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Preface

In an era marked by rising global populations, climate changes, and mounting 
environmental concerns, the sustainable management of our Earth’s resources has 
become an imperative. In this context, agriculture plays a pivotal role as a signifi-
cant user of resources and a primary source of human food supply. The intricate 
interplay between agriculture and the environment has spurred a growing need for 
resource management strategies that balance the demands of food production with 
the preservation of (agro)ecosystems.

Agroecosystems, the dynamic amalgamation of agriculture and the surrounding 
environment, serve as the primary arena for this exploration. The ever-evolving chal-
lenge of feeding a global population of more than nine billion people by 2050 while 
safeguarding the planet’s ecological integrity necessitates innovative approaches. This 
book sheds light on the complex issues surrounding resource management within 
agroecosystems and serves as a comprehensive guide for researchers, policymakers, 
practitioners, and students alike.

The journey through these pages will traverse the multifaceted terrain of resource 
management, offering insights into sustainable agricultural practices, more efficient 
water use, soil conservation, energy optimization, and biodiversity preservation. It 
will scrutinize the intricate relationships between land, water, energy, and biological 
resources, showcasing the interdependencies that govern agroecosystems. Throughout, 
the book will draw upon the latest research findings, case studies, and real-world 
examples to underscore the significance of resource management in achieving food 
security, economic stability, and environmental stewardship.

Our intention is to not only provide a thorough understanding of the challenges we 
face but also to spotlight the opportunities that arise from adopting resource-efficient 
and ecologically sound practices. As we navigate the pages ahead, we will encounter 
the voices of experts, practitioners, and visionaries who have dedicated their efforts to 
redefining the boundaries of sustainable agriculture. Their experiences, perspectives, 
and innovations will inspire us all to engage with the urgent task of resource manage-
ment in agroecosystems.

We extend our heartfelt gratitude to all the authors who have shared their knowledge 
and experiences, the reviewers who provided valuable feedback, and the publishers 
who have made this book possible. As we embark on this intellectual journey, we hope 
that Resource Management in Agroecosystems serves as a compass guiding us toward a 
more sustainable and resilient future. May it inspire readers to become active partici-
pants in the vital endeavor of balancing the needs of humanity with the well-being of 
our planet.



Preface

In an era marked by rising global populations, climate changes, and mounting 
environmental concerns, the sustainable management of our Earth’s resources has 
become an imperative. In this context, agriculture plays a pivotal role as a signifi-
cant user of resources and a primary source of human food supply. The intricate 
interplay between agriculture and the environment has spurred a growing need for 
resource management strategies that balance the demands of food production with 
the preservation of (agro)ecosystems.

Agroecosystems, the dynamic amalgamation of agriculture and the surrounding 
environment, serve as the primary arena for this exploration. The ever-evolving chal-
lenge of feeding a global population of more than nine billion people by 2050 while 
safeguarding the planet’s ecological integrity necessitates innovative approaches. This 
book sheds light on the complex issues surrounding resource management within 
agroecosystems and serves as a comprehensive guide for researchers, policymakers, 
practitioners, and students alike.

The journey through these pages will traverse the multifaceted terrain of resource 
management, offering insights into sustainable agricultural practices, more efficient 
water use, soil conservation, energy optimization, and biodiversity preservation. It 
will scrutinize the intricate relationships between land, water, energy, and biological 
resources, showcasing the interdependencies that govern agroecosystems. Throughout, 
the book will draw upon the latest research findings, case studies, and real-world 
examples to underscore the significance of resource management in achieving food 
security, economic stability, and environmental stewardship.

Our intention is to not only provide a thorough understanding of the challenges we 
face but also to spotlight the opportunities that arise from adopting resource-efficient 
and ecologically sound practices. As we navigate the pages ahead, we will encounter 
the voices of experts, practitioners, and visionaries who have dedicated their efforts to 
redefining the boundaries of sustainable agriculture. Their experiences, perspectives, 
and innovations will inspire us all to engage with the urgent task of resource manage-
ment in agroecosystems.

We extend our heartfelt gratitude to all the authors who have shared their knowledge 
and experiences, the reviewers who provided valuable feedback, and the publishers 
who have made this book possible. As we embark on this intellectual journey, we hope 
that Resource Management in Agroecosystems serves as a compass guiding us toward a 
more sustainable and resilient future. May it inspire readers to become active partici-
pants in the vital endeavor of balancing the needs of humanity with the well-being of 
our planet.



IV

Gabrijel Ondrasek
Faculty of Agriculture,

University of Zagreb,
Zagreb, Croatia

Ling Zhang
Key Laboratory of Silviculture,

College of Forestry,
Jiangxi Agricultural University,

Nanchang, China

1

Chapter 1

Conservation Agriculture: 
Climate Proof and Nature Positive 
Approach
Rachid Mrabet, Akashdeep Singh, Tarun Sharma, 
Amir Kassam, Theodor Friedrich, Gottlieb Basch, 
Rachid Moussadek and Emilio Gonzalez-Sanchez

Abstract

The development pathways of countries and regions have impacted land-climate 
interactions and shaped challenges, opportunities and actions. Adverse impacts of 
climate change increasingly threaten livelihoods and resilience of people around the 
globe, food security and the stability of environmental resources. Globally, the cur-
rent food systems are not fit for purpose. Land-based options such as Conservation 
Agriculture (CA) were found to mitigate climate change, regenerate soils and ensure 
durable food systems. Achieving sustained results using CA systems, under climate 
change and social pressures, while maximizing co-benefits related to food and 
nutrient security, social and biological diversity, ecosystem restoration and services 
and sustainable development, requires appropriate country-specific policies and 
significant investment. CA implementation is challenging and context specific and 
necessitates an integrated framework and road map to enable deeper ambitions for 
social equity and development and inclusive economic growth.

Keywords: no-till, soil mulch cover, climate change, sustainability, environment, 
carbon sequestration

1. Introduction

The interaction between land and climate is a complex system thoroughly influenc-
ing the agriculture production systems around the globe [1]. Agricultural production 
systems are the largest single source of environmental degradation, responsible 
between 21 and 37% of global greenhouse gas (GHG) emissions through deforesta-
tion, depletion of soil carbon, release of nitrous oxide and enteric fermentation. 
Without intervention, these are likely to increase by about 30–40% by 2050, due 
to increasing demand based on population and income growth and dietary change. 
Agriculture is also responsible for 70% of freshwater use, 30% of energy use and 

XIV
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80% of land conversion [2]. Conventional agricultural practices revolved around the 
burning of crop residues to facilitate land preparation for the succeeding crop, regular 
plowing and tillage of the land for preparing seedbeds and controlling weeds. Reduced 
natural soil productivity and pest control were corrected with new high yielding 
breeds, fertilizers and pesticides. These practices initially had a positive effect on 
production and yield of crops but at the cost of continuous land degradation, erosion 
by wind or water, underground water pollution, oxidation of the soil organic matter 
due to tillage and emitting carbon dioxide (CO2) in large amounts [3]. Like in other 
aspects of the economy a trickle-down of benefits to poor farmers is assumed, but 
rarely materialized.

By the year 2050, the global population is expected to increase to 9.1 billion which 
would mean that the existing production systems need to gear up and increase their 
food production by 70 per cent by the year 2050, assuming food waste and change 
of consumer preferences continue unchanged. Producing sufficient food with finite 
resources to feed the growing global population while having a smaller impact on the 
environment has always been a great challenge. In addition, the 2022 IPCC reports 
generated enormous attention as a demand for immediate actions across all sectors 
and regions. There is a need for rethinking the actual food systems and address all 
the connected challenges and threats and explore the root causes of unsustainability. 
Consequently, healthy growth and stable productivity of crops and livestock require 
innovative models of food production for resource-saving, environmentally friendly 
agriculture. Conservation Agriculture (CA) has proven to overcome the shortcomings 
of tillage-based agriculture in terms of sustainability as a promising system-based 
approach [4]. Here, we review the environmental impacts of CA that should lead to a 
paradigm shift in goals and models of food production for promoting sustainable and 
regenerative agriculture worldwide.

2. Conservation agriculture: adoption evolution and trends

The need for a transformation of conventional tillage-based agriculture became 
obvious in the early 1930s after the ‘Dust Bowl’ trembled the mid-west farming 
communities of the United States and obliged the scientific community to reorient 
its research agenda and focus more on erosion mitigation and soil conservation 
through no-tillage systems (later called Conservation Agriculture or CA systems) 
[5]. CA is a resource-conserving agricultural concept that is steadily gaining ground 
and covers an estimated area of 205 million hectares (14.7% of global cropland) 
(also see Table 1 for regional distribution). This represents an increase of 93% in 
global CA cropland area since 2008/09 and represents an annual increase of about 
10 Mha.

The major countries practicing CA in 2018/19 are the USA (44.0 Mha), Brazil 
(43.9 Mha), Argentina (32.9 Mha), Australia (22.9 Mha), Canada (21.7 Mha) and 
others (39.6 Mha) [5]. In other terms, the total CA area is approaching 70% and 75% 
of the total cropland area in South America and in Australia, respectively. However, 
since 2008/09, percentage change in CA adoption has been greater in Asia, Africa 
and Europe than in the other continents, and corresponds to 33.1 Mha or about16% 
of the global CA cropland area [5]. CA as climate proof agriculture and its roles for 
soil sustainability and resilience are widely recognized and should favor increase 
in its adoption by mainstreaming the concept in agricultural and environmental 
policies.
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3. CA as climate proof agriculture

Since food production is sensitive to weather conditions, the very existence 
of mankind is being threatened by an unseen force referred to as climate change. 
Climate change is expected to adversely affect the climatic/weather phenomena 
thereby impacting the global food supply system [6, 7]. The evidence is irrefutable 
that GHG are choking our planet and placing billions of people in danger. An increas-
ing number of people are not able to realize their right to adequate food. In 2020, 
between 720 and 811 million people in the world faced hunger, up to 161 million 
more than in 2019 [8]. In other words, climate change, food security and biodiversity 
are the “trilemma of land use”. Solutions to these challenges should be integrated to 
combine and tackle multiple goals. Hence, considering the world is at stake, various 
international organizations such as Food and Agriculture Organization (FAO), World 
Bank, and many more, have come together to tackle climate change and food insecu-
rity and search for a reasonable, economical, and sustainable solution. In addition, 
these urgencies should also rely on the need for grassroots led structural change to 
stay within the ecological boundaries of the planet, several of which have already 
been exceeded.

