for crops. Azooz and Arshad (1996) found higher soil water
contents under zero tillage compared with moldboard plow in British Columbia.
In Zimbabwe, mulching helped conserve soil water in a season with long periods
without rain at several experimental sites (Mupangwa et al. 2007). Gicheru (1994)
showed that crop residue mulching resulted in more moisture down the profile (0—
120 cm) during two consecutive crop periods (the short rains and the long rains)
than conventional tillage and tied ridges in a semiarid area of Kenya. Thus, tillage
and residue management may significantly affect crop yields during years of poor
rainfall distribution (Johnson and Hoyt 1999) making permanent soil cover essen-
tial for cropping systems aimed at long-term agricultural sustainability.

22.3.4 Soil Nutrients

Maintenance of soil nutrient availability and soil fertility, in general, is the first con-
dition of any permanent system of agriculture. Under conventional agriculture, soil
chemical fertility is steadily lost—as crops and crop residues are removed, SOM is
plowed and uncovered land oxidizes into carbon dioxide (a GHG) and water.

In CA, cover crops contribute to accumulate organic matter in the surface soil
horizon (Alvear et al. 2005; Diekow et al. 2005)—this effect is more significant
when cover crops are combined with NT—which is important due to the regulatory
role of organic matter in most biological, physical, and chemical processes, which
collectively determine soil health. Besides favoring infiltration and water retention,
helping to stabilize soil structure to mitigate the impact of wheel traffic and culti-
vators, and reducing the potential for wind and water erosion, organic matter is an
important source of C and a major reservoir for plant nutrients.

Consequently, increased stratification and nutrient availability is generally ob-
served in CA soils (Duiker and Beegle 2006; Franzluebbers and Hons 1996) due to
surface placement of crop residues (Unger 1991). Slower decomposition of surface-
placed residues (Balota et al. 2004) may prevent rapid leaching of nutrients through
the soil profile; however, the possible development of more continuous pores under
zero tillage leads to more rapid passage of soluble nutrients deeper into the soil
profile (Kay 1990).
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N availability is strictly dependent on the rate of C mineralization. CA is nor-
mally associated with lower N availability due to greater immobilization of residues
(Bradford and Peterson 2000); however, the net immobilization phase is transito-
ry while the higher, but temporary immobilization of N in CA systems over the
long term reduces leaching and denitrification losses. Residues from legume cover
crops—which are associated with belowground biological agents and provide food
for microbial populations—generally provide more carbon and nitrogen under NT
compared with plowing (Campbell et al. 1996a, b).

The composition of residues, indeed, will affect their decomposition and conse-
quent nutrient release; the C/N ratio, initial residue N, lignin, polyphenols, and sol-
uble C concentrations are among the most used criteria for residue quality (Moretto
et al. 2001). N immobilization can occur as a consequence of cereal residue reten-
tion, particularly during the first years of implementation (Erenstein 2002). Several
studies have shown that P extractable levels are higher in no-tilled soils principally
due to the reduced mixing of P fertilizers with soils, leading to lower P fixation
(Duiker and Beegle 2006; Du Preez et al. 2001; Edwards et al. 1992). Higher P
tends to accumulate in the topsoil of no-tilled soils in the absence of surface resi-
dues. If mulch is present, the soil surface is likely to be moister than conventionally
tilled soils.

CA conserves and increases the availability of nutrients such as K near the soil
surface where roots are present (Franzluebbers and Hons 1996). However, most
research has shown that tillage does not affect Ca and Mg levels especially in clay
soils (Govaerts et al. 2007; Duiker and Beegle 2006; Du Preez et al. 2001). Other
authors reported increased available Ca and Mg concentrations to 60 cm depth in
both oxisol and alfisol under CA (Sidiras and Pavan 1985). Micronutrient cations
(Zn, Fe, Cu, and Mn) are usually present in higher levels under CA systems com-
pared to conventional tillage due to surface placement of crop residues (Franzlueb-
bers and Hons 1996). The higher organic matter content at the soil surface, com-
monly observed under CA, can increase the cation exchange capacity (CEC) of the
topsoil (Duiker and Beegle 2006; Govaerts et al. 2007).

In CA, reduced nutrient leaching is not only linked to NT or crop residues but
also to the use of catch crops grown during the wetter periods. In general, CA prac-
tices tend to favor soil biota, which are important not only because they favor the
fast recycling of nutrients (Van Kessel et al. 1994; Drinkwater et al. 1998; Lafond
et al. 2008) but also because they help to immobilize most residual nitrogen (along
with organic carbon) in the soil (Amado and Costa 2004).

