
Contents lists available at ScienceDirect

Soil & Tillage Research

journal homepage: www.elsevier.com/locate/still

Review

Terrestrial ecosystem functioning affected by agricultural management
systems: A review

Muhammad Sanaullaha,*, Muhammad Usmana,b, Abdul Wakeela, Sardar Alam Cheemac,
Imran Ashrafc, Muhammad Farooqc,d

a Institute of Soil and Environmental Sciences, University of Agriculture, Faisalabad, 38040, Pakistan
b Chair of Public Establishment for Industrial Estates, Centre for Environmental Studies and Research, Sultan Qaboos University, Al-Khoud 123, Oman
c Department of Agronomy, University of Agriculture, Faisalabad, 38040, Pakistan
dDepartment of Crop Sciences, College of Agricultural and Marine Sciences, Sultan Qaboos University, Al-Khoud 123, Oman

A R T I C L E I N F O

Keywords:
Terrestrial ecosystem functioning
Conventional agriculture
Conservation agriculture
Climate change
Cropping systems
Environment degradation

A B S T R A C T

With increasing world population, there is an evident pressure on food production demand at the expense of
environment. Maximizing yields at environmental cost is quite high especially in terms of soil and water de-
terioration. Traditional/conventional agricultural system is complemented with intensive tillage, mono-cropping
and inappropriate crop residue management with deleterious impacts on the environment. Such agricultural
practices have substantially contributed to climate change due to resulting greenhouse gases (GHGs) emissions.
In recent decades, “conservation agriculture”, is being adopted which employs no or minimum tillage, di-
versified crop rotation and efficient crop residues management. Such approaches are associated to the decreased
GHGs emissions due to low consumption of fossil fuels and fertilizers (especially N2O emissions from nitrogenous
fertilizers). However, increased use of pesticides in conservation agriculture can be an important threat to the
environment. This review collates impacts of both agricultural management systems on terrestrial ecosystem
functioning in terms of soil quality and environmental sustainability. Impacts of conventional and conservation
systems on soil health, carbon sequestration, GHGs emissions, cropping patterns, weed dynamics and environ-
mental degradation are critically evaluated and research gaps are highlighted. Future research directions have
been identified to promote the research regarding sustainable agriculture development.

1. Introduction

Substantial increase in future food demand requires increased yield
of agricultural crops which must be sustainable to conserve environ-
ment and minimize the impact of climate change. Sustainable agri-
culture demands reduced GHGs emissions, less pesticides use, and low/
no nutrient drift from the system, especially of nitrogen and phosphorus
(Aune, 2012). Agricultural systems are comprised of multidimensional
components and drivers that interact in complex ways to influence
production sustainability (Walters et al., 2016). Currently, conventional
system encompasses intensive tillage to manipulate the soil physical
properties and to control weeds (Alam et al., 2014), mono-cropping,
and limited recycling of materials (Aune, 2012).

On the other hand, conservation agriculture (CA), characterized by
minimal soil disturbance with no or minimum tillage, diversified crop
rotation, permanent soil cover and weed management is being pro-
moted as a sustainable way of crop production (FAO, 2018). This, CA,

may contribute towards several ecosystem services including climate
change mitigation by minimizing GHGs emissions, carbon (C) seques-
tration, internal regulation of water and nutrients by altering soil
physical, chemical and/or biological properties (Alikhani et al., 2018).
About half of the global C emission is absorbed by natural sinks i.e.
ocean and land (Le Quéré et al., 2015), therefore, suitable strategies are
needed to increase capacity of the natural carbon sinks in the terrestrial
biosphere to reduce the net accumulation of carbon (as CO2) in the
atmosphere (Lal, 2008). The Dust Bowl, a period of severe dust storms
in the USA in 1930s, eroded large soil profile and badly impacted the
crop production, is linked with the history of CA (Friedrich et al.,
2012), which is now gaining popularity across the continents (Derpsch
and Friedrich, 2009). Although, previous studies indicated that both
conventional and conservation systems may result in approximately
similar yields (Pimentel et al., 2005) or lower crop yields in CA but
these systems can have different impacts on natural resources (Seufert
et al., 2012). Thus, it is imperative to understand the impact of such
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systems on the environment, especially soil health and system sus-
tainability.

In recent literature, many studies covering conventional and con-
servation agriculture (Farooq and Nawaz, 2014; Sihi et al., 2017) have
been reported, but the information is limited, and it does not cover all
possible impacts on the environment. This is the first review which
covers the contrasting impacts of both agricultural management sys-
tems i.e. conventional and conservation agriculture, on terrestrial eco-
system functioning. Impacts of conventional and conservation systems
on (i) soil health (aggregate stability and water infiltration, bulk density
and rooting depth, nutrient dynamics and microbial activity) (ii) carbon
sequestration and GHGs emissions, (iii) cropping patterns and weed
dynamics, and (iv) environmental degradation (soil and water pollu-
tion), are critically summarized with focus on sustaining the agro-eco-
systems.

2. Soil health

Historically, the Earth in temperate regions was covered by forests
and grasslands, and with time, accessible lands had been used for crop
production. Whereas less fertile and/or inaccessible lands such as hills
or slopes remained forested (Quesada et al., 2010). The intensive use of
soils affected the soil health directly or indirectly. Soil health is the
ability of soil to sustain and support vital living ecosystem functions
related to plants, animals and humans (Singh et al., 2011). In an agri-
cultural system, the soil health is dependent on carbon transformations,
nutrient cycles, soil structure, and pesticides dynamics. Intensive agri-
cultural practices cause soil erosion affecting aggregate stability, carbon
loss, nutrient depletion and microbial alterations by exposing the soils
to precipitation, temperature variations and air (Sihi et al., 2017).
Other soil properties such as water infiltration, bulk density, rooting
depth etc. in the soil are mostly dependent on the aggregate stability. In
conservation agriculture, the soil health issues are better managed to
sustain the agricultural productions, considering them the greatest en-
vironmental threats to modern agriculture (Musinguzi et al., 2015;
Mwango et al., 2016). Among conservation practices no till (NT) has
impressive impacts on soil health in comparison to plough till (PT)

which have been listed considering soil physical, chemical and biolo-
gical health (Table 1).