Ingenious and meritoriously employed land-based measures [9], including specific 
measures to protect and enhance soil organic carbon stocks, can directly support the 
global environmental and sustainability goals under the UNFCCC [1], the UNCCD 
[10], and the CBD [11]. In lieu, among these measures, CA works as a systemic 
approach with its key contributions to sustainability, climate change adaptation and 
mitigation as well as food security [12–15].

From its wide-ranging adaptation and adoption, CA systems are being practiced 
in rainfed and irrigated systems, annual, perennial and mixed cropping systems, 
orchards and plantation systems, agroforestry systems, pasture systems, organic and 
nonorganic systems, and rice-based systems [16, 17].

Abundant literature and multi-stakeholder innovation platforms across various 
farming systems showed that CA is a climate proofing agriculture [18–20]. In fact, 
several recent studies have found that fully-implemented CA can improve crop 
yield stability—a measure of climate resilience—in different soil types, climates and 
cropping systems. Worldwide, CA has helped bolstering productivity, augmenting 
resilience to weather shocks, and tumbling negative externalities (i.e. [21] in USA; 
[22] in Australia; [23–25] in India; [26, 27] in China; [28–31] in Africa; [32, 33] in 
West Asia and North Africa, [34] in Europe). As sometimes observed, decrease 
in crop yield following the adoption of CA largely depends on whether CA has been 
correctly implemented, with the use of appropriate seeders, seed rates, fertilizer 
applications and management practices followed to manage weeds and pests. Some 
yield reductions in initial years were also due to problems of drainage and stagnation 
of water in cool and humid regions as result of poorly structured soils from a tillage-
based farming history.

Experiences in drought conditions have shown that CA yields can be twice as 
much as conventional agriculture, peaking up to 4-fold higher yields in wheat [19, 35]. 
Sun et al. [36] found that in arid regions, CA permitted both increased carbon seques-
tration and crop yields. Based upon a meta-analysis comprising 610 studies, 48 crops 
and 63 countries, Pittelkow et al. [37] found variable responses from CA compared 
to conventional tillage systems. The authors concluded that CA are better performing 
under a range of crop species in arid regions – particularly where water is limiting to 
crop growth. The authors also reported that yield gaps are due to partial use of CA 
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principles, which obviously will not produce all the CA benefits. When no-till is com-
bined with residue retention and crop rotation, which is the full implementation of 
the CA principles, no significant yield reduction is noticed: indeed, this combination 
of techniques significantly increases crop yields in dry climates. A dataset contain-
ing 4403 paired (CA vs. CT) yield observations collected between 1980 and 2017 for 
eight major staple crops in 50 countries presented by Su et al. [38] also confirmed this 
trend. In addition, selecting high-efficiency crop varieties and optimizing agronomic 
(nitrogen) management practices to increase water/nitrogen use efficiency is an 
effective way to increase crop yield with less associated environmental costs under 
CA. In order to achieve increased yield stability across climate and soil gradients, it is 
of paramount importance to grow mixtures of crop species or mixtures of genotypes 
to exploit positive interaction effects and thus reduce the risk of crop failure [39].

A meta–analysis using data from 9686 paired site–year comparisons across 
South Asia in a variety of cropping systems found that, CA systems provided 5.8% 
higher mean yield than conventional agricultural practices [40]. In another study 
by Laik et al. [41], under CA systems, yields of wheat and rice increased by 46–54 
and 10–24%, respectively, over conventional tillage, thereby obtaining ~53% higher 
total output from the CA system. In a review study by Das et al. [24], the CA systems 
increased yields of crops from 2% to 200% depending on crop rotations and years of 
implementation.

Through a meta-analysis of 933 observations from 16 different countries in 
sub-Saharan African studies, Corbeels et al. [42] showed that average yields under 
CA are only slightly higher than those of conventional tillage systems (3.7% for six 
major crop species and 4.0% for maize). Larger yield responses for maize result from 
mulching and crop rotations/intercropping. They also concluded that when CA prin-
ciples are implemented concomitantly, maize yield increases by 8.4%, which proves 
the fact, that the lower yield benefits reported in the study resulted from mixing CA 
systems with systems that only adopted some of the CA principles.

One of the most entrenched benefits of CA systems is their ability to improve 
soil water storage. The maintenance of crop residues and mulches at the surface of 
soils under CA systems improves the water balance of the soil-cropping system. CA 
systems improve the uptake, conservation, and use of available water in the soil by 
the crops [43, 44]. All this increases the responsiveness of CA systems to changes in 
climate, meaning crops under these systems have a much better capacity for cop-
ing and adapting to drought. Under rainfed ecologies of eastern and south African 
countries, CA systems reduced the yield variability by 11% over CT [45].

When CA systems are implemented in warmer and drier regions, higher crop 
yields are often observed due to a lowering of soil temperatures in addition to 
increases in soil water storage. In irrigated regions, higher water storage and better 
water management under CA systems can reduce the amount of water required for 
crop production and help conserve water resources [46–48].

4.  Environmental sustainability: soil re-carbonization, conservation, 
health and security

Soil’s multi-functionality and health were generally neglected to address food and 
climate security challenges [3, 49]. However, after the Paris Agreement was signed, 
stakeholders committed in a voluntary action plan to implement farming systems 
and practices that maintain or enhance soil carbon stocks in agricultural soils and to 
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preserve carbon-rich soils [50]. Global technical potential of SOC sequestration is 
1.45–3.44 Pg C/year (2.45 Pg C/year) but varies with type of soils, management and 
ecologies [51].

The push to the CA-based system is due to its environmental and productivity 
sustainability and especially its ability to (i) reduce soil degradation, erosion and 
runoff, (ii) mitigate greenhouse gas emissions and (iii) sequester atmospheric CO2 
in the form of soil organic carbon, tackle climate change, (iv) improve biodiversity 
below and above the soil surface, and (v) enhance production system resilience to 
abiotic and biotic stresses [52–57]. In fact, CA systems were initially adopted for soil 
conservation and erosion control benefits, but they are gaining more and more atten-
tion as a practice to maintain and/or increase SOC and harness ecosystem services in 
agroecosystems [58].

CA aims to implement soil-based strategies and long-term soil fertility dynamics 
that restore soil functions and health [3, 56, 59] and increase carbon storage reversing 
consequently the food insecurity spiral [30, 60–62]. In other terms, it is beneficial 
for crop production and soil health and functions and hence to global food security 
and adaptation of agriculture to climate change [16, 17, 38, 62–65]. Lal et al. [66] 
concluded that evidence-based strategy based on CA can allow re-carbonization 
of depleted soils. Studies by Blanco-Canqui and Ruis [67] confirmed that when CA 
systems are applied in an integrative way, synergic effects of the principles give rise to 
levels of soil organic matters.

It goes without saying that carbon stored in the soil is the most stable carbon (C) 
pool, an essential part of ecosystem services and a tool to tackle climate change [68]. 
In view of its role in soil aggregation and erosion control, in availability of plant nutri-
ents and in ameliorating other forms of soil degradation than erosion, CA systems 
have proven to reduce soil degradation and rebuild soil quality. However, in areas with 
low fertility, integrated nutrient management is essential to ensure a build-up of SOC 
and the success of CA systems (i.e., in Africa). This cycle can be broken by judicious 
addition of nutrients to the soil/crop system via organic or synthetic fertilizers and/or 
the incorporation of legumes into cropping rotations [56, 69].

In lieu of climate change, sequestering CO2 has become inevitable. CA systems 
in comparison to the conventional practices saw an increase in SOC in top-soil 
(0–15 cm) by 3.8 Mg ha−1, in the deepest layer (70–100 cm) by 2.5 Mg ha−1 and mean 
C sequestration rates of 0.09 and 0.27 Mg ha−1 yr−1 [70]. Soil carbon sequestration 
bids to improve soil fertility and reduce carbon dioxide levels in the atmosphere. 
Among continents, Africa is the smallest contributor to greenhouse gas emissions 
but is highly susceptible to climate change, which is mainly responsible for rising 
temperatures, fluctuating rainfall patterns, increased frequency of disastrous events 
such as droughts and floods leading to heavy losses in terms of resources. Gonzalez-
Sanchez et al. [71] reported that an estimate of the potential annual carbon sequestra-
tion in African agricultural soils through CA amounts to 143 Tg of C per year, that is 
524 Tg of CO2 per year. This figure represents about 93 times the current sequestration 
figures. In addition, this potential is almost 3 times higher than the one found for 
Europe by Gonzalez-Sanchez et al. [72], which amounts to 189 Tg CO2 per year.

In the rice-wheat cropping system, an improvement in carbon stocks by 20% and 
40% at a depth of 0–15 and 15–30 cm was realized by following the CA principles 
[73]. A worldwide meta-analysis by Li et al. [64] found that, on average, the number 
of water stable aggregates in CA systems are 31% greater compared to conventionally 
tilled systems. Such soil quality improvements are based on greater SOM content 
which provides greater abundance of habitats to support microbial, micro- and 
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meso-fauna activity. By enhancing soil health and re-carbonizing the soils [3], CA 
systems establish dynamic ecological conditions in the soil/plant/landscape con-
tinuum which offers resilient performance with maximum productivity (water and 
nutrient use efficiency and water productivity) [4].

Several authors reported that CA systems minimize on-site and off-site effects 
with regards to soil degradation and that benefits to soil health and ecosystems follow 
a chain-like process. Under CA systems, erosion is lessened, infiltration is improved, 
and water losses either through evaporation or runoff are reduced, allowing the crop 
to have more water in dry periods or years [64]. In other terms, CA also contributes 
to the environment by mitigating pollution as it reduces off-site transport of residual 
agrochemicals through runoff and soil sediments. This reduces the surface transport 
of nitrate and phosphorus from agricultural fields and the eutrophication of water 
bodies. Also leaching of nutrients under CA is usually reduced, as the water is mainly 
transported through macro pores (bypass flow) and not washing the soil matrix as 
long as synthetic or organic fertilizer or slurry is not applied directly before a heavy 
rainstorm, which can potentially increase leaching of nitrate to groundwater through 
the macropores [58, 74].