22.4 Climate Change and Gaseous Emission Dynamics

22.4.1 Methane

Methane (CH,) is the third most important and abundant GHG after H,0 and CO,
and is 34 times more potent as a heat-trapping gas than CO, over a 100-year time
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scale (IPCC, 2013). Despite a short residence in the atmosphere (ca. 10 years), CH,
is chemically reactive in the troposphere and stratosphere. Biogenic sources, which
account for more than 70 % of the global total, are mainly northern and tropical
wetlands, rice paddies, enteric fermentation, forests, oceans, and landfills. Non-
biogenic CH, includes mainly industry related and geological sources, biomass, and
waste treatments (IPCC 2007).

Methanogenesis is a form of anaerobic respiration, where CO, or a simple organ-
ic carbon compound serves as the final electron acceptor; this activity is performed
by Archaea, a domain of single-celled microorganisms. Conversely, the primary
sinks of CH, are the oxidation of the gas to CO, in the troposphere (Wuebbles and
Hayhoe 2002) and oxidation by methanotrophic bacteria in the aerobic zone of
methanogenic soils and in upland soils, called methanotrophy (Hiitsch 2001; Xu
et al. 2003). Methanotropy activity, more effective in often-submerged or water-
saturated soils (Nesbit and Breitenbeck 1992), can contribute up to 15 % of the total
CH, removal (Born et al. 1994). When the soil is submerged, dissolved oxygen rap-
idly decreases causing development of facultative anaerobic, then microaerophilic,
and finally strict anaerobic microorganisms. As a direct consequence, reducing con-
ditions are established and when Eh is around —200 mV, the reduction of CO, into
CH, occurs. Soils can act as a net source or sink for CH, depending on the oxidative
state of the matrix, hence land use and management practices directly affect CH,
release to the atmosphere (Yang and Chang 2001).

Conservation tillage techniques are a key strategy to reduce CH, emissions,
since they can act as a CH, sink (Mojeremane et al. 2011). In fact, the disturbance of
soil by tillage causes a significant reduction of CH, oxidation capacity through the
damage of soil structure that influences negatively gaseous diffusivity and perturbs
the physicochemical and biological properties that promote growth of oxidizing
agents (Lessard et al. 1994). In long-term NT, the potential oxidation of CH, was
considerably higher, from 2 to 11 times more than conventional tillage and mini-
mum tillage (MT; Hansen et al. 1993; Hiitsch 1998; Ussiri et al. 2009; Le Mer and
Roger 2001). Soil porosity is a main factor affecting CH, emissions and is directly
related to soil tillage practices. Lower values of bulk density, as seen in long-term
NT when compared with conventional tillage andMT, improve gas diffusion. Fur-
thermore, oxidative activity is more pronounced in topsoil under NT, while beyond
the layer characterized by soil tillage in conventional tillage, methanotrophic activ-
ity is higher and equivalent to NT soils. The conversion of cropping systems from
conventional tillage to NT improves the potential for soil CH, abatement, but it is a
slow process, which can take some decades to quantitatively align methanotrophic
activities (Regina and Alakukku 2010).

The fertilizer application and the management of crop residuals directly affect
soil microbial activity and composition. Ammonium-based fertilizers or urea can
reduce the soil potential for CH, oxidation activity, while nitrate-based applications
have no direct effects. Fertilizers containing ammonium (NH,") lead to increased
N,O emissions due to the change of methanotrophic bacteria activity, which be-
gins to oxidize NH, " with consequent increases in N,O and CH, (Acton and Baggs
2011). The surface spreading of fertilizers, compared with incorporation, increases
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CH, emissions due to direct inhibition of oxidase activity (Bronson et al. 1997). The
effect of soil pH in methanogenesis indicates that emission tends to slightly increase
at acid pH (Levy et al. 2012), with the optimum between 5.5 and 7.