2.1. Aggregate stability and water infiltration

Soil aggregate stability is an important physical property which
leads to improved soil structure and ultimately, helps in improving the
soil consistency and sustainability. Crop type, crop rotation, cover
crops, residue management, tillage intensity, salt accumulation, and
surface roughness play a significant role for aggregate stability
(Horwath, 2008). The conventional tillage practices significantly
change the soil physico-chemical properties as well as biogeochemical
cycling. Conventional tillage practices often include deep ploughing
and disc harrowing, which not only provide a good condition for seed
germination but also increase the nutrient availability to plants, sti-
mulating the mineralization and suppressing the denitrification pro-
cesses (Pajares and Bohannan, 2016), while conservation agriculture
strategies may improve soil aggregation and their stability (Shu et al.,
2015).

Greater and diverse population of microbes may contribute towards
soil aggregate stability due to the excretion of various compounds into
the soil (Aislabie et al., 2013) by altering the other soil metabolic
characteristics. However strong structural differences in microbial po-
pulations do not necessarily affect the aggregate stability (Büks et al.,
2016). Physical stabilization of fungal hyphae and filamentous bacteria,
and physico-chemical interactions of organic particles/exudates with
mineral particles play key role to enhance the aggregate stability of soil
(Büks et al., 2016). Furthermore, microbes develop biofilms with en-
hanced adhesion to soil surface, especially under unpleasant ecological
conditions, through excretion of extracellular polymeric substance such
as polysaccharides, proteins, lipids and humic substances (Büks et al.,
2016; Ozturk and Aslim, 2010).

In conservation agriculture, cover crops protect the soils from ero-
sion (Chou et al., 2015). Similarly, perennial and deep root system
crops add more soil organic matter (SOM) to soil and less soil disrup-
tion, resulting in improved soil aggregation. While, conventional tillage
results in rapid decomposition of organic matter, losing carbon as CO2

Table 1
A summary of studies comparing soil properties under conventional and conservation production systems.

Soil properties Crop rotation NT PT Study duration Reference

Aggregate stability (index) lupins-maize-oats-soybean-wheat-soybean 41.1 26.8 7 years FAO (2001)
Mean diameter of aggregate (mm) wheat-soybean-wheat-soybean- wheat-soybean 1.8 1.6 7 years FAO (2001)
Mean organic matter (%) – 3.1 2.5 10 years FAO (2001)
No. of worms/m2 – 27.6 3.2 – FAO (2001)
Soil losses (t/ha/year) wheat-soybean rotation 3.3 26.4 12 years Saturnino and Landers (1997)
Runoff losses (mm/ha/year) wheat-soybean rotation 225 666 12 years Saturnino and Landers (1997)
Soil losses (t/ha/year) maize/soybean rotation 0.6 2.14 4 years Saturnino and Landers (1997)
Total soil nitrogen (g kg−1) rice-wheat rotation 0.33 0.27 3 years (Nawaz et al., 2017)
Total soil porosity (%) rice-wheat rotation 46.9 44.3 3 years (Nawaz et al., 2017)
Soil microbial biomass carbon (μg g−1) rice-wheat rotation 169 156 3 years (Nawaz et al., 2017)
Total soil organic carbon (g kg−1) rice-wheat rotation 3.63 3.08 3 years (Nawaz et al., 2017)
Soil microbial biomass nitrogen (μg g−1) rice-wheat rotation 628 599 3 years (Nawaz et al., 2017)
Total carbon (g/kg) – 16.16 12.91 27 years (Nawaz et al., 2017)
Total nitrogen (g/kg) – 1.06 0.97 27 years (Nawaz et al., 2017)
Soil organic carbon (mg/L) – 8.36 7.21 27 years (Nawaz et al., 2017)
Soil microbial biomass carbon (μg/g) – 152 147 27 years (Nawaz et al., 2017)
Soil organic carbon (g kg−1) – 5 2.79 2 years Busari and Salako (2013)
Total nitrogen (g kg−1) – 0.53 0.32 2 years Busari and Salako (2013)
Soil microbial biomass carbon (μg/g) corn-soybean and Corn-soybean-wheat-cowpea 164 105 5 years Aziz et al. (2013)
Total nitrogen (g kg−1) – 1.72 1.23 5 years Aziz et al. (2013)
Soil organic carbon (g kg−1) – 16.9 11.8 5 years Aziz et al. (2013)
Total soil porosity (%) – 44.7 44.6 5 years Aziz et al. (2013)
Aggregate stability (index) – 42.6 33.8 5 years Aziz et al. (2013)
Soil organic carbon (g kg−1) Maize-wheat 24.6 11.0 32 years Oorts et al. (2007)
Soil Organic N (g kg−1) – 2.12 1.15 32 years Oorts et al. (2007)
Soil bulk density (Mgm−3) Barley 1.42 1.24 2 years Chatskikh and Olesen (2007)
Penetration resistance (MPa) Barley 0.53 0.40 2 Years Chatskikh and Olesen (2007)

NT=No tillage; PT=Plough tillage.
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into the atmosphere; hence, reduces soil aggregate stability (Williams
and Petticrew, 2009). Situation is even worsening in most of the de-
veloping countries, main contributor to agricultural productions, due to
inadequate crop rotations, exclusion of cover crops, and poor residues
management practices. Crop residues are burnt in many parts of the
developing world to reduce tillage obstacles.