According to Lal [74], in addition to carbon sequestration and erosion control, 
adoption of CA systems accentuates several other ecosystem services such as biodi-
versity, elemental cycling, and resilience to natural and anthropogenic perturbations, 
all of which can affect food security. It was also reported that CA systems do not lead 
to significant compaction and higher bulk densities than traditional systems based on 
soil disturbance [64].

In addition, when combined with frontier technologies (precision agriculture, 
plant breeding and biotechnology, microbial biotechnology, smart fertilizers, biochar 
additions etc.), CA systems can help to soak up even more carbon in the soil, create 
soil resilience to achieve food security and mitigate climate change and allow higher 
and stable yields [54, 75, 76].

5. Economics under CA systems: no regret options

Countries seek to and should improve the well-being of people and especially 
farmers. The conventional system of agricultural production is hugely dependent on 
intensive tillage operations with the support of much labor or heavy farm machinery. 
The latter results in higher CO2 emissions and both in higher production costs [77]. 
Reducing the tillage operations has the potential of reducing emissions and fuel con-
sumption. CA systems can save up to 80% of fossil fuel energy used by tillage [24].

The farmers, and mainly the resource-poor ones, need production systems that 
are regenerative, reliable, financially viable and profitable. However, many scien-
tific studies agree that CA systems are cost-effective, energy efficient and allow 
farmers higher and more stable incomes [24, 34]. The major factor leading to lower 
costs in CA systems is attributed to bypassing soil manipulation and disturbance 
unlike conventional tillage systems, where 4–5 primary and secondary tillage 
operations are performed for seedbed preparation and weed control, which acquire 
higher costs [78, 79].

Even if CA systems in the beginning might have undesirable effects on crop 
yield levels, the cost of cultivating crops decreases with fewer use of machinery and 
compensates for eventual initial yield declines. Subsequently, continuous use of 
such practices improves soil properties, sustains crop productivity and ultimately 
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economic returns [80]. In fact, according to several authors, there is mounting 
evidence that when CA is inconsistently applied, it leads to lower yields and higher 
costs than expected [38, 62, 81–83]. Arenas-Calle et al. [84] showed that the lack of 
climate-smartness resulted in yield penalties in early stages of CA implementation. 
However, in eastern and southern Africa the highest financial returns (90–95%) from 
CA investments by small–holder farmers were realized under low-rainfall conditions 
(<700 mm), thereby providing clear evidence of the climate smartness of CA systems 
under soil moisture–stressed conditions [45].

With the reduced expenses in terms of labor, energy and monetary inputs, CA prac-
tices reduce the cost of cultivation. Reduced expenditure in such a pattern was observed 
in winter wheat for no-tillage practices (1300 Yuan ha−1), reduced tillage (2250 Yuan 
ha−1) as compared to conventional tillage practices (2500 Yuan ha−1) [85]. Especially 
in the case of small and resource poor farmers, with reduced usage of machinery cost 
(<65.52%) under CA, farmers spend less (14.46%) on different cultivation practices, 
increasing their net returns as compared to conventional agriculture practices [86, 87]. 
In sub-Saharan Africa, scientific studies revealed that with systematic use of practices 
such as no-tillage, residue retention and crop rotation the costs of cultivating maize or 
soybean were reduced (20–29%) and the net returns, the benefit-cost ratio increased to a 
greater extent [88–98]. A similar impact of less soil disturbing practices such as perma-
nent beds and zero tillage was obtained on net returns or profitability of maize-chickpea 
rotation in India (28.8% and 24% respectively) [99–103].

In a regional study in Ethiopia, CA was found to have reduced the labor usage by 
32–41% whereas 50–60% labor was replaced at the critical periods of crop production 
due to reduced tillage operations in the maize-soybean intercropping system. Further, 
a maximum return of 15,545 ETH birr ha−1 and 12,693 ETH birr ha−1 was obtained 
when soybean and haricot were intercropped in maize [104]. The net returns in 
production of the rice CA systems were 581 USD ha−1 in comparison to 412 USD ha−1 
under the conventional system. The gross returns in the rice-wheat system were high-
est (2456 USD ha−1) under the CA system [79].

Choudhary et al. [90] found 22.3 and 24.5% higher grain yield of pearl millet 
[Cenchrus americanus (L.) Morrine] and Indian mustard [Brassica juncea (L.) Czernj.] 
under CA systems, respectively, compared to conventional systems, which ultimately 
led to higher net returns (US$ 1270 ha−1).

From a meta-analysis carried out by Ogle et al. [98], it was concluded that CA 
systems drastically reduce the number of field operating hours and associated fuel 
use by about 69%. From these studies, it is clear that broadening access to finance, 
including international and climate finance will catalyze adoption and accelerate the 
shift towards CA systems.

6. Conclusion

Research and development efforts in agriculture have been increasingly oriented 
towards improving modern, industrial or corporate agriculture—new chemicals, 
hybrid and genetically modified seeds, mechanization, factory farming, etc. Hence, 
the agriculture sector is replete with innovations but not all of them were found 
sustainable.

The CA systems backed by various institutions, research scholars, policymakers 
were found able to adapt to the fast-changing environment thus making the food 
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system healthy, flexible, productive and profitable. Further, CA helps to extenuate the 
greenhouse gas emissions and increase the carbon stocks making soils resilient, reli-
able and sustainable. In other words, the main benefits of CA systems cover numerous 
areas and contribute to a number of SDGs. In addition, CA feasibility or adoption was 
assessed in contrasted biophysical, social and economic environments.

CA systems are alternative pathways for agriculture to be more conducive to 
durable food systems and longer-term sustainability. Especially soil carbon sequestra-
tion and health improvement allowed by CA systems can support various ecosystem 
services related to climate change adaptation, food security and biodiversity due to 
enhanced soil fertility and nutrient pools, increased moisture retention, improved 
water availability to plants and reduced soil erosion and runoff [58]. The number of 
countries explicitly including SOC in agricultural land (including wetlands) in the 
Nationally Determined Contributions (NDCs) increased from 28 (15% of first-round 
NDCs assessed) to 35 (24% of latest NDCs assessed) [101] which is still insufficient. 
An international agenda for restoring soil health and inclusion of soil carbon seques-
tration in policies and actions should be advocated and supported [88, 102]. Policies 
promoting the target of land degradation neutrality can support food security, human 
wellbeing and climate change adaptation and mitigation [2].

Barriers to the adoption of CA system are more related to farmers’ attributes 
(adopter’s characteristics, limited availability of resources, level of perception, 
mind-set, cultural values, illiteracy, willingness for change, etc.) and their enabling 
environment (e.g., legal compliance, governance, lack of training and capacity 
building, stakeholder communication, lack of financial support, insufficient eco-
nomic and social incentives) than to technical concerns (i.e. herbicide and machin-
ery availability and costs, energy use and price, competitive uses of crop residues 
and livestock etc.). The science related to CA systems is currently advanced enough 
to inform the formulation of policy and incentive programs for CA adoption at a 
scale large enough to result in the radical transformation of mainstream agricultural 
production systems CA [5, 103].

Dis-adoption, accumulating challenges and difficulties of mainstreaming CA 
by additional farmers arise from two main issues: (i) CA is dynamic, meaning that 
it should respond to simultaneous changes in environment, social and/or economic 
contexts, (ii) CA is also a holistic concept based on a system-wide approach to solving 
farm management shifts and problems while considering the integrality of the food 
system. In addition, agriculture functions are changing over time and getting more 
complex with increasing socio-economic and environmental stresses and social and 
institutional shocks [33]. Approaches for upscaling CA range from sophisticated deci-
sion support systems to improved enabling environments (i.e., through land policies 
and subsidies focused on water, environment, and poverty) and promotion of social 
or sustainability-oriented learning processes [16].

The new Green Revolution (GR) of the twenty-first century must be: (i) 
soil-centric, based on soil health and resilience, (ii) ecosystem-centric, based on 
eco-efficiency of inputs, (iii) knowledge or innovation-centric, based on scientific 
principles, and (iv) nature-centric, based on nature positive solutions which restore 
and enhance nature [95]. The new GR should also recognize the “One Health” 
concept, which states that the “health of soil, plants, animals, people, ecosystems, 
and the planetary processes is one and indivisible [94].

The 8th World Congress on Conservation Agriculture (WCCA), which inspired 
from these paradigms of the new GR, set a goal to increase the global CA cropland 
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area to 50% of the total cropland by 2050, in particular to respond to the global 
challenge to mitigate the advancing climate change and land degradation and reduce 
gaps in food security and nutrition (as well as other sustainable development goals). 
This represents an area of 700 M ha [92, 103]. In achieving such goals, policy and 
economic incentives should be enforced and augmented in most countries. In addi-
tion, the integration of CA benefits in the farming system (e.g., value chain design, 
marketing, labeling), can lead to giving carbon both economic and environmental 
values and thus increasing farmer income and stewardship. Social norms as well as 
psychological and behavioral factors must be considered for widespread adoption 
of CA systems. Accordingly, a multi-stakeholder engagement and joint coordination 
(i.e., science-policy dialog and engaged civil society) are major issues in the develop-
ment and implementation of a CA Road Map for wide mainstreaming and large-scale 
adoption by farmers in markedly diverse ecologies. Implementing CA Road maps 
enable governments, landowners and land managers, and the community to share 
responsibility for land-based challenges mitigation and hence in achieving or reach-
ing SDGs. According to Lal [93], sustainable intensification of agroecosystems (which 
includes CSA systems) can produce enough food grains to feed one person for a year 
on 0.045 ha of arable land. Hence, another issue of prime importance concerns social-
izing CA for the small land size farmers while integrating livestock and trees mainly 
in Africa and Asia. There is great momentum in merging principles of CA with those 
regenerative types of farming and especially those related to tillage, synthetic fertil-
izers and pesticide use [97]. However, issues related to GMOs are still largely debated 
within the agroecological stream. Kassam and Kassam [4] proposed an inclusive ethi-
cal and responsible system to integrate CA systems with plant-based diets and organic 
farming practices in order to move from corporate agriculture.