The effect of soil incorporation of organic material, such as manure or green
manure, in upland soils varies depending on the C/N ratio of the material. The state
of degradation of the carbon supplied to the soil is relevant and, if anaerobic condi-
tions occur, the more degraded the carbon, the greater the potential CH, production
(Mudge and Adger 1995). The production of CH, and emission to the atmosphere
decreases, when the C content and C/N ratio of incorporated residues decrease.
Green legume manure releases an abundance of NH, " that competes with mono-
oxygenases enzymes increases the release of CH, (Nesbit and Breitenbeck, 1992).
Conversely, the incorporation of manure, characterized by a higher C content and a
relative low C/N ratio, has the potential to stimulate the work of methanogen com-
munities (Hiitsch et al. 1993), without affecting CH, oxidizers. A high C/N ratio, as
in rice straw, corresponds to organic material abounding in labile C, which is readily
usable by microflora.

Management of crop residues in the field, together with the addition of soil con-
ditioners, affects the activity of methanogenic communities, which can be ten times
more than without these additions (Schiitz et al. 1989; Cicerone et al. 1992; Nouchi
et al. 2010). The dose of fertilizer applied, as well as the green material, straws, or
residues of crop fermentation, has a proportional effect with increasing doses (De-
nier van der Gon and Neue 1995). In general, increasing SOM by roots exudates
and soil residues, together with improved soil structure and microorganism activity,
promotes the activity of methanotrophs (Seghers et al. 2003). Conversely, a large
microbial activity, especially if related to an organic matter contribution to the soil,
results in oxygen consumption, which creates suitable environmental conditions for
methanogenic growth (Baggs et al. 2006). Gas emission from surfaces is therefore
balanced by these two processes.

Rice paddies are the most studied methanogenic ecosystems; in this environ-
ment, methanogenesis and methanotrophy are noticeable. Methane emissions de-
rived from the passive transfer of gas produced in the soil, through aerenchyma
and micropores on the leaf blade, vary depending on the variety of rice and are a
function of the morphological differences in aerenchyma and roots (Butterbach-
Bahl et al. 1997). Organic fertilizers (rice straw, green manure, or farmyard ma-
nure)—preferred due to their richness in C—promote CH, production more than
synthetic fertilizers. Water management can significantly decrease emissions from
60 to more than 90 % if one or more drainage periods are observed (Cai et al. 1997).
Conversely, intermittent drainage may increase nitrification and losses of nitrogen
by denitrification with the subsequent emission of N,O. Varietal selection in the
case of rice can be a potential strategy to reduce CH, emissions, since the composi-
tion of various exudates acts directly on methanotrophic communities (Wassmann
et al. 1993). In general, soil tillage in paddy fields or transplantation can potentially
release CH, trapped in soil, while the use of direct seeding can reduce total emis-
sions (Neue 1997). Farmland releases of CH,, together with nitrous oxide (N,0),
ammonia (NH,), and nitrates (NO5), are presented in Fig. 22.1.
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Upland fields Rice paddy fields

Fig. 22.1 Nitrous oxide (N,0), methane (CH,), ammonia (NH,), and nitrate (NOJ) release in
farmland. Solid lines are carbon or nitrogen fluxes, dotted lines represent organic materials

22.4.2 Nitrous Oxide

Field crop agriculture is estimated to be the main source of anthropogenic N,O
(IPCC 2001) which contributes more than 61% of total global N,O emissions
(Montzka et al. 2011). N,O is 21 times more potent as a heat-trapping gas than CH,
over a 100-year time scale (IPCC 2007). Once released into the troposphere, N,O
acts as a GHG and takes part in ozone (O,)-depleting reactions in the stratosphere
(Phillips et al. 2007). N,O is produced from nitrification and denitrification bio-
logical processes together with non-biological chemodenitrification. Soil tillage,
together with the addition of N compounds as ammonium or nitrate, stimulates
microbial activities which produces this reactive gas. Mineral and organic N-fer-
tilizers, together with crop residues and green manures, are recognized as major
drivers of N,O emissions (Beckman and Olfs 1998). The presence of labile C forms
also stimulates denitrification activity due to molecular oxygen consumption in the
soil. Moreover, the relationships among soil temperature and pH, soil texture and
structure, soil water content, landform and land use, and meteorological conditions
are decisive in N,O emissions.