2.2. Bulk density and rooting depth

Agricultural management practices have direct impact on soil bulk
density and rooting depth, as these practices directly alter the soil or-
ganic carbon (SOC) contents. Conventional and conservation agri-
culture systems may have different impacts on soil bulk density and,
ultimately the rooting depth. However, soil cultivation in conventional
agriculture system significantly decreases the SOC contents (Sihi et al.,
2017). Initial and rapid loss of nutrients and SOC decay occurs mainly
due to plant uptake of nutrients and organic matter oxidation during
the conventional tillage practices (Ross, 1993).

While comparing conventional and conservation farming systems,
there was significant difference in bulk density and porosity during 10-
year study (Horne et al., 1992). Another long-term study of 15 years
conducted in China showed an evolution in soil bulk density under
different cultivations systems (Li et al., 2007). During first 6 years, there
was a significant decrease in bulk density under conventional tillage,
while during next 5 years there was no significant difference between
both tillage systems and, interestingly and in last two years of study, the
bulk density was slightly high in conventional tillage. As rooting depth
is dependent on soil bulk density, therefore conservation production
system decreases the root penetration and, ultimately, shallow roots
develop, whereas conventional tillage promotes the root biomass and
depth as well (Sidiras et al., 2001).

2.3. Nutrients dynamics

Long-term land cultivation and fertilization significantly alter soil
nutrient distribution and organic matter decomposition. Non-cultivated
pastures retain large amount of phosphorus (P) as organic fractions due
to less decomposition of organic matter, and consequently, C and N
utilization efficiency is limited due to retention of most the soil P high P
conditions in pasture soils (Ye et al., 2009).

Cultivation of virgin soils causes rapid decomposition of organic
matter by releasing abundant quantities of mineral N. The nature of N
fractions in organic matter also dictates its release. In virgin soils, the
amino acids represent about half of the total N and account for ∼60%
of N decrease, while the other half of the soil organic N contributes
∼33% of the N decrease (Reinhorn and Avnimelech, 1974). The first
consideration in evaluating the chemical management (which minimize
N leaching and contamination of groundwater) is the estimation of N
input and removal from crop (Schepers and Fox, 1989). In conservation
agriculture, chemical N fertilization has low use-efficiency due to gas-
eous N losses (30%) into the atmosphere (Christianson et al., 2012),
while N fertilizers incorporated into the soil in conventional system
have less N volatilization as compared to the no till system (Shelton
et al., 2017). San Francisco et al. (2011) reported that crop residues in
no till system also increase the N losses through volatilization acting as
barrier between soil and fertilizer. Nevertheless, these N losses can be
reduced by using urease inhibitors under conservation/no tillage sys-
tems (Shelton et al., 2017).

In cultivated lands, P fertilization and organic-P mineralization in-
crease the plant-available P in most surface soils (Brouder and Gomez-
Macpherson, 2014). The P content of the subsoils are generally less
affected by cultivation. The alteration in P forms due to cultivation and
fertilization relates to the P content of the virgin soils and amount of P
applied (Schoninger et al., 2012). As P can strongly bind to soil sur-
faces, conservation agriculture practices may reduce the P fixation due
to less mixing to the soil. Therefore, it could be a potential threat to the

environment due to more losses through runoff water because under
zero tillage, P is accumulated on the soil surface (Verhulst et al., 2010).
In conventional agriculture, P fixation is higher due to its contact with
greater volume of soil. Deep placement of P fertilizer under dry con-
dition is an option to avoid the P losses, nevertheless a mulch layer on
soil keep the soil moist and deep placement of fertilizers is required.

Potassium (K) concentration in top soil is more when soils are less
tilled, and the amount of extractable K is higher (Verhulst et al., 2010).
Zero tillage or minimum tillage keeps K near to the soil surface where
mostly plant roots proliferate. Furthermore, residues retention on the
soil also adds K into the top-soil layers to be taken up by the plants more
effectively (Govaerts et al., 2009). Although, limited information is
available to illustrate the impact of no tillage on micronutrients dy-
namics in soil, however a significant increase in Zn and Fe concentra-
tion has been reported in soil under conservation agriculture (Kaushik
et al., 2018).

2.4. Microbial biodiversity

Soil supports a variety of living organisms which contribute towards
optimum functioning of agroecosystem. It has been estimated that one
hectare of good quality soil may contain about 1.3 tonnes of earth
worms, 1 ton of arthropods, 3 ton of bacteria and 4 ton of fungi, and
many other plants and animals (Lavelle and Spain, 2001). Agricultural
practices have strong impact on soil biodiversity which is especially
evident in microbial biodiversity. Owing to the strong role of microbial
biodiversity as biological indicator, it is the major focus of this section.
In agroecosystem, soil microbes provide numerous services such as
nutrient cycling, decomposition of litter, detoxification of pollutants,
climate regulation and maintenance of primary production (Aislabie
et al., 2013). Environmental extremes and natural variations influence
microorganisms due to their close association with surroundings and
fast growth rate (Allison and Martiny, 2008). Agricultural practices that
affect soil organic matter cause strong impacts on microbes’ activity and
diversity which also depends upon soil fertility status and on soil type
(Ye et al., 2009). Conventional agricultural practices for example, fal-
lowing, intensive tillage (especially under low SOC), mono-cropping
and pesticide application, are known to have negative effects on mi-
crobial populations. In contrast, general practices of conservation
agriculture such as crop diversification, conservation tillage, and re-
sidue incorporation may enhance microbial activity and diversity
(Campbell et al., 1997).