Conservation Agriculture: Climate Proof and Nature Positive Approach
DOI: http://dx.doi.org/10.5772/intechopen.108890

11

Author details

Rachid Mrabet1, Akashdeep Singh2, Tarun Sharma2, Amir Kassam3*, 
Theodor Friedrich4, Gottlieb Basch5, Rachid Moussadek6  
and Emilio Gonzalez-Sanchez7,8,9

1 National Institute of Agricultural Research, INRA, Rabat, Morocco

2 Department of Agronomy, CSK Himachal Pradesh Agricultural University, 
Palampur, India

3 University of Reading, UK

4 Former Residential Representative, FAO, Bolivia

5 University of Evora, Portugal

6 International Center for Agricultural Research in Dry Areas (ICARDA), Rabat, 
Morocco

7 Universidad de Córdoba, Spain

8 European Conservation Agriculture Federation (ECAF), Brussels, Belgium

9 Asociación Española Agricultura de Conservación Suelos Vivos (AEACSV), Spain

*Address all correspondence to: amirkassam786@googlemail.com

© 2022 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of 
the Creative Commons Attribution License (http://creativecommons.org/licenses/by/3.0), 
which permits unrestricted use, distribution, and reproduction in any medium, provided 
the original work is properly cited. 



Resource Management in Agroecosystems

12

References

[1] Jia G, Shevliakova E, Artaxo P, De 
Noblet-Ducoudré N, Houghton R, 
House J, et al. Land–climate interactions. 
In: Climate Change and Land: An IPCC 
Special Report on Climate Change, 
Desertification, Land Degradation, 
Sustainable Land Management, Food 
Security, and Greenhouse Gas Fluxes 
in Terrestrial Ecosystems. Geneva, 
Switzerland: IPCC; 2019

[2] IPCC. Climate Change and Land: An 
IPCC Special Report on Climate Change, 
Desertification, Land Degradation, 
Sustainable Land Management, Food 
Security, and Greenhouse Gas Fluxes 
in Terrestrial Ecosystems. Geneva, 
Switzerland: IPCC; 2019

[3] Montgomery DR. Soil health 
and the revolutionary potential of 
Conservation Agriculture. In: Kassam A, 
Kassam L, editors. Rethinking Food 
and Agriculture: New Ways Forward. 
Elsevier; 2020. pp. 219-229

[4] Kassam A, Kassam L. Rethinking 
Food and Agriculture: New Ways 
Forward. Switzerland: Elsevier; 2020

[5] Kassam A, Friedrich T, Derpsh R. 
State of the global adoption and spread of 
conservation agriculture. In: Kassam A,  
editor. Advances in Conservation 
Agriculture, Adoption and Spread. 
Cambridge, UK: Burleigh Dodds; 2022

[6] Aryal JP, Sapkota TB, Khurana R, 
Khatri-Chhetri A, Rahut DB, Jat ML. 
Climate change and agriculture in South 
Asia: Adaptation options in smallholder 
production systems. Environment, 
Development and Sustainability. 
2019;2019:1-31

[7] Myers SS, Zanobetti A, Kloog I.  
Increasing CO2 threatens human 
nutrition. Nature. 2014;510:139-142

[8] FAO. The State of the World’s Land 
and Water Resources for Food and 
Agriculture – Systems at Breaking Point. 
Rome: FAO; 2021

[9] Roe S, Streck C, Beach R, Busch J, 
Chapman M, et al. Land-based measures 
to mitigate climate change: Potential and 
feasibility by country. Global Change 
Biology. 2021;27:6025-6058.  
DOI: 10.1111/gcb.15873

[10] Chotte J, Aynekulu E, Cowie A, 
Campbell E, Vlek P, Lal R, et al. Realising 
the Carbon Benefits of Sustainable Land 
Management Practices: Guidelines for 
Estimation of Soil Organic Carbon in the 
Context of Land Degradation Neutrality 
Planning and Monitoring. Bonn, 
Germany: United Nations Convention to 
Combat Desertification (UNCCD); 2019

[11] IPBES. Summary for Policymakers 
of the Assessment Report on Land 
Degradation and Restoration of the 
Intergovernmental Science Policy 
Platform on Biodiversity and Ecosystem 
Services. Bonn, Germany: IPBES; 2018

[12] Barasa PM, Botai CM, Botai JO, 
Mabhaudhi T. A review of climate-smart 
agriculture research and applications in 
Africa. Agronomy. 2021;11:1255.  
DOI: 10.3390/agronomy11061255

[13] Corbeels M, Naudin K, Guibert H, 
Torquebiau E, Cardinael R. Is the 4 
per thousand initiative for soil organic 
carbon storage achievable in sub-Saharan 
Africa? Insights from agroforestry 
and conservation agriculture. Soil Till 
Research. 2018;188:16-26. DOI: 10.1016/j.
still.2018.02.015

[14] Mbow C, Rosenzweig C, 
Barioni LG, et al. Food security. In: 
Shukla PR, Skea J, Calvo Buendia E, 



Conservation Agriculture: Climate Proof and Nature Positive Approach
DOI: http://dx.doi.org/10.5772/intechopen.108890

13

Masson-Delmotte V, Pörtner H-O, et al., 
editors. Climate Change and Land: An 
IPCC Special Report on Climate Change, 
Desertification, Land Degradation, 
Sustainable Land Management, Food 
Security, and Greenhouse Gas Fluxes 
in Terrestrial Ecosystems. Geneva, 
Switzerland: IPCC; 2019

[15] Neufeldt H, Jahn M,  
Campbell BM, Beddington JR, 
DeClerck F, De Pinto A. Beyond climate-
smart agriculture: Toward safe 
operating spaces for global food 
systems. Agriculture & Food Security. 
2013;2(1):12

[16] Kassam A, editor. Advances in 
Conservation Agriculture: Systems 
and Science. Cambridge, UK: Burleigh 
Dodds; 2020a

[17] Kassam A, editor. Advances in 
Conservation Agriculture: Practice 
and Benefits. Cambridge, UK: Burleigh 
Dodds; 2020b

[18] Kassam AH, Mkomwa S, 
Friedrich T. Weather-proofing agriculture 
with conservation agriculture. In: 
Kassam A, Mkomwa S, Friedrich T, 
editors. Conservation Agriculture for 
Africa: Building Resilient Farming 
Systems in a Changing Climate. 
Wallingford, UK: CAB International; 
2017

[19] Michler JD, Baylis K, Arends- 
Kuenning M, Mazvimavi K. Conservation 
agriculture and climate resilience. 
Journal of Environmental Economics and 
Management. 2019;93:148-169

[20] Ngachan V, Das A. Climate proofing 
of agriculture for Food security. In: Das 
et al, editor. Conservation Agriculture for 
Advancing Food Security in Changing 
Climate. New Delhi, India: Today & 
Tomorrow’s Printers and Publishers; 
2018. pp. 37-57

[21] Williams A, Jordan NR, Smith RG, 
Hunter MC, Kammerer M. A regionally-
adapted implementation of conservation 
agriculture delivers rapid improvements 
to soil properties associated with crop 
yield stability. Scientific Reports. 
2018;8:8467

[22] Bellotti B, Rochecouste JF. The 
development of conservation agriculture 
in Australia—Farmers as innovators. 
International Soil Water Conservation 
Research. 2014;2:21-34. DOI: 10.1016/
S2095-6339(15)30011-3

[23] Das TK, Saharawat YS, Bhattacharyya R, 
Sudhishri S, Bandyopadhyay K, 
Sharma AR, et al. Conservation 
agriculture effects on crop and water 
productivity, profitability and soil 
organic carbon accumulation under a 
maize–wheat cropping system in the 
North–western Indo–Gangetic Plains. 
Field Crops Research. 2018;215:222-231

[24] Das TK, Ghosh S, Das A, Sen S, 
Datta D, Ghosh S, et al. Conservation 
agriculture impacts on productivity, 
resource-use efficiency and 
environmental sustainability: A holistic 
review. Indian Journal of Agronomy. 
2021;66:111-127

[25] Pradhan A, Chan C, Roul PK,  
Halbrendt J, Sipes B. Potential of 
conservation agriculture (CA) for climate 
change adaptation and food security 
under rainfed uplands of India: A 
transdisciplinary approach. Agricultural 
Systems. 2018;163:27-35. DOI: 10.1016/j.
agsy.2017.01.002

[26] Du Z, Angers DA, Ren T, Zhang Q , 
Li G. The effect of no-till on organic 
C storage in Chinese soils should 
not be overemphasized: A meta-
analysis. Agriculture, Ecosystems and 
Environment. 2017;236:1-11

[27] Lal R. Sustainable intensification of 
China's agroecosystems by conservation 



Resource Management in Agroecosystems

14

agriculture. International Soil Water 
Conservation Research. 2018b;6:1-12. 
DOI: 10.1016/j.iswcr.2017.11.001

[28] Corbeels M, de Graaff J, Ndah TH, 
Penot E, Baudron F, Naudin K, et al. 
Understanding the impact and adoption 
of conservation agriculture in Africa: 
A multi-scale analysis. Agricultural 
Ecosystem Environment. 2014;187:155-
170. DOI: 10.1016/j.agee.2013.10.011

[29] Kuyah S, Sileshi GW, Nkurunziza L, 
Chirinda N, Ndayisaba PC, Dimobe K, 
et al. Innovative agronomic practices 
for sustainable intensification in sub-
Saharan Africa: A review. Agronomy for 
Sustainable Development. 2021;41:16. 
DOI: 10.1007/s13593-021-00673-4

[30] Mkomwa S, Kassam A, editors. 
Conservation Agriculture in 
Africa: Climate Smart Agricultural 
Development. Wallingford, UK: CAB 
International; 2021

[31] Mupangwa W, Mutenje M,  
Thierfelder C, Nyagumbo I. Are 
conservation agriculture (CA) systems 
productive and profitable options for 
smallholder farmers in different agro-
ecoregions of Zimbabwe? Renewable 
Agriculture and Food Systems. 
2016;32(1):87-103