CA, through zero tillage and MT and practices, directly affects N,O soil pro-
duction with highly variable effects (Rochette et al. 2008). In humid climates, in
the first 10 years of NT after the conversion from conservation tillage, N,O emis-
sions were higher and this tendency was counterbalanced by reduced emissions
after another 10 years of continuous NT (Six et al. 2004). This variability is related
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to soil physical, chemical, and biological modifications induced by CA, such as
lower soil temperatures reducing N,O emissions (van Kessel et al. 2013) or progres-
sive increases in water-filled pore spaces (WFPS) that, initially, promote emissions
(Smith et al. 2001) and, finally, decrease them once that the soil macroporosity is
definitively formed. This effect is also related to soil depth, where nitrification and
denitrification activities are greater in the topsoil layer (first 0-10 cm) under NT,
whereas at greater depths, denitrification activity is less abundant in conventional
tillage (Linn and Doran, 1984). Furthermore, changes in soil pH directly influence
the microbial communities that exponentially produce more N,O from moderate to
very strong soil acidity (Blevins et al. 1977; van den Heuvel et al. 2011). In humid
climates, increasing soil moisture content detected after conversion from NT or MT
practices can be insufficient to significantly increase N,O emissions by denitrifica-
tion; in dry climates, increased soil moisture and WFPS with respect to convention-
al tillage can enhance the denitrification process under humid conditions. Finally,
NT practices lead to a general increase in N,O emissions in poorly aerated soils,
while no increase in emissions is observed in well-aerated soils (Rochette 2008).

Crop residue incorporation is a significant source of N,O with an inverse propor-
tionality between C/N ratio and N,O emissions. In general, cereal straw incorpora-
tion results in higher losses of N,O with respect to residuals remaining on the soil
as mulch (Gregorich et al. 2005). NT practices can increase both nitrification and
denitrification processes compared to conventional tillage; straw incorporation in
NT significantly increased both processes (Hu et al. 2013). Crop residuals can have
a positive effect in reducing soil surface temperature; on the other hand, residuals
reduce water evaporation creating in some cases temporarily anaerobic environ-
ments that could enhance denitrification and consequently N,O emissions. Denitri-
fication rates, in fact, are positively correlated with soil moisture (Chen et al. 2011).
Although the effects may be controversial, under climate change scenarios where
an increase of temperature, CO, and a variation in the precipitation distribution are
forecast, the role of crop residues as an increasing C source may stimulate deni-
trification (Butterbach-Bahl and Dannenmann 2011). In some types of grassland,
even those with a high potential for C storage, the presence of legumes and their
residuals create a higher potential of N,O emission related to N biological fixation
(Rochette and Janzen 2005; Berntsen et al. 2006). The size of crop residues plays
an important role, e.g., with pea residues cut into<3 mm lengths, emissions were
two times higher than uncut residues, while emissions were not affected by high
C/N ratio crop residues such as barley (Ambus et al. 2001). The soil freeze—thaw
cycle stimulates C and N mineralization that increases N,O emissions. The addition
of crop residues leads to rapid immobilization of N and a consequent reduction in
N,O emissions if the soil is not C limiting, otherwise addition of C stimulates N,O
production (Pelster et al. 2013). However, cropping systems involving cover crops
and characterized by high N-use efficiency had reduced N,O gaseous emissions
(van Groenigen et al. 2011).

N-fertilization placement in CA is relevant; N,O emissions were significantly
reduced, if fertilizers were located below the most biologically active zone (ca.
5 cm depth) with general agronomic advantages (van Kessel et al. 2013). In NT
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Table 22.5 Effects on GHG and ammonia (NH,) emissions on mitigation options at the crop pro-
duction stage. (modified from Novak and Fiorelli 2010)

Mitigation options for crop production CH, N,O Co, NH,
Crop rotation | Increase diversity in crop | — - ~ -
rotation
Introduce perennial crops | — ~ ~ —
Prolong lifespan of tempo- | — A after ~ A after -
rary leys plowing plowing
Cultivate catch crop - ~ in short ~ in short -
term; 7?2 in term; 7?2 in
long term long term
Genetic Breed crops to improve N | — ~N? - N7
selection use efficiency
Fertilization | Synchronize N inputs with | — pN - -
crop uptake
Time effluent application | — ~ - ~ or
with soil wetness
Improve fertilization ~ ~ ~?or ? ~
Soil tillage | Reduce tillage ~ ~?or 7? ~ A1?
Avoid soil compaction ~ ~ ~ 7
Incorporate crop residues | A ~ ~N?