Crop diversification drives the activity and structure of microbial
community. In contrast to the mono-cropping in conventional system,
diversified crop rotation can affect microbial populations through var-
iation in organic inputs, its types, amount and different root depths
(Altieri, 1999). Legumes inclusion in crop rotation may increase ni-
trogen level of soil (Miglierina et al., 2000) leading to enhanced mi-
crobial activity (Ferreira et al., 2000). Microbial biomass (C and N)
enhanced with long term rotations and multi-cropping systems due to
the type and quality of crop residues, root density and exudation
compared with continuous corn-soybean system (Moore et al., 2000).
Similarly, in mixed cropping systems of oat and common vetch mixed,
higher soil bacterial diversity was reported as compared with their
monocultures (Qiao et al., 2012). Crop rotation can also be helpful in
controlling the activity and population of pathogens (Verhulst et al.,
2010). In addition, crop rotation can affect the root colonization by
mycorrhizae (Castillo et al., 2006).

Conservation tillage improves microbial biomass (Guo et al., 2016),
increases diversity of residue decomposers, enhances fungi to bacteria
ratio, and slows the release of nutrients in surface soils (Altieri, 1999).
In conservation tillage, microbial activity and diversity is usually found
higher near the soil surface, however, in high till systems, microbial
activity and diversity is found consistent throughout the plough layer
(Alvear et al., 2005). In a study, soil microbial biomass carbon and
nitrogen were 25–50% higher near soil surface (0–5 cm) with zero
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tillage compared to disk ploughing to a depth of 30 cm. However, in
deeper layers no significant differences were found (Salinas-Garcıa
et al., 2002). Additionally, no-tillage helped in higher diversity and
population of Bradyrhizobium as compared with conventional tillage
(Fierer et al. (2012).

Crop residue quality and management also have significant impact
on microbial communities. Broder and Wagner (1988) studied the po-
pulation of culturable bacteria and fungi in incubation bags containing
decomposing residues of soybean, maize and wheat. Greater number of
culturable bacteria was found in residues of soybean than in maize or
wheat residues. However, the fungal populations were the highest in
case of maize. The positive impacts of residue retention and reduced
tillage on microbial populations are primarily because of greater carbon
contents, improved soil aeration, lower fluctuations in temperature and
moisture in surface soils (Verhulst et al., 2010).

Despite of positive effects of conservation tillage, it may enhance
the risk of pathogens causing various diseases. Crop residues left on the
soil surface under conservation tillage may serve as host for pathogens
and the risk of root infection by Pythium and Rhizoctonia root rots was
greater with minimum tillage with residue mulch on soil surface than
residue mixing into soil (Cook, 2006). Crop rotation, which is a very
fundamental practice of conservation agriculture, can be helpful to
overcome this issue (Verhulst et al., 2010). Use of biocontrol inoculants
along with crop rotation can also be considered to get advantages of
safe and non-destructive biocontrol agents.

3. Carbon sequestration

The largest carbon stock in the terrestrial ecosystem is SOM which is
double than the atmospheric C pool (Batjes, 2014) and 35% of the
global land under agriculture contains approximately 12% of the soil
carbon stock (Schlesinger, 1997). Any change in SOM due to soil
management practices in agriculture may have a direct influence on the
atmospheric GHGs concentration and ultimately the climate change.
Thus, the soil management practices can be a potential tool to mitigate
climate change by enhancing carbon sequestration.

The SOM stock increased when no tillage and cover crops were used
(González-Sánchez et al., 2012). Likely, reduced tillage, crop rotations,
and crop residue incorporation reduced CO2 emissions from the soil
(González-Sánchez et al., 2012; Govaerts et al., 2009). However, the
exact mechanisms that maintain balance between decreased and in-
creased C sequestration in the zero tillage are still not clear. So, CA

practices may help in ecosystem services, including GHGs mitigation
and C sequestration and impacts on soil properties to build up or en-
hance new SOC contents through mulching of plant residues on soil
surface or as cover crops (Stagnari et al., 2009). This section contains
the potential role of conventional and conservation management
practices on carbon sequestration and environment quality by focusing
on GHGs emissions and SOC dynamics directly affected by these man-
agement systems.

3.1. Greenhouse gases (GHGs) emissions

In previous 150 years, the atmospheric CO2 emissions has been
estimated to increase by 31% (Brovkin et al., 2004). In agricultural
systems, 10–12% of total anthropogenic GHGs emissions are mainly
due to agricultural practices (IPCC, 2007) which includes plant re-
spiration, SOM decomposition and use of fossil fuel to produce agri-
cultural inputs and to perform cultural practices for crop production
(Govaerts et al., 2009). Modern cropping systems utilize substantial
measures of energy sources as fossil fuels, pesticides and fertilizers.
These agricultural practices, including direct and indirect sources, are
causing GHGs emissions to the atmosphere (Mangalassery et al., 2014).
Direct sources of GHGs emission include fossil fuel used for field op-
erations such as tillage, irrigation, pesticide application etc. and GHGs
emitted by microbes in cropped soils. Indirect sources include fossil
energy utilized off-site to produce fertilizers and other agronomics
contribution, as microbes in non-cropped sites that receive nutrients
escaped from cropped fields (Gelfand et al., 2016).

One-third of the total GHGs emissions through anthropogenic ac-
tivities arise from agriculture and almost 7% of total GHGs emissions
come from agricultural practices (Gilbert, 2012). While soil and live-
stock collectively, contribute two-thirds of all GHGs emissions from
agriculture (Gilbert, 2012). The fundamental source of GHGs from
agriculture sources is grazing livestock and discharge of N2O from N
fertilized soils. The other potential source of GHGs emission is CH4

discharged through ruminant livestock (especially cattle), with their
digestive outgassing and their burps. However, there have been very
few integrated studies on the GHGs emissions under different soil
management systems. Conventional agricultural practices have 26–31%
higher global warming potential as compared with conservation (zero
tillage) practices (Mangalassery et al., 2014). Recent literature review
also indicates that under conventional agriculture, there are more GHGs
emissions compared with conservation agriculture (Fig. 1).