[32] Devkota M, Singh Y, Yigezu YA, 
Bashour I, Mussadek R, Mrabet R. 
Conservation agriculture in the drylands 
of the Middle East and North 
Africa (MENA) region: Past trend, 
current opportunities, challenges, 
and future outlook. Advances in 
Agronomy. 2021;172. DOI: 10.1016/
bs.agron.2021.11.001

[33] Mrabet R, Moussadek R, Devkota M, 
Lal R. No-tillage farming in Maghreb 
region: Enhancing agricultural 
productivity and sequestrating carbon 
in soils. In: Lal R, editor. Advances in 

Soil Science: Soil Organic Matter and 
Feeding the Future: Environmental and 
Agronomic Impacts. United States: CRC 
Press Taylor and Francis Group; 2021

[34] Gonzalez-Sanchez EJ, Kassam A, 
Basch G, Streit B, Holgado-Cabrera A, 
Trivino-Tarradas P. Conservation 
agriculture and its contribution to the 
achievement of Agri-environmental and 
economic challenges in Europe. Aims 
Agricultural Food. 2016;1:387-408.  
DOI: 10.3934/agrfood.2016.4.387

[35] Mrabet R. No-tillage agriculture in 
West Asia & North Africa. In: Tow PG, 
Cooper IM, Partridge I, Birch CJ, editors. 
Rainfed Farming Systems. Dordrecht 
Netherlands: Springer; 2011.  
pp. 1015-1042

[36] Sun WJ, Canadell JG, Yu LJ, Yu LF, 
Zhang W, Smith P, et al. Climate drives 
global soil carbon sequestration and 
crop yield changes under conservation 
agriculture. Global Change Biology. 
2020;26(6):3325-3335

[37] Pittelkow CM, Linquist BA, 
Lundy ME, Liang X, van Groenigen KJ, 
Lee J, et al. When does no-till yield more? 
A global meta-analysis. Field Crops 
Research. 2015a;183:156-168

[38] Su Y, Gabrielle B, Makowski D. 
The impact of climate change on the 
productivity of conservation agriculture. 
Nature Climate Change. 2021a;11:628-
633. DOI: 10.1038/s41558-021-01075-w

[39] Knapp S, van der Heijden MGA. A 
global meta-analysis of yield stability in 
organic and conservation agriculture. 
Nature Communications. 2018;9:3632

[40] Jat HS, Choudhary KM, Nandal DP,  
Yadav AK, Poonia T, Singh Y, et al. 
Conservation agriculture–based 
sustainable intensification of 
cereal systems leads to energy 
conservation, higher productivity 



Conservation Agriculture: Climate Proof and Nature Positive Approach
DOI: http://dx.doi.org/10.5772/intechopen.108890

15

and farm profitability. Environmental 
Management. 2020;65(6):774-786

[41] Laik R, Sharma S, Idris M, Singh AK, 
Singh SS, Bhatt BP, et al. Integration 
of conservation agriculture with best 
management practices for improving 
system performance of the rice–wheat 
rotation in the Eastern Indo–Gangetic 
Plains of India. Agriculture, Ecosystems 
and Environment. 2014;195:68-82

[42] Corbeels M, Naudin K, 
Whitbread AM, Kuhne R, Letourmy P. 
Limits of conservation agriculture to 
overcome low crop yields in sub-Saharan 
Africa. Nature Food. 2020;1:447-454

[43] Basch G, Kassam A, Friedrich T, 
Santos FL, Gubiani PI, Calegari A, et 
al. Sustainable soil water management 
systems. In: Lal R, Stewart BA, editors. 
Soil Water and Agronomic Productivity, 
Advances in Soil Science. Boca Raton, FL: 
CRC Press; 2012. pp. 229-289

[44] Gonzalez-Sanchez EJ, 
Veroz-Gonzalez O, Moreno-Garcia M, 
Gomez-Arizac MR, Ordoñez-Fernandez R, 
Trivino-Tarradas P, et al. Climate 
change adaptability and mitigation with 
conservation agriculture. In: Kassam A, 
Kassam L, editors. Rethinking Food 
and Agriculture: New Ways Forward. 
Switzerland: Elsevier; 2020. pp. 231-246

[45] Nyagumbo I, Mupangwa W, 
Chipindu L, Rusinamhodzi L, Craufurd P. 
A regional synthesis of seven–year maize 
yield responses to conservation 
agriculture technologies in Eastern and 
Southern Africa. Agriculture, Ecosystems 
and Environment. 2020;295:106898

[46] Basch G, Saavedra N. Poupança 
de água na cultura do milho através 
da cobertura do solo. Revista Agrotec. 
2022;42:16-19

[47] Mrabet R, Moussadek R, Fadlaou A, 
van Ranst E. Conservation agriculture 

in dry areas of Morocco. Field Crops 
Research. 2012;132:84-94

[48] Page KL, Dang YP, Dalal RC, 
Reeves S, Thomas G, Wang W. Changes 
in soil water storage with no-tillage and 
crop residue retention on a vertisol: 
Impact on productivity and profitability 
over a 50-year period. Soil Tillage 
Research. 2019;194:104319

[49] Shahane AA, Shivay YS. Soil health 
and its improvement through novel 
agronomic and innovative approaches. 
Frontier in Agronomy. 2021;3:680456. 
DOI: 10.3389/fagro.2021.680456

[50] Lal R. Beyond COP 21: Potential 
and challenges of the “4 per thousand” 
initiative. Journal of Soil Water 
Conservation. 2016a;71:20A-25A

[51] Lal R. Digging deeper: A holistic 
perspective of factors affecting SOC 
sequestration. Global Change Biology. 
2018a;24:3285-3301. DOI: 10.1111/
gcb.14054

[52] Chatterjee S, Chakraborty R, 
Chakraborty H. Economic impact 
assessment of conservation agriculture 
on small and marginal farm households 
in eastern India. Agricultural Economics 
Research Review. 2020a;33:127-138

[53] Day S, Santos A, Cremonesi M,  
Maia L, Bartz MLC. Biodiversity 
management practices and benefits 
in conservation agriculture systems. 
In: Kassam A, editor. Advances in 
Conservation Agriculture. Vol. 2. 
Cambridge, UK: Burleigh Dodds; 2020. 
pp. 267-302

[54] Kassam A. Conservation agriculture 
for regenerative and resilient production 
systems. In: Uphoff N, Thies JE, editors. 
Biological Approaches to Regenerative 
Soil Systems. United States: CRC Press; 
2022



Resource Management in Agroecosystems

16

[55] Page KL, Dang YP, Menzies NW, 
Dalal RC. No-till Systems to sequester 
soil carbon: Potential and reality. In: 
Dang YP, Dalal RC, Menzies NW, 
editors. No-till Farming Systems for 
Sustainable Agriculture: Challenges 
and Opportunities. Cham, Switzerland: 
Springer; 2020a. pp. 301-317

[56] Page KL, Dang YP, Dalal RC. The 
ability of conservation agriculture to 
conserve soil organic carbon and the 
subsequent impact on soil physical, 
chemical, and biological properties and 
yield. Frontiers in Sustainable Food 
System. 2020b;4:31

[57] Valkama E, Kunypiyaeva 
Zhapayev R, Karabayev M, 
Zhusupbekov E, Perego A, Schillaci C, et 
al. Can conservation agriculture increase 
soil carbon sequestration? A modelling 
approach. Geoderma. 2020;369:114298

[58] Jayaraman S, Dang YP,  
Naorem A, Page KL, Dalal RC. 
Conservation agriculture as a system 
to enhance ecosystem services. 
Agriculture. 2021;11:718. DOI: 10.3390/
agriculture11080718

[59] Somasundaram J, Reeves S, Wang W, 
Heenan M, Dalal RC. Impact of 47 years 
of no tillage and stubble retention on 
soil aggregation and carbon distribution 
in a vertisol. Land Degradation and 
Development. 2017;28:1589-1602

[60] Jat HS, Datta A, Choudhary M, 
Sharma PC, Yadav AK, Choudhary V, et 
al. Climate smart agriculture practices 
improve soil organic carbon pools, 
biological properties and crop productivity 
in cereal-based systems of North-West 
India. Catena. 2019;181:104059. DOI: 
10.1016/j.catena.2019.05.005

[61] Richards M, Sapkota T,  
Stirling C, Thierfelder C, Verhulst N,  
Friedrich T, et al. Conservation 

Agriculture: Implementation Guidance 
for Policymakers and Investors. Rome: 
FAO; 2014

[62] Su Y, Gabrielle B, Beillouin D, 
Makowski D. High probability of yield 
gain through conservation agriculture 
in dry regions for major staple crops. 
Scientific Reports. 2021b;11:3344. DOI: 
10.1038/s41598-021-82375-1

[63] Demenois J, Torquebiau E,  
Arnoult MH, Eglin T, Masse D,  
Assouma MH, et al. Barriers and 
strategies to boost soil carbon 
sequestration in agriculture. Frontiers in 
Sustainable Food System. 2020;4:37

[64] Li Y, Li Z, Cui S, Jagadamma S,  
Zhang QP. Residue retention and 
minimum tillage improve physical 
environment of the soil in croplands: A 
global meta-analysis. Soil and Tillage 
Research. 2019;194:104292

[65] Lipper L, Thornton P, Campbell BM, 
Baedeker T, Braimoh A, Bwalya M, 
et al. Climate-smart agriculture for 
food security. Nature Climate Change. 
2014;4:1068-1072

[66] Lal R, Monger C, Nave L, Smith P. 
The role of soil in regulation of climate. 
Philosophical Transactions on Royal 
Society London B Biological Science. 
2021;376(1838):20210420

[67] Blanco-Canqui H, Ruis SJ. No-tillage 
and soil physical environment. 
Geoderma. 2018;326:164-200. DOI: 
10.1016/j.geoderma.2018.03.011

[68] Navarro-Pedreño J, Almendro- 
Candel MB, Zorpas AA. The increase 
of soil organic matter reduces global 
warming, myth or reality? Science. 
2021;3(18):18. DOI: 10.3390/sci3010018