“u: mitigation option decreases emissions

A1 mitigation option increases emissions

~ or ~7: both tendencies have been shown

—: no information given on this compound

?: result needs to be confirmed by more studies

systems, surface spreading of fertilizers leads to greater N,O emissions than con-
ventional tillage (Ball et al. 1999), while band injection or band placement increases
N,O emissions compared to homogeneous surface spreading, due to the toxic effect
of NH, release on nitrifying bacteria (Venterea et al. 2010). Finally, NT and MT
practices should be practiced for prolonged periods, particularly in dry climates, to
efficiently mitigate N,O emissions. Table 22.5 summarizes the effects of different
agricultural management systems in CH,, N,O, CO, and NH, emission potentials.

22.4.3 Ammonia

Ambient NH, assumes an important role and growing interest among different at-
mospheric N reactive species, as a key for future negative impacts of N on terrestrial
ecosystems (Sutton 2006). In particular, environmental issues due to NH; include
soil acidification, water eutrophication with subsequent loss of biodiversity, partic-
ulate matter formation, and long-range transport of sulfur (S) and N (Harper 2005).
Dry or wet deposition of NH, " particles to the ground contributes to increased en-
vironmental loads, such as NO; in groundwater and production of indirect GHG
emissions as N,O and O, (Galloway et al. 2008). Most NH, emissions in the atmo-
sphere are due to agricultural activities that contribute to more than 50 % of global



600 M. Pisante et al.

emissions (Bouwman et al. 1997). NH, is mainly produced by conversion of N pres-
ent in urea and uric acid, excreted by livestock or supplied by mineral fertilizers, to
NH, ™. This transformation occurs rapidly (often within a few days) and requires a
key enzyme, urease, which is present in faeces and soil. Furthermore, NH, can be
produced by conversion of complex organic N forms contained in soil or manures,
but this process is slower and could take months.

The main factors influencing the total amount of NH; lost from organic and
inorganic fertilizers are: typology and concentration of fertilizer, physicochemical
characteristics of soil and transfer of NH, from surface to atmosphere, and function
of the meteorological conditions, i.e., air temperature, wind speed, and solar radia-
tion (Webb et al. 2010). While increased air temperature has a direct impact on the
increase in volatilization, rain has an inverse relationship, keeping NH, in the aque-
ous phase in the soil and reducing overall emissions (Sommer and Hutchings 2001).

In dry soils, NH, emissions are generally reduced due to ammoniacal solutions,
which may be adsorbed and infiltrated through the pores, reducing its contact with
air (van der Molen et al. 1989). In contrast, wet or very dry soils reduce infiltration
facilitating NH, emissions due to the longer fertilizer—air contact. Therefore, in-
creasing the WPFS by reduction tillage or NT can be a helpful agronomical practice
to deepen NH, solutions into the subsoil. Furthermore, lower temperatures—typi-
cal of CA tillage practices—can decrease surface water evaporation, discouraging
emissions.

Soil placement and application timing may affect the agronomic efficiency of
fertilizer and the relative losses in the atmosphere as NH, (Carozzi et al. 2013a).
Tillage operations, such as plowing or deep harrowing, after application of organic
fertilizers or green manures, contribute to reducing NH; emissions by burying the
material into the soil. NH, abatement efficiency can range up to 90 %, if soil in-
corporation occurs rapidly compared to surface spreading (Huijsmans et al. 2003,
Carozzi et al. 2013b). Consequently, NH, emissions are crucial in NT and MT sys-
tems, where fertilizers are placed on the soil surface or mixed in the topsoil layer.

NH, volatilization from broadcasted urea has a slower dynamic than manure,
since the hydrolysis process has to take place under favorable conditions of soil wa-
ter content and temperature (Terman 1979). NH, losses may be greater when urea is
applied to residue-covered soil because: (1) urease is active on the crop residual sur-
face, (2) the effect of mulch makes the soil moist and helps the hydrolysis process
not in close contact with the soil, and (3) it is more difficult for the urea to reach the
soil due to the physical barrier caused by residues. In addition, residues may have
a different thermal inertia with respect to the soil by potentially increasing chemi-
cal reactions. Moreover, losses tend to be higher from coarse- than fine-textured
soils, since fine-textured soils have a higher cation exchange capacity, which can
sequestrate more NH, ™ from soil solution. Therefore, NT may enhance NH; volatil-
ization losses from urea-based fertilizers due to the high urease activity associated
with residue retention on the soil surface (Sommer et al. 2004). Since nitrate-based
fertilizers are less subject to volatilization than ammonium-based ones and soil
water retention is enhanced in NT and MT to limit leaching, nitrate-based fertil-
izers are preferred in CA practices. Moreover, under climate change conditions, it
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is even more important to avoid keeping ammonium-based fertilizers (both organic
or urea forms) on soil surface, especially in CA systems. In this regards, it is use-
ful to consider N-sulfate or nitrate forms, and to develop technologies for direct
injection of ammonium-based fertilizer into the soil, or to avoid the contact be-
tween ammonium-based fertilizer and crop residues. Variations in meteorology and
overall climate can significantly affect NH, emissions. The main motivation is that
the volatilization phenomenon is directly correlated with increasing temperatures
(Skjeth and Geels 2013). This effect is reflected in atmospheric aerosol concentra-
tions, radiative forcing (Xu and Penner 2012), and atmospheric chemistry (Seinfeld
and Pandis 2006).