There are contrasting results regarding relative contribution of
conventional and conservation agriculture towards N2O emissions;
some studies illustrated increased N2O emissions in conservation agri-
culture systems (Abdalla et al., 2013; Ussiri et al., 2009), while others
reported higher contribution of conventional agriculture compared
with conservation practices, depending on the soil types as well as
management practices (Almaraz et al., 2009; Wang et al., 2011).
Meanwhile, some other studies reported no difference of both agri-
cultural systems towards GHGs emissions (Bavin et al., 2009; Fuß et al.,
2011).

3.2. Soil organic matter dynamics

Soil carbon consists of two major components i.e. organic and in-
organic carbon. Agricultural management practices mainly affect SOC
pool. In addition to management practices, the quality and quantity of
added organic material, and microbial biodiversity also affect carbon
storage in the soil. Further, type and intensity of tillage can affect the
distribution of SOM in soil profile. In conservation systems with zero
tillage practices, there is higher accumulation of SOM at soil surface
compared with conventional system where higher SOM is found in
deeper soil layers (Fig. 2). Tillage practices also influence C storage in
soil by altering root development and rhizodepositions (Baker et al.,
2007). In conventional tillage practices (deep ploughing), there would

Fig. 1. Changes in greenhouse gases emissions (CO2, N2O and CH4) due to
conservation tillage practices as compared with conventional tillage practices.
Sources: (Abdalla et al., 2010, 2011; Ahmad et al., 2009; Alluvione et al., 2009;
Chatskikh and Olesen, 2007; Cochran et al., 1997; Curtin et al., 2000;
Dendooven et al., 2012; Drury et al., 2006; Grandy et al., 2006; Guardia et al.,
2016; Jantalia et al., 2008; La Scala et al., 2006; Lemke et al., 2007; Li et al.,
2011; Mangalassery et al., 2014; Metay et al., 2007; Omonode et al., 2007;
Oorts et al., 2007; Tellez-Rio et al., 2017; Ussiri and Lal, 2009; Volpi et al.,
2018).
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be more root growth and penetration in soil compared with reduced or
no tillage practices which can enhance root-derived C, especially in
subsoil horizons. This enhanced root-derived C may help to increase the
soil C stock because of its physical protection as well as chemical re-
calcitrance (Rasse et al., 2005). But on the other hand, intensive cul-
tivation practices in the conventional system enhances C dynamics as
physically protected SOM in soil aggregates is ultimately exposed to
microbes, which is degraded, resulting in decreased C sequestration
(Davidson and Janssens, 2006; Sanaullah et al., 2010).

In reduced tillage systems, SOM decomposition of residues is mainly
controlled by fungal communities while in case of intensive tillage,
decomposition is controlled by bacterial populations (Kladivko, 2001).
Bell et al. (2006) reported that in zero tillage treatments, decomposition
process in the upper soil layers (0–5 cm) was mainly because of fungal
communities than bacterial communities. Land management practices
resulted in an overall decline in SOC over time with the maximum loss
of 557 kg C ha−1 yr−1 when crop residues were removed, and field was
fertilized (Kapkiyai et al., 1999). The carbon loss was up to 49% when
maize stover was kept on field and manured. It has also been reported
that C is more effectively replenished by manure than maize stover
(Kapkiyai et al., 1999).

4. Cropping systems

The CA principles are applicable to all types of land uses and agri-
cultural landscapes with some regional modifications. For instance, in
rice-wheat cropping system of South Asia, no tillage in wheat and direct
seeding have been promoted and adapted as resource conserving and
eco-friendly set of production practices (Nawaz et al., 2019). These
practices help in improving soil water infiltration, crop water balance,
reduce traction and labour requirements and thus improve the overall
sustainability and profitability of this very much cropping system (Wall,
2007). Moreover, in rice (Oryza sativa L.)-wheat (Triticum aestivum L.)
cropping system, conservation agricultural practices (e.g., zero till
wheat, direct seeded rice) help to resolve the time and edaphic conflicts
existing in the conventional system (Nawaz et al., 2019). Reduced til-
lage and retention of crop residues changes the weeds patterns, regulate
soil temperature, and suppresses the weeds growth (Nichols et al.,
2015).

Cotton (Gossypium spp)-wheat cropping system is another important
cropping system in the regional. Delay in the picking of cotton causes
delay in wheat planting. However, planting wheat following con-
servation practices (like no tillage) may facilitate a timely planting of
wheat (Buttar et al., 2012). For instance, Das et al. (2014b) recorded
better seed cotton yield and wheat grain yield from permanent broad-
beds for cotton, and zero tillage on the permanent beds for wheat,

respectively together with residue retention. No till-planted Bt cotton
performed equally good in cotton-wheat cropping system (Sihi et al.,
2017). Maize (Zea mays L.)-wheat cropping system under no-till raised
bed system was economically more profitable than the conventional
tillage system, although the yield gains were comparable in both sys-
tems (Ram et al., 2012). However, in another four years field study,
grain yield and water productivity of maize under no-till raised bed
system were 30 and 65% higher than the conventional system (Hassan
et al., 2005). Residue retention on zero tilled permanent beds further
improved the water productivities of maize and wheat than the con-
ventional tillage system (Das et al., 2018).

The water use efficiency in conservation rice (Oryza sativa L.)-pea
(Pisum sativum L.) and maize-rapeseed (Brassica napus L.) rotation was
improved by of 228 and 12%, respectively than respective conventional
system. Moreover, the water productivity was 4% higher in rice-pea
and maize-French bean (Phaseolus vulgaris L.) rotation than the single
crop of rice-maize (Das et al., 2014a). Conservation agricultural prac-
tices in maize-wheat cropping system also improved the water saving
by about 36% with yield improvement of 6 and 33% in wheat and
maize, respectively. Residue retention in this system increased the soil
organic contents and improved the system productivity (Naresh et al.,
2012). CA practices have potential to improve cotton-wheat system
productivity by reducing cost of production, promote early planting of
crops because of improved soil fertility in addition with decreased en-
vironmental pollution.