[69] Veloso MG, Angers DA, Tiecher T, 
Giacomini S, Dieckow J, Bayer C. High 



Conservation Agriculture: Climate Proof and Nature Positive Approach
DOI: http://dx.doi.org/10.5772/intechopen.108890

17

carbon storage in a previously degraded 
subtropical soil under no-tillage with 
legume cover crops. Agriculture, 
Ecosystems and Environment. 
2018;268:15-23. DOI: 10.1016/j.
agee.2018.08.024

[70] Krauss M, Wiesmeier M, Don A, 
Cuperus F, Gattinger A, Gruber S, et al. 
Reduced tillage in organic farming affects 
soil organic carbon stocks in temperate 
Europe. Soil and Tillage Research. 
2022;216:105262. DOI: 10.1016/j.
still.2021.105262

[71] Gonzalez-Sanchez EJ, Veroz- 
Gonzalez O, Conway G, Moreno- 
Garcia M, Kassam A, Mkomwa S, et al. 
Meta-analysis on carbon sequestration 
through conservation agriculture 
in Africa. Soil & Tillage Research. 
2019;190:22-30

[72] González-Sánchez EJ, Moreno- 
García M, Kassam A, Holgado- 
Cabrera A, Triviño-Tarradas P, Carbonell 
Bojollo R, et al. Conservation agriculture: 
Making climate change mitigation and 
adaptation real in Europe. In: European 
Conservation Agriculture Federation 
(ECAF). Brussels, Belgium; 2017

[73] Dey A, Dwivedi BS, 
Bhattacharyya R, Datta SP, Meena MC, 
Jat RK, et al. Effect of conservation 
agriculture on soil organic and inorganic 
carbon sequestration and lability: A 
study from a rice-wheat cropping 
system on a calcareous soil of the eastern 
Indo-Gangetic Plains. Soil Use and 
Management. 2020;36:429-438

[74] Lal R. Enhancing ecosystem services 
with no-till. Renewable Agricultural 
Food System. 2013;28:102-114

[75] Paustian K, Lehmann J, Ogle S, 
Reay D, Robertson GP, Smith P.  
Climate-smart soils. Nature. 
2016;532:49-57

[76] Paustian K, Larson E, Kent J, 
Marx E, Swan A. Soil C sequestration as 
a biological negative emission strategy. 
Frontiers in Climate. 2019;1:8

[77] Voltr V, Wollnerová J, 
Fuksa P, Hruška M. Influence of tillage 
on the production inputs, outputs, 
soil compaction and GHG emissions. 
Agriculture. 2021;11:456

[78] El Gharras O, El Mourid M, Boulal H. 
Conservation agriculture in North Africa: 
Experiences, achievements and challenges. 
In: Kassam A, Mkomwa S, Friedrich T, 
editors. Conservation Agriculture for 
Africa: Building Resilient Farming Systems 
in a Changing Climate. Wallingford, UK: 
CAB International; 2017. pp. 127-138

[79] Jat RK, Sapkota TB, Singh RG, 
Jat ML, Kumar M, Gupta RK. Seven-
year-old conservation agriculture in 
rice-wheat rotation of eastern Gangetic 
Plains of South Asia: Yield trends and 
economic profitability. Field Crops 
Research. 2014;164:199-210. DOI: 
10.1016/j.fcr.2014.04.015

[80] Fowler R, Rockstrom J. Conservation 
tillage for sustainable agriculture an 
agrarian revolution gathers momentum 
in Africa. Soil & Tillage Research. 
2001;61:93-107

[81] Brown B, Nuberg I, Llewellyn R. 
Stepwise frameworks for understanding 
the utilisation of conservation 
agriculture in Africa. Agricultural 
Systems. 2017;153:11-22

[82] Rosenstock TS, Lamanna C,  
Chesterman S, Bell P, Arslan A, 
Richards M, et al. The Scientific Basis of 
Climate-smart Agriculture: A Systematic 
Review Protocol. Copenhagen, Denmark: 
CGIAR; 2016

[83] Yigezu YA, El-Shater T, Boughlala M, 
Devkota M, Mrabet R, Moussadek R. Can 



Resource Management in Agroecosystems

18

an incremental approach be a better option 
in the dissemination of conservation 
agriculture? Some socioeconomic 
justifications from the drylands of 
Morocco. Soil & Tillage Research. 
2021;212:105067

[84] Arenas-Calle LN, Whitfield S, 
Challinor AJ. A climate smartness index 
(CSI) based on greenhouse gas intensity 
and water productivity: Application to 
irrigated Rice. Frontier in Sustainable 
Food System. 2019;3:1-13

[85] Su Z, Zhnag J, Wu W, Cai D, Lv J, 
Jiang G, et al. Effects of conservation 
tillage practices on winter wheat water-
use efficiency and crop yield on the 
Loess Plateau, China. Agricultural Water 
Management. 2007;87:307-314

[86] Chatterjee S, Ghosh S, 
Pal P. Soil Carbon Restoration through 
Conservation Agriculture. London, UK: 
IntechOpen; 2020b

[87] Khan R, Biswas S, Kundu CK, Jana K. 
Effect of conservation tillage on yield and 
economics of fodder crops. International 
Journal of Environment and Climate 
Change. 2020;10(12):529-539

[88] Amelung W, Bossio D, de 
Vries W, Kögel-Knabner I, Lehmann J, 
Amundson R, et al. Towards a global-
scale soil climate mitigation strategy. 
Nature Communications. 2020;11:5427. 
DOI: 10.1038/s41467-020-18887-7

[89] Bhan S, Behera UK. Conservation 
agriculture in India-problems, prospects 
and policy issues. International Soil 
and Water Conservation Research. 
2014;2(4):1-12

[90] Choudhary M, Rana KS, 
Bana RS, Ghasal PC, Choudhary GL, 
Jakhar P, et al. Energy budgeting and 
carbon footprint of pearl millet–mustard 
cropping system under conventional 

and conservation agriculture in rainfed 
semi–arid agro–ecosystem. Energy. 
2017;141:1052-1058

[91] FAO, IFAD, UNICEF, WFP, WHO. 
The State of Food Security and Nutrition 
in the World 2020. Italy: Rome, FAO; 
2020

[92] Kassam A, Friedrich T, Derpsch R. 
Successful Experiences and Learnings 
from Conservation Agriculture 
Worldwide. Online 8th World Congress 
on Conservation Agriculture (8WCCA). 
The Future of Farming: Profitable and 
Sustainable Farming with Conservation 
Agriculture. Bern (Switzerland);  
2021

[93] Lal R. Feeding 11 billion on 0.5 
billion hectare of area under cereal 
crops. Food and Energy Security. 
2016b;5(4):239-251. DOI: 10.1002/fes3.99

[94] Lal R, Mohtar RH, Assi AT, 
Ray R, Baybil H, Jahn M. Soil as a basic 
Nexus tool: Soils at the Center of the 
Food–Energy–Water Nexus. Current 
Sustainable/Renewable Energy Reports. 
2017;4(3):117-129

[95] Lal R. Feeding the world and 
returning half of the agricultural land 
back to nature. Journal of Soil and Water 
Conservation. 2021;76(4):75.  
DOI: 10.2489/jswc.2021.0607A

[96] Naab JB, Mahama GY, Yahaya I, 
Prasad PVV. Conservation agriculture 
improves soil quality, crop yield, and 
incomes of smallholder farmers in 
North-Western Ghana. Frontiers in Plant 
Science. 2017. DOI: doi.org/10.3389/
fpls.2017.00996

[97] Newton P, Civita N, Frankel- 
Goldwater L, Bartel K, Johns C. What 
is regenerative agriculture? A review 
of scholar and practitioner definitions 



Conservation Agriculture: Climate Proof and Nature Positive Approach
DOI: http://dx.doi.org/10.5772/intechopen.108890

19

based on processes and outcomes. 
Frontiers in Sustainable Food Systems. 
2020;4. DOI: 10.3389/fsufs.2020.577723

[98] Ogle S, Alsaker C, Baldock J, 
Bernoux M, Breidt F, McConkey BG, 
et al. Climate and soil characteristics 
determine where No-till management 
can store carbon in soils and mitigate 
greenhouse gas emissions. Scientific 
Reports. 2019;9:11665. DOI: 10.1038/
s41598-019-47861-7

[99] Pooniya V, Zhiipao RR,  
Biswakarma N, Jat SL, Kumar D,  
Parihar CM, et al. Long-term 
conservation agriculture and best 
nutrient management improves 
productivity and profitability coupled 
with soil properties of a maize–chickpea 
rotation. Scientific Reports. 2021.  
DOI: doi.org/10.1038/s41598-021- 
89737-9

[100] Pittelkow CM, Liang X, 
Linquist BA, Van Groenigen KJ, Lee J, 
Lundy ME, et al. Productivity limits 
and potentials of the principles of 
conservation agriculture. Nature. 
2015b;517:365-368

[101] Rose S, Khatri-Chhetri A, 
Stier M, Wiese-Rozanova L, Shelton S, 
Wollenberg E. Ambition for Soil Organic 
Carbon Sequestration in New and 
Updated Nationally Determined 
Contributions. Analysis of Agricultural 
Sub-sectors in National Climate 
Change Strategies. Wageningen, The 
Netherlands: CGIAR; 2021

[102] Vermeulen S, Bossio D, Lehmann J,  
Luu P, Paustian K, Webb C, et al. A 
global agenda for collective action on 
soil carbon. Nature Sustainability. 
2019;2(1):2-4. DOI: 10.1038/
s41893-018-0212-z

[103] WCCA. Declaration. The 8th World 
Congress on Conservation Agriculture 
21-23 June. Bern, Switzerland; 2021

[104] Zerihun A, Tadesse B, Shiferaw T, 
Kifle D. Conservation agriculture: Maize-
legume intensification for yield, 
profitability and soil fertility 
improvement in maize belt areas 
of Western Ethiopia. International 
Journal of Plant and Soil Science. 
2014;3(8):969-985





21

Chapter 2

Application of Crop Modeling 
in Multi-Cropping Systems 
for Maximize Production and 
Build Resilient Ecosystem  
Services
Addisu Ebbisa

Abstract

One of the main challenges in the transition to more sustainable agriculture 
is designing and selecting agricultural systems that are stable and perturbation 
resistant. Crop diversification is now recognized as a decisive part of sustainable 
agroecological development. It is one of the crucial agroecological practices that prove 
ecosystem services such as nutrient cycling, biological N fixation, pest and disease 
regulation, erosion control, climate regulation, soil fertility maintenance, biodiversity 
conservation, and carbon sequestration. To maximize these desired outcomes, under-
standing, designing, and optimizing, the adoption of crop diversification is crucial 
for the sustainability of food production under low-input practices. One approach 
to building sustainable food security and optimal management systems for limited 
resources is through the application of crop simulation models in multi-cropping 
systems. Indeed, some models can be used to simulate intercropping systems such 
as DSSAT, APSIM, ALMANAC, STICS, and FASSET. Thus, the application of such 
powerful models provides an option to redesign crop mixtures in appropriate sowing 
proportion and sowing date to tackle the enormous challenges facing agricultural 
development. In this regard, this review intended to assess existing suitable model to 
simulate multiple cropping systems and its role in building resilient crop production 
and ecosystem services without damaging the environment. It also highlights the key 
role of crop diversity as an ecosystem service provider to guarantee plant productivity 
in emerging systems of sustainable agriculture.