22.5 CA and Water Quality

22.5.1 Runoff and Erosion, Nutrient Losses
in Surface Water

Soil erosion represents a threat for agricultural sustainability worldwide (Laflen
and Roose 1998). In Europe, soil erosion is one of the most important environ-
mental problems particularly in agricultural systems of the Mediterranean basin
(Fig. 22.2). In East and Southeast Asia, available water resources are limiting fac-
tors; while there is water available for irrigation, agricultural land resources are
becoming scarce (Pisante et al. 2010).

Despite the economic impact on a world-scale, soil erosion is difficult to esti-
mate; it is a function of erosivity and erodibility. Erosivity is related to the physical
characteristics of rainfall at the soil surface and runoff velocity: It is therefore af-
fected by crop residues. Erodibility is related to the physical features of soil (Blevins
et al. 1998). It is now well acknowledged that long-term use of conventional tillage
in certain situations leads to soil compaction and therefore lower yields, increased
runoff, and poor infiltration (Hussain et al. 1999a; Ferreras et al. 2000; Raper et al.
2000), ultimately determining the risk of soil erosion. In erosion-prone environ-
ments (wet or dried warm zones), inversion of soil by tillage promotes unnecessary
moisture loss; at the same time, crop residues that should protect soil from erosion
by wind or water and slow soil moisture loss after rain are buried (Pisante 2002).

The higher aggregate stability in CA practices, when compared to convention-
ally tilled fields or NT fields without residue retention, results in lower soil erosion
potential (Govaerts et al. 2007; Li et al. 2007; Pinheiro et al. 2004; Chan et al.
2002; Filho et al. 2002; Hernanz et al. 2002). The positive effect of CA on reduced
erodibility is further enhanced by the reduced runoff (Rao et al. 1998, Rhoton et al.
2002). Soil sediments, as a consequence of soil erosion, represent the main con-
taminants of water flows (Tebriigge and Diiring 1999); it is estimated that 27-86 %
of eroding sediment leaves the field (Quine and Walling 1993). Associated with
this movement of soil and water are nutrients, agrochemicals, pathogens, organic
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Fig. 22.2 Soil erosion map in Europe. (Kirkby et al. 2004)

matter, and heavy metals (Christensen et al. 1995), all of which frequently dam-
age the water ecosystem (Uri et. al. 1998). Sediments cause sublethal and lethal
responses in fresh water fish, aquatic invertebrates, and periphyton (Newcombe and
MacDonald 1991). A direct consequence of inorganic fertilizers, organic matter,
and pesticides leaching into the water is eutrophication, a widespread phenomenon
throughout the world (Harper 1992).

CA is a possible way to reduce the risk of these pollutants reaching surface and
ground water. In a 15-year study, comparing different CA techniques, sediment loss
was 532, 82, and 1152 kg ha™! per year for chisel-plow and disk versus no-till, re-
spectively (Owens et al. 2002). Soil management affects the rate and proportion of
water infiltration and therefore river flow rates and the need for irrigation (Evans
1996). In areas of low rainfall, CA helps retain water in the upper soil layers (Ras-
mussen 1999). Direct drilling combined with stubble retention increased rain infiltra-
tion, leading to reduced runoff compared to cultivated soil (Carter and Steed 1992).