In organic farming, particularly for the erosion-prone regions, use of
CA principles has been recommended by the International Federation of
Organic Agriculture Movements standards (IFOAM, 2002). Application
of biochar may further improve the benefits of CA (Cornelissen et al.,
2013). CA systems require quite less amount of biochar than the con-
ventional agriculture systems (Cornelissen et al., 2013).

The modern concept of biodynamic agriculture is an integration of
biological dynamics and agriculture practices (Zaller and Köpke, 2004).
CA system fits well in the biodynamic agriculture as the tillage intensity
and crop rotation may be changed to suit the ecology of the region and
for the sustainability of agro-ecosystem.

4.1. Crop rotations

In the CA system, well-planned crop rotations help improving the
soil health and reduce the insect- pest pressure and disease infestation
(Witmer et al., 2003). A diversified crop rotation reduces the problems
linked with conservation practices such as insect-pests, soil compaction
and persistence of perennial weeds (Tarkalson et al., 2006) as the
continuous growing of maize in no-tillage systems encourage leaf dis-
eases, perennial weeds population, and build-up of inoculum in maize

Fig. 2. Soil organic carbon changes due to conservation tillage
practices as compared with conventional tillage (Alikhani
et al., 2018; Álvaro-Fuentes et al., 2009, 2012; Ghimire et al.,
2012; Guardia et al., 2016; Maillard et al., 2018; Mangalassery
et al., 2014; Parihar et al., 2018; Sainju et al., 2008;
Swanepoel et al., 2018; Tellez-Rio et al., 2017; Volpi et al.,
2018).
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residues due to their retention (Fischer et al., 2002). The residue re-
tention further causes problems in sowing and results in an uneven and
patchy crop stand owing to allelopathic effect of stubbles (Fischer et al.,
2002). Under these conditions, the problems associated with no-till
maize can be reduced by killing sod in autumn season and this practice
helps suppressing the insect-pests, perennial weeds and improve soil
structure.

In continuous rice-wheat rotation, the practice of sesbania (Sesbania
spp.) brown manuring (25–30 days) is very helpful in suppressing
weeds and improving soil health in direct seeded aerobic rice (Nawaz
et al., 2017). Moreover, inclusion of legumes in rotation improves the
soil nitrogen owing to biological nitrogen fixation (Giller, 2001). For
example, maize rotation with legumes improved the soil fertility (Yusuf
et al., 2009), reduced the pest pressure, and improved the water use
efficiency (Kureh et al., 2006). Crop rotation breaks the life cycle of
several pest and diseases (e.g., rust) resulting in better wheat yield
(Witmer et al., 2003). Systematic and planned crop rotation minimizes
the negative impacts of conventional tillage as soil compaction. At
farmer’s field, rotation of maize with soybean (Glycine max (L.) Merr.)
increased the maize yield by 49% under no tillage system (Naab et al.,
2017).

4.2. Weed infestation and management

Changing the tillage practices strongly influence the type, frequency
and flora of weed species (Boscutti et al., 2015). The annual weeds tend
to dominate in no- tillage systems while persistence of perennial weeds
increase in conventional system (Table 2). For instance, Farooq and
Nawaz (2014) reported dominance of narrow leaf weeds in no-tillage
rice-wheat cropping system while broad leaf weeds dominated in the
plough tilled system. However, the weed diversity remains higher in no-
tillage system than the with plough tillage system during initial years of
adoption (Sosnoskie et al., 2006). This is why that grass weeds are
considered as a major threat in the adaption of CA systems in many
parts of the word (Davies et al., 2002). Thus, weed management is an
important aspect during initial years of CA adoption as in plough til-
lage, the repeated tillage helps controlling the weeds as well (Fawcett
et al., 1994).

Conservation agriculture favours the prevalence of small-seeded
weed species while reduction in tillage frequency does not allow the
weed seeds buried in deep soil layers to come on the soil surface
(Cardina et al., 1991). Weed seed buried in the soil under conventional
tillage system build-ups of weeds seed in upper top 5 cm of soil (Barberi
et al., 2001). The retention of crop residues, in CA, keeps the soil moist
and cool, which favours the prevalence of small seeded weeds
(Crutchfield et al., 1986). In CA, most of the weed seeds are left on the
soil surface and are more exposed to decay and mortality (Gallandt
et al., 2004). As there is no exposure of weed seeds, present in deep soil,

to light and/or change in soil temperature as takes place in conven-
tional tillage when topsoil is inverted, their germination is slowed down
(Moonen and Barberi, 2004).

Although in conservation cropping system, the chemical method of
weed control is the most effective; however, many factors, such as time
of application, selection of herbicide and mulching of crop residues,
modulate its effectiveness. The germination of weeds and herbicide
bioavailability is directly impacted with residues (Khalil et al., 2018).
The emergence of weed is strongly influenced by the type, nature, and
quantity of residue, climatic conditions, soil type and the history of
weed infestation (Chauhan et al., 2006). Moreover, the allelopathic
nature of crop residues also influence the weed infestation (Farooq
et al., 2011).

Crop residues also influence the efficacy and persistence of soil
applied herbicides (Potter et al., 2008). In this regard, development and
availability of herbicide resistant transgenic crop genotypes helped
expand the CA in several regions (Duke and Powles, 2008). Nonetheless
continuous use of the herbicide resistant transgenic crop genotypes in
CA systems triggered the threat of herbicide- resistant weed biotypes
(Farooq et al., 2011; Heap, 2014), the number of herbicide- resistant
weed biotypes is increasing continuously (Heap, 2014), which demand
immediate attention of researchers and policy makers. In this regard,
integrated weed management offers a better option for weed manage-
ment in CA systems. Herbicide rotation and use of green and brown
manures in crop rotation may help control weeds in conservation
agriculture (Kirkegaard et al., 2014).