Keywords: building resilient, multi-cropping, biodiversity, crop simulation models, 
ecosystem services, crop production, sustainable agriculture

1. Introduction

One of the current emerging challenges in agricultural sectors is to ensure 
increasing food demand for the growing world population and built resilient (agro) 
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ecosystem services. Intensive agriculture is often proposed as a solution to feed the 
growing global population [1] with greater inputs of agrochemicals, water, and others 
[2], regardless of the environmental consequences [3–5]. However, this in turn can 
cause another environmental issue (s) such as a reduction in soil quality, loss of biodi-
versity, disease, and pest resistance, reduction in water quality, and high dependency 
on fossil fuel-based energy, and/or contribute to greenhouse gas emissions [2, 3, 
6–9]. These consequences led to a search for new pathways leading to promoting new 
strategies that can sustain agriculture production without jeopardizing human health 
and ecosystem services [2, 10].

One possible approach would be a diversification cropping system that is a 
key factor in developing a more sustainable agroecological system [1]. A key 
agroecological principle in agricultural production systems is diversification in 
time (rotation) and space (intercropping, agroforestry systems, biofertilizers, and 
cover crops) via mechanisms of competition, facilitation, complementarity, and 
compensation [11], which lies in how much diversified the agro-production system 
is and the positive interaction among the diverse components of the system [12, 13]. 
Multispecies cropping systems can significantly reduce fertilizer overuse problems 
thereby minimizing the environmental impacts of agriculture while maintain-
ing high food production [14]. It proved ecosystem services such as nutrient 
cycling, biological N fixation, pest and disease regulation, erosion control, climate 
regulation, maintenance of soil fertility, biodiversity conservation, and carbon 
sequestration [15, 16]. The agroecological practice of intercropping, meaning the 
simultaneous cultivation of two or more species in the same field [4] and specific 
sequences [12, 17], has recently gained renewed interest as a means of ecological 
intensification [11].

According to Maezieux et al.’s [6] review of agroecosystems, biodiversity may 
(i) contribute to constant biomass production and reduce the risk of crop failure in 
unpredictable environments, (ii) restore disturbed ecosystem services, such as water 
and nutrient cycling, and (iii) reduce risks of pests, and diseases through enhanced 
biological control or direct control of the pest. To maximize these desired outcomes 
understanding, designing, and optimizing the adoption of crop diversification the 
system is crucial for the sustainability of food production under low input practices. 
Thus, the application of crop modeling is a powerful tool that provides an option to 
redesign crop mixtures, sowing proportion, plant arrangement, and sowing date and 
to tackle the enormous challenges facing agricultural development [18]. It is a useful 
tool in capturing the interactions among climatic conditions, soil types, and nutri-
ent dynamics in cereal-based farming systems and generates knowledge for aiding 
agricultural developments that would otherwise be impossible through field experi-
mentation [18, 19].

The study by Tsubo et al. [20] demonstrates the possibility of applying a crop 
simulation model to assess the growth and yield of cereal-legume intercropping over 
time and space. Carberry et al. [21] and Berghuijs [22] demonstrate the capacity of 
the Agricultural Production Systems Simulator (APSIM) crop model to simulate 
competition between species (intercropping) in an agricultural system. APSIM 
is also able to simulate the soil carbon, water, and nitrogen balances arising from 
interactions between different crops and pastures grown in rotation [23]. The experi-
ment of Yi-tao et al. [24] suggests that the suitability DNDC model could be used to 
simulate yield production and N uptake in intercropping systems in the North China 
Plain. Similarly, Brisson et al. [25] adopt the STICS model to the intercrop model by 
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extrapolation of a sole crop model and concluded that it is useful to evaluate various 
combinations of crops, including arable crops, forage, and perennial crops. Moreover, 
Baumann et al. [26] analyzed the competition, crop yield, and plant quality in an 
intercropping system using an eco-physiological model (INTERCOM). Besides, 
Berghuijs et al. [27] developed a novel, parameter-sparse process-based crop growth 
model (Minimalist Mixture Model, M3) to simulate strip intercrops, and proposed 
that total intercrop yield can be improved by selecting specific traits related to the 
phenology of both species. Pembleton et al. [28] approve the resilience of forage crops 
to climate change scenarios as an important component of dairy forage production 
in southeastern Australia using APSIM crop modeling. In this regard, this study aims 
to review the existing suitable models applied to simulate multiple cropping systems 
and their role in building resilient crop production and ecosystem service to feed 
dramatic population growth without damaging the environment. It also highlights the 
key role of crop diversity to build resilient crop production and ecosystem services to 
safeguard food, water, and environmental quality.

1.1 Core principles of agroecology

Agroecosystems are the most intensively managed ecosystems, capable of 
producing a high harvestable yield through the application of optimal agrochemical 
and energy management techniques [29] while maintaining the robust vitality of 
the soil and other environmental conditions [5]. The most commonly used defini-
tion of agroecology is an application of ecological concepts and principles for the 
study, design, and management of sustainable agroecosystems. The application of 
ecological principles in agriculture is a key part of the global response to climate 
instability for meeting significant increases in our food needs [30]. The core prin-
ciples of agroecology are (1) planning and securing the health of the whole system 
by enhancing beneficial biological interactions and synergisms; (2) minimizing 
the use of external resources and optimizing the use of nutrients and energy on 
the farms; and (3) promote agro-biodiversity [31]. These agroecological principles 
inspire a variety of farming practices such as conservation tillage, crop rotation 
and fallowing, cover crops, and mulching, mixing crops in a single plot, mixed 
crop-livestock systems, integrated nutrient management, efficient water harvest-
ing, agroforestry, and holistic landscape management [31]. These practices can help 
improve soil health and carbon sequestration, water quality and nutrient flows, 
and control pests and diseases, and they can make farming systems more climate 
resilient [15]. By reducing dependence on external inputs, agroecology can reduce 
producers’ vulnerability to economic risk and enhance the ecological and socioeco-
nomic resilience community [30]. Setting up multiple cropping systems to maintain 
crop production while significantly reducing inputs (mineral fertilizers, water, 
energy, and pesticides) and providing regulation and cultural services requires 
much more than an understanding of species coexistence and the identification of 
species functions [4].

1.2 Concept of resiliency and sustainability in the agriculture system

The concepts of production, efficiency, stability, and resilience lie at the heart 
of natural ecosystem characterization by ecologists. Sustainability in agriculture is 
the practice that meets the needs of the current generation without compromising the 



Resource Management in Agroecosystems

24

needs of future generations [32, 33] via stable, equitable, and profitable applications 
of ecosystem management practices. The goal of sustainable agriculture is to maxi-
mize the net benefits that society receives from the agricultural production of food, 
fiber, and ecosystem services [33] by maintaining existing productivity and enhanc-
ing sustainability. This will require increased crop yields and resource use efficiency 
based on ecological management practices [33].

The term resilience in agroecology is defined as the greater capacity of an ecosys-
tem to withstand and recover from various forms of stress, including herbivorous 
pests, diseases, droughts, and floods [3, 30, 34]. The resilience of the crop produc-
tion system also refers to the largest departure from the optimal conditions that the 
crop production system can sustain without losing its production capacity [35]. It is 
constructed or emerges through the aggregation of two or more mutually reinforcing 
livelihood outcomes [36]. Essentially, resilience is measured in three ways: (1) the 
amount of change the system can undergo and still retain the same controls on func-
tion and structure; (2) the degree to which the system is capable of self-organization; 
and (3) the ability to build and increase the capacity for learning and adaptation 
[37]. This confirmed that resilience is related to the ability to ensure and guarantee 
system functions in the face of economic, social, environmental, and institutional 
disturbances through robustness, adaptability, and transformability [38]. Increasing 
the resilience of agricultural livelihoods is key to making sustainable development by 
monitoring and predicting crisis and disaster risks in the agriculture sector [30].

1.3 Role of plant diversification for resilient ecosystem services

Recent agriculture has minimized diversity in favor of vulnerable monocultures 
and such systems show intrinsically less stability and resilience to perturbations. 
Diversity among and within species provides insurance or a buffer against environ-
mental fluctuations because different species and varieties occupy different niches 
and respond differently to change [36]. Agroforestry, intercropping, conservation 
agriculture, doubled-up legume cropping, fertilizer micro-dosing, planting basins, 
and push-pull technology were identified as key agronomic innovations widely 
promoted in sub-Saharan Africa [39]. These outcomes, in turn, could lead to an 
increase in the resilience of rural households and communities concerning envi-
ronmental, socioeconomic, and climatic stresses [36]. The impacts of agroforestry 
on crop yield, soil quality, and pest control are context-specific and depend on the 
ecological conditions, the type of tree species, and the type of crop. Because of their 
deep roots and year-round vegetation cover, agricultural systems with trees and 
shrubs are inherently more sustainable and efficient in using plant nutrients than 
annual systems without trees [39]. Promoting the cultivation of leguminous crops, 
grasses, shrubs, and trees offers multiple advantages, for example, augmenting crop 
and soil productivity that is adapting to climate change by increasing the resilience 
of agroecosystems [40].