22.5.2 Nitrate Leaching

Nitrate leaching from agricultural systems is one of the most important negative
externalities of agricultural systems. Nitrate leaching depends on several interacting
factors such as organic and mineral fertilization, cropping system, crop nitrogen
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uptake, amount of rain, temperature, and soil characteristics (Acutis et al. 2000;
Beaudoin et al. 2005; Perego et al. 2012; Zavattaro et al. 2012). All these factors
are subject to the effects of climate change and conservation tillage systems; no-till
has the possibility to reduce nitrate losses through leaching under climate change
conditions (Soane et al. 2012). Tebriigge (2001) supposed lower nitrate leaching
in no-tilled soils and Van Den Bossche et al. (2009) showed higher N efficiency
in reduced and no-till systems compared to conventional systems as a result of
slower organic matter decomposition and therefore slower mineralization and less
leaching. Greater nitrogen use efficiency (NUE) in conservation systems has been
observed in the USA; this increase in NUE allows for a reduction in leaching when
comparison with conventional agriculture, without increasing N,O emissions (Rob-
ertson et al. 2012). These results were partially confirmed by Hansen et al. (2010)
who identified situations where leaching was lower in no-tilled soils, while others
had lower leaching under conventional tillage. Klein et al. (2013) used the CropSyst
model to highlight increases in N-leaching by 30-45 % for two climate scenarios for
2050 in a catchment on the Swiss Central Plateau, and to identify RT as an impor-
tant option for reducing leaching and erosion.

Another possible impact of climate change is increased cracking in dry periods
and increased infiltration during more frequent, intense rainfall events (Stuart et al.
2011), and surface sealing due to the impact of raindrops on the soil surface, causing
soil aggregate breakdown and production of fine particles, which reduce macropo-
rosity. In both situations, conservation tillage offers more surface residues to protect
soil from raindrops, conserves soil moisture by reducing the shrinking and swelling
phenomena in clay soil, reduces the risk of high concentrations of P and N in runoff
water, and often reduces leaching by reducing the macroporosity.

22.6 Research and Knowledge Transfer

Scientific research is the main driver of innovation, creating new knowledge and
technology that can be transferred and adapted to different situations. This view
is usually described as the “linear” or “transfer of technology” model. The second
view, while not denying the importance of research and technology transfer, recog-
nizes innovation as an interactive process. Innovation involves the interaction of
individuals and organizations possessing different types of knowledge to include
not only knowledge creation but also the whole system of technological diffusion,
adoption processes and interaction adjustments. Future solutions will require inter-
active relationships among basic science, applied science, and technology develop-
ment (OECD 2009). The important role of agronomy research and effort technology
transfer system for enhancing the effect of CA in relation to climate change, as in
other areas, is strongly linked to the quantity and quality of available data. In the
contemporary agricultural sector, competitiveness depends on collaboration for in-
novation. Increasingly, “innovation systems” are viewed as a network of knowledge
flows with considerable two-way flows of information upstream and downstream
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and knowledge spillover among participants that are connected in formal and in-
formal ways. This more systemic approach suggests that innovation policy goes
far beyond research expenditure and involves a wide range of institutions that can
affect incentives, knowledge sharing, and the processes used for commercialization.
The estimated benefits of agricultural research generally far exceed its costs, with
the literature reporting annual internal rates of return that range between 20 and
80 % (Alston 2010).

A conceptual framework containing elements of an agricultural innovation sys-
tem for adaptation to climate change could be developed, as well as multiple indica-
tors that would help assess the performance of each aspect of an innovation system
in agriculture across countries. Knowledge, information, and technology are in-
creasingly generated, diffused, and applied through the private sector. Exponential
growth in information and communications technology (ICT), especially the Inter-
net, has transformed the ability to take advantage of knowledge developed in other
places or for other purposes. The knowledge structure of the agricultural sector in
many countries is changing markedly (OECD 2011). Evidence of linkages between
research, productivity growth, and competitiveness also stress the need to adopt an
approach with more innovation systems, like in agriculture.