5. Environmental degradation

There is growing recognition of the nature and magnitude of en-
vironmental problems associated with agricultural development.
Intensification of agriculture for increased production of world food
and different agricultural systems, can have serious environmental
consequences due to the continuous use of irrigation, fertilizers, and
pesticides (Tilman et al., 2002). This section is devoted to illustrate the
potential impacts of agricultural development and different agricultural
systems on various environmental resources.

5.1. Soil and water contamination

Conventional agriculture is dependent on the use of high energy
inputs and agrochemicals like fertilizers and pesticides to obtain the
highest possible yield. Environmental health is, however, compromised
in maintaining the conventional system because agrochemicals are also
considered as major polluters of environment (Tilman et al., 2002). To
achieve continued increase in agricultural production to supply nutri-
tion to increasing population, a very massive quantity of agrochemicals
will be required. According to FAO, estimated global consumption of

Table 2
A summary of studies comparing weed density under conventional and conservation production systems.

Weeds Crop Weed density (m−2) Reference

NT PT

Littleseed canarygrass, sweet clover, purple nut sedge Wheat 26 37 (Mann et al., 2004)
Littleseed canarygrass, sweet clover, toothed dock, pigweed Wheat 17 30 (Mann et al., 2004)
Littleseed canarygrass, toothed dock Wheat 72 71 (Khalid et al., 2009)
Littleseed canarygrass, toothed dock Wheat 68 138 (Khaliq et al., 2013)
Littleseed canarygrass, toothed dock, pigweed Wheat 105 177 (Farooq and Nawaz, 2014)
Littleseed canarygrass, sweet clover, toothed dock, pigweed Wheat 87 49 (Upasani et al., 2017)
Barnyard grass, bermuda grass, chinese sprangletop, crowfoot grass Rice 107 55 (Matloob, 2014)
Horse purslane, jungle rice, Rice flat sedge, purple nutsedge Rice 52 137 (Matloob, 2014)
Bermuda grass, jungle rice, purple nutsedge, crackerberry, field bind weed Cotton 45 86 (Usman et al., 2013)
Bermuda grass, barnyard grass, purple nutsedge Maize 355 360 (Upasani et al., 2017)
Pigweed, barnyard grass, field milk thistle Soybean 64 48 (Weber et al., 2017)

NT=No tillage; PT=Plough tillage.
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fertilizer (N, P, and K) is 198 million tons in 2019 and is expected to
reach 201 million tons by 2020 with an annual growth of 1.9% (FAO,
2019). It should be noted that these nutrients especially N, are highly
mobile and thus, a significant amount of N and P fertilizers is lost from
agricultural fields as only 30–50% and 45% of applied N and P fertili-
zers, respectively are taken up by plants (Cassman et al., 2002; Smil,
2000). Non-point loss of fertilizers and other agrochemicals through
runoff or leaching could contribute towards contamination of ground
water and eutrophication in local water resources. Eutrophication leads
to serious regional economic impacts because it restricts the use of
surface water and is usually considered as a consequence of conven-
tional tillage practices combined with high input of fertilizers and
heavy irrigation or rainfall (Holland, 2004). Consumption of con-
taminated ground water may be detrimental for public health especially
in infants (Hoering and Chapman, 2004).

Due to the gravity of situation, numerous biological and physico-
chemical strategies have been developed to remove N and P from
contaminated water (Usman et al., 2018). Environmental pollution by
pesticides is another major issue associated with modern agriculture
that poses serious health risks. Most of the chemicals/active ingredients
used to formulate pesticides are persistent soil pollutants. According to
a recent estimation, the worldwide consumption of pesticides is ap-
proximately two million tons per year (De et al., 2014). It is particularly
dangerous as almost< 0.1% of the pesticides applied hit the target and
remaining amount potentially contaminates the environment (air, soil
and water) (Arias-Estévez et al., 2008). A major portion of applied
pesticides resides in soil where their persistence and mobility is mainly
governed by physiochemical properties of pesticide and soil that ulti-
mately dictate the nature of interactions of pesticides with soil con-
stituents (Arias-Estévez et al., 2008; Burauel and Bassmann, 2005;
Usman et al., 2014). These pesticide residues can be taken up by plants,
can reach surface water through runoff or can leach down to ground
water constituting contamination in drinking water (Usman et al.,
2014).

Runoff is the major carrier of soil particles and residual agro-
chemicals (soluble or bound to soil particles) to the nearby fields or
water bodies with frequent damages to the ecosystem (Holland, 2004).
Soil tillage can have considerable influence on runoff and leaching,
water infiltration and soil erosion and conservation agriculture offer
great reduction (between 15–89%) in runoff (Holland, 2004 and re-
ferences cited therein). Contrary to the conventional system, very small
threat to surface water contamination was recorded for no tillage
system due to the dramatic decrease in runoff and quick degradation of
agrochemicals by activities of soil organisms (Duiker and Myers, 2005).

Transport of solutes and other chemical substances is generally reduced
in conventional tillage which cut the shallow functional macropores
(Jarvis, 2007). On the other hand, preferential flow of solutes is fa-
voured in conservation tillage where formation of continuous pores is
favoured (Okada et al., 2014). Contrary to the conservation tillage,
however, impact of tillage practices on solute movement and other
hydraulic properties varies with the kind of soil (Okada et al., 2014). No
substantial difference in solute transport was observed in silty loam
soils under conventional and no tillage system. However, in well-pre-
served structure of clayey soils under no tillage system, risk of leaching
of solutes or chemical substances was higher (Okada et al., 2014).