The mitigation of adverse effects of climate change and exploration of new solu-
tions for agriculture in an increasingly globalized comparison could help to iden-
tify the most appropriate policy directions in support of research and development
(Nisbet 2009). Future work should take a closer look at institutional arrangements
in agricultural innovation and knowledge systems, and examine the respective roles
of governments and the private sector in strengthening innovation systems and fa-
cilitating technological adoption. In this respect, some measures to take are (1) pres-
ence of research collaboration across sectors, (2) protection of intellectual property
rights, and (3) knowledge flow. A comprehensive effort should be undertaken to
measure the different stages of an innovation system, for example, by testing its
technological adoption and diffusion at the farm level, and to investigate the impact
of agricultural policies on technological change and technical efficiency. The nature
of production systems, within contemporary climate change, has been the trans-
formation from high-disturbance production systems with a high environmental
impact to low-disturbance agroecological systems, where production technologies
and practices (i.e., CA) are more in harmony with the ecosystem process and where
both productivity and environmental services can be harnessed. Multi-stakeholder
innovation systems have an important role to play in generating relevant technolo-
gies that can be adopted and adapted by farmers, who must be an integral part of any
effective innovation system. Training actions creating the possibility for “fast track”
applications and evaluations under different specific conditions could be consid-
ered, though are more common for students and less common for farmers and more
popular among research institutions and extension offices, where they exist. The
spread of CA worldwide has been achieved where: (1) farmers have been informed
of the system and convinced of its benefits by experience; (2) training and technical
support to early adopters have been provided; and (3) adequate support policies ex-
ist (e.g., funding through carbon sequestration contracts with farmers).
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22.7 Conclusions

This chapter reviews the main interactions of CA systems with climate change,
especially on sectors like agriculture, where the lifecycle of crops is mainly deter-
mined by climate conditions. At national and state levels, the adoption of CA poli-
cies is often congruent and supportive of other policies related to the environment,
natural resources, energy efficiencies, and more recently, climate change.

The adoption of CA can significantly affect the emission of GHG and NH,, espe-
cially if good agricultural practices, mainly related to the efficient use of fertilizers,
are observed. Reduced or NT leads to direct drops in N,O emissions, CH, and CO,
sinks, while the incorporation of crop residues causes a general increase in N,O and
CH,, and a potential reduction in NH, and NO; . Improved NUE can greatly reduce
the emission of N reactive forms, as N,O, NH,, and NO; , towards the atmosphere
and groundwater. In relation to increasing temperatures, the emissions of N,O and
NH, are directly correlated, while CH, is negatively correlated, to air and soil tem-
peratures. The changes in precipitation frequency and intensity in some areas may
noticeably affect the release of these pollutants, because they are directly correlated
to NO; leaching and the emission of N,O and CH,, mainly due to conditions of
soil aeration. In this regard, CA techniques which greatly improve soil porosity and
reduce soil temperature are advantageous practices to mitigate these releases into
the environment.

For productive and remunerative agriculture, which at the same time preserves
and enhances the natural resource base and environment, and positively contributes
to harnessing environmental services, CA represents a task for Sustainable Crop
Production Intensification (SCPI) to not only reduce the impact of climate change
on crop production but also mitigate the factors that cause climate change by reduc-
ing emissions and by contributing to carbon sequestration in soils. Hence, it adapts
to and mitigates climate change and leads to a more efficient use of inputs to reduce
production costs. Intensification should also enhance biodiversity—above- and be-
lowground level—in crop production systems to improve ecosystem services for
better productivity and a healthier environment (Pisante et al. 2012). Investments
in knowledge—especially in the form of science and technology—have featured
prominently and consistently in most strategies to promote sustainable and equi-
table agricultural development at the national level.

In crux, CA as a basis for SCPI is essential and practicable, but depends on both
how and what crops are grown, as well as on the engagement of all stakeholders
who are aligned towards transforming the unsustainable tillage-based farming sys-
tems to CA systems regardless of soil, climate, and ecosystem services. This trans-
formational change is now occurring worldwide on all continents and ecologies
and covers nearly 10 % of global arable land. In any case, there is the need to stan-
dardize research activities because often contradictory results are due to incomplete
implementation of the basic principles of CA (Derpsch et al. 2014). In the authors’
opinion, well-managed experiments indicate greater resistance and resilience of CA
systems to climate changes, and that the most critical point could be the control of
gaseous emissions of N,O, and that this is a specific requirement.
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An example of ecosystem services operating in different parts of the world and
including a carbon offset scheme for agricultural land use is in Alberta, Canada.
The province of Alberta, which has a strong agriculture-based economy and also the
highest GHG emissions in the country (due to oil and gas production), first adopted
a climate change action plan in 2002. Since 2007 this has included the implementa-
tion of a CA system protocol on agricultural lands as an opportunity for direct and
indirect reductions of GHG emissions through carbon offset trading with industry
(Goddard et al. 2009). These important lessons learnt from around the world regard-
ing the high potential for carbon sequestration with CA systems and the associated
opportunity for carbon trading and reduction in GHGs emissions should be taken
into consideration in any climate change mitigation and sustainable crop production
strategy for the future.
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