It should, however, noted that a change in fertilizer application
inputs/techniques has been recommended in many conservation tillage
studies (Gaynor and Findlay, 1995). Loss of agrochemicals and nu-
trients in runoff could also increase due to conservation tillage driven
soil compaction where they accumulate on soil surface especially if
their application continues. For example, Soileau et al. (1994) reported
a short phase of elevated N and P concentration in runoff after surface
application of NP fertilizers in conservation tillage as compared to the
conventional tillage. Similarly, conservation tillage reduced the soil loss
by 49% as compared to the conventional system but increased the
concentration of P (2.2 times) in runoff (Gaynor and Findlay, 1995). In
addition to the direct impacts, long-term and irresponsible use of che-
mical fertilizers also causes buildup of toxic metals in soils which poses
serious threats to the environment and food chain (Hamid et al., 2019).
Chemical fertilizers are not sufficiently purified due to the economic
reasons and thus, could contain various impurities and toxic metals like
lead (Pb), chromium (Cr), arsenic (As), and cadmium (Cd) etc. (Gimeno-
García et al., 1996). Under the long-term simultaneous application of
fertilizers and manures, the status of toxic metals vary in soils owing to
the different land use patterns as relatively higher Cd contamination
was reported in greenhouse and bare vegetable field than grain crop
field (Huang and Jin, 2008). On the commercial farms compared with
co-operative farms the long term use of chemical fertilizers and organic
manures showed greater accumulation of heavy metals in plants and
soils (Parkpian et al., 2003). Similarly, long-term fertilization in
greenhouse vegetable cultivation increased concentrations of Cd, Cu,
and Zn by 164%, 78%, and 123%, respectively as compared to their
natural background values in the same area (Liao et al., 2019). Ferti-
lizers also indirectly contribute toward increased availability of toxic
metals by decreasing the soil pH especially with atmospheric acid de-
position and insufficient liming (De Vries et al., 2002).

Conservation systems are often associated with higher amount of
herbicides (Fig. 3) as compared to the conventional agriculture because

Fig. 3. Fate of pesticides under conservation agriculture. Blue boxes and arrows indicate the practices used in conservations agriculture and their possible impacts on
soil properties (Pale yellow boxes), while brown boxes indicate the possible fate of pesticides due to changes in soil properties, affected by conservation agriculture.
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mechanical weed control or tillage is not a valid option for the former
agriculture (Alletto et al., 2010). However, it has been argued that in
modern conventional agriculture, mechanical weed control has nearly
disappeared and thus, relying on frequent use of herbicides for weed
management (Abouziena and Haggag, 2016; Friedrich, 2005).

5.2. Fate of pesticides

Soon after application of pesticide, it may follow several routes in
the agroecosystem. It may be taken up by plants, be ingested by insects,
worms or microorganism following transformation in soil or adsorbed
to the soil particles, run off with rain water, leach down, or may make
complexes with chemicals present in soil (Chen et al., 2004). Several
factors affect the fate of pesticide after its application in soil including,
properties of pesticide (water solubility, volatility etc.), soil properties
(biological, chemical and physical), weather conditions (temperature,
precipitations, etc.) and management practices (residues, tillage, ferti-
gation, irrigation, type of crop etc.) (Alletto et al., 2010). The practices
of conservation agriculture affect the soil (biological, chemical and
physical) properties thereby affecting the fate and natural attenuation
of pesticides (Müller et al., 2007). Fig. 2 summarises main impacts of
three basic practices of conservation agriculture i.e. crop diversifica-
tion, reduced tillage and residue incorporation on bio-physicochemical
properties of soil and their effect on mechanisms take part in pesticides’
fate.

Accumulation of organic residues is one of most important feature
of conservation agriculture, and it generally leads to enhance the in-
terception of applied pesticide especially polar pesticides (Reddy and
Locke, 1998; Zablotowicz et al., 1998). This interception differs with
type, amount and distribution of organic residues in soil (Sadeghi and
Isensee, 1997) and affects the applied pesticides persistence (Kah et al.,
2007). The sorption capacity of organic residues is higher (10–60 times)
than soil (Boyd et al., 1990), thereby may considerably alter the bioa-
vailability and pesticide fate in soil. According to Locke et al. (2005),
the presence of crop residues may increase the activity of microbes and
dissipation of pesticides thereby decreasing the pesticide concentration
in the surface soils. Interception of pesticide by mulch may reduce their
persistence by enhancing the photo-degradation of pesticides de-
pending upon the nature of pesticides (Selim et al., 2003). In soil, the
incorporation of residues may also enhance the persistent time of pes-
ticides due to enhanced sorption of pesticides on the residues
(Mazzoncini et al., 1998). Residues may also slow down the microbial
activities by decreasing air circulation and by providing physical pro-
tection to the soil surface (Turmel et al., 2015).

6. Conclusion

Conventional agriculture system is based on intensive use of agro-
chemicals to maximize agricultural productions; however, it is limited
by associated environmental concerns and relatively lower sustain-
ability. Conventional agricultural practices include intensive tillage,
fertilization, pesticide applications, mono-cropping, and poor residue
management. Conventional agricultural system leads to negative con-
sequences such as higher GHGs emissions, deterioration of soil health,
drastic impacts on system biodiversity, and environmental pollution.
These issues can be avoided by using conservation agriculture which is
more sustainable and less disruptive from environmental and long-term
system productivity point of view. However, there are certain gaps in
existing knowledge and further research should be directed at in-
vestigating: (1) specific roles of microbes in soil structural development
with an emphasis on their mechanisms, (2) nutrient uptake by plants
under conservation system: conservation agriculture practices sustain
the soil nutrients pools within the system but the mode, transportations
and transformations, especially of N and P are needed to be further
investigated under no/minimum tillage conditions, (3) pesticides re-
tention by soil and water under crop cover: the conservation agriculture

especially crop cover preserves soil moisture and thus, restricts move-
ment of water and chemicals into the atmosphere by evaporation and
volatilization coupled with high infiltration rates in to the soil.
Therefore, limited pesticide degradation and higher infiltration in soil
can be a potential threat to the underground water. The fate of pesti-
cides under cover crop conditions is needed to be further investigated.
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