Diversifying farming systems can provide significant ecological and economic 
benefits and such as food and nutritional security, income generation, and better 
health [35, 41]. It is perceived as a strategy to simultaneously achieve high productiv-
ity and maintain environmental sustainability [42]. It can also provide a variety of 
ecosystem services depending on the type (positive, neutral, or negative) and degree 
of interaction between biodiversity and local environmental conditions, which affect 
ecosystem functioning as well as the economic status of the community [4]. This kind 
of diversity can also provide ecosystem services, for example, regulation and control 
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of pests and diseases, rehabilitation of fields with poor soil fertility, reduced soil 
erosion, sustenance of pollinator diversity, and support of below-ground biodiversity 
[43]. These benefits could reduce the financial, environmental, and personal health 
risks that usually result from a high level of (externally sourced) agricultural inputs, 
which is crucial for achieving global food security [36]. Generally, the main ecosys-
tem services provided by multi-cropping are benefits for crop production (e.g., yield 
quality, quantity, and stability), improvement of soil biogeochemistry, improvement 
of biological pest control/management, and climate regulation by mitigating green-
house gas emissions [13].

1.4 Intercropping and yield stability

Intercropping is a way to increase diversity in an agricultural ecosystem. According 
to the review of Bedoussac et al. [16], intercropping leads to (i) higher and more 
stable grain yield (0.33 versus 0.27 kg m−2), (ii) higher cereal protein concentration 
(11.1 versus 9.8%), (iii) higher and more stable gross margin (702 versus 577€ha−1), 
and (iv) improved use of abiotic resources according to species complementarities 
for light interception and use of both soil mineral nitrogen and atmospheric N2 than 
mean sole crops. Similarly, intercropping provides insurance against crop failure or 
unstable market prices for a given commodity [44]; increases food security in vulner-
able production systems [45]; and is a feasible entry point to ecological intensification 
[46]. Thus, it offers greater financial stability than sole cropping, which makes the 
system particularly suitable for labor-intensive small farms. Besides, intercropping 
allows lower inputs through reduced fertilizer and pesticide requirements [22], thus 
minimizing the environmental impacts of agriculture [44, 47]. Thevathasan and 
Gordon [48] revealed that the tree/crop agroforestry system was four times more C 
sequestration potential in the fast-growing tree than that of conventional agricultural 
fields. Because of reduced fertilizer use and more efficient N-cycling, the tree-inter-
cropping systems could also lead to the reduction of nitrous oxide emissions from the 
agricultural field [4, 5, 15, 16]. This system also increases soil organic carbon content, 
bird, insect, and earthworm diversity abundance and distribution, which indicates a 
sustainable land-management option for long term-productivity [43, 48].

Diversity at all levels, from genetics to the ecosystem, enhances the ability to 
crop systems to overcome and adapt to forthcoming changes [49]. It reduces inter-
specific competition by enhancing complementarity or facilitation processes thereby 
improving the exploitation of resources, which in turn reflected in the increase in 
plant production corresponding to greater efficiency of the agroecosystem as a whole 
[50]. Along with food safety, biodiversity supports healthy and nutrient-rich diets, 
enhances the efficiency of agroecosystems, and boosts resilience to changing environ-
mental conditions, climate risks, and socioeconomic challenges [51–53]. Sunflower 
intercropping with alfalfa proved the most appropriate and stable yields than sole 
cropping [49]. Similarly, intercropping may contribute to the mitigation of climate 
change, for example, by reducing the need for fossil-based N fertilizer, mechani-
cal weed control, and the associated N2O and CO2 emissions [11]. Legumes used in 
intercropping and doubled-up legume technology reduce reliance on nitrogen fertil-
izer and pesticide inputs then lower the GHG emission [39]. Generally, compared 
to intensive agriculture, intercropping optimizes ecosystem services such as yield 
stability, utilizes resources efficiently, suppresses pests and diseases, mitigates climate 
change, controls soil pollution, and increases on-farm biodiversity intercropping 
through reducing the use of agro-chemicals [5, 54, 55].
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2. Crop simulation models (CSM) in multiple cropping systems

2.1 Modeling interspecific competition

Crop simulation models (CSMs) as decision support tools for intercrop/multi-crop 
systems and future directions for modeling multi-crop systems [56] were developed to 
simulate soil–plant-atmosphere interactions by considering environmental variables, 
genotype-specific traits, and their response to the environment using daily through 
mathematical equations [58] to make research, the management, or teaching more effec-
tive [59]. They are useful tools to examine the feasibility of agricultural management 
systems and can be used to examine the effect of trees within cropping systems [60].

Models dealing with interspecific competition get more and more important as 
the postulation for sustainable agricultural production has become a global political 
issue [60]. To model intercropping in terms of neighboring effects in the context 
of field boundary cultivation, Knörzer et al. [61] developed and integrated a new 
model approach into the DSSAT model. Different models are considered for model-
ing interspecific competition in different ways, for example, DSSAT [60, 62], DNDC 
[24, 55]; ALMANAC [64, 65], APSIM [55, 58], ERIN, FASSET, GAPS, GROWIT, 
INTERCOM, KMS, NTRM-MSC, SIRASCA, SODCOM, SOYWEED, STICS [66], 
VCROPS, and WATER-COMP [61]. One main strength of these models is that they 
consider the effects of several abiotic stresses (e.g., water, N, and temperature) and 
their interactions on crop performance providing a quantitative estimate at a relevant 
scale (e.g., yield ha − 1). Similarly, models such as Model Soil, Water, Atmosphere and 
Plant (SWAP2 × 1D), World Food Studies (WOFOST) [67], CROPSYST (Cropping 
Systems Simulation Model [57, 68], Daisy, Environmental Policy Integrated Climate 
(EPIC) and Agricultural Policy/Environmental eXtender (APEX), Agricultural Land 
Management Alternatives with Numerical Assessment Criteria (ALMANAC) [64, 65], 
WaNulCAS, and Hi-sAFe are capable of simulating growth and the yield of the crop 
with response to their environment and management of multiple cropping systems 
[19, 56, 61]. Among the numerous crop growth models, the most widely used models 
are the DSSAT and APSIM models. They are potentially relevant for addressing the 
performance of crop mixtures compared to that of sole crops under a variety of 
environmental conditions, such as drought or nutrient limitations [61].

Since early studies, two dominant crop simulation model types are mechanistic 
and empirical [56]. Mechanistic (eco-physiological) or process-based crop models 
(PBCMs) simulate the growth, development, and performance of crop plants by mod-
eling their underlying physiological processes, and the coordination and integration 
of these processes at the whole-plant and canopy scales based on “focal plant–neigh-
bor plant” interactions [69, 70]. The physiological processes incorporated into PBCMs 
can include photosynthesis, transpiration, respiration, organ development, and 
assimilate transport. For process-oriented models, the turbid layer medium analogy 
(where the canopy structure is described by statistical distributions.) has proven to 
be the most useful [61]. The majority of CSMs use the mechanistic approach to model 
crop systems. On the contrary, empirical (descriptive) models are direct descriptions 
of observed data used to estimate final yield and are generally expressed as regression 
equations with one or a few factors. They are useful for making predictions within the 
range of data used to parameterize them but are not suitable for extrapolation. Such 
formal description at the logical level may perfectly reflect the properties of a real 
system in the “entry-exit” terms within a relatively narrow class and a limited range of 
affecting factors but is almost not associated with the essence of physical, chemical, 
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and biological effects in the soil–plant-atmosphere system example Agricultural Land 
Management Alternatives with Numerical Assessment Criteria (ALMANAC) model 
that can only supported by experimental data [69].

2.2 How modeling build resilience multi-cropping system?

2.2.1  Model can provide an opportunity to assess the suitability and sustainability of 
cropping systems under projected climate change

Cereal-legume intercropping has a substantial impact on enhancing higher yield, 
yield stability, and food security community [71]. The yield stability of intercropping 
systems is important in developing cropping systems that produce economic yields in 
response to variations in the environment due to years and locations [72]. Changing cli-
mate adversely affects agricultural productivity and creates food insecurity. Crop growth 
models are modern and efficient tools that have been extensively used in mounting the 
climate change impacts and developing adaptation packages for sustainable crop produc-
tion in changing climate [73]. They suggested that the negative effect of future climate 
change on maize production systems can be minimized or overcome by modifying 
the sowing dates and fertilizer (fertigation) and developing heat and drought-tolerant 
hybrids. A study by Msongaleli et al. [63] approves the applicability of DSSAT and 
APSIM crop simulation models as tools for assessing possible impacts of climate change 
on sorghum under projected climate scenarios. Similarly, Chimonyo et al. [74] applied 
the APSIM model and recommend that changing plant populations and sequential in 
maize landrace with Bambara groundnut intercropped system increase yield and WUE 
under projected climate change. This allows for the identification of short-, medium-, 
and long-term strategies to aid in mitigating the impacts of climate change on productiv-
ity and WUE. They stated that crop diversity could enhance crop productivity, stability, 
and thus food security, through efficient water utilization. Shili [75] test the impact of 
a living cover crop on the agronomic and environmental performance of the system for 
different climatic and technical scenarios using the STICS crop model adapted. They 
found that, in most climatic scenarios, the emergence of the fescue crop during the 
late tillering phase of the wheat crop gave the best compromise between wheat yield 
overall nitrogen accumulation and radiation interception. Furthermore, APSIM could 
adequately simulate expert knowledge, that is, expected yields, and of important crops 
with adequately simulated competitive effects in maize-bean intercropping systems [76].

2.2.2 Explore water management, GHG regulation, and adaptation strategies

The increase in the concentration of greenhouse gases (GHGs) in the atmosphere 
has led to an elevated concern and urgency to adopt measures for carbon (C) seques-
tration to mitigate climate change. Carbon sequestration plays a major role in mitigat-
ing climate change by converting atmospheric carbon into long-lived wood biomass 
and soil carbon pool [77]. Agriculture is the second-largest contributor to GHG 
emissions in terms of CO2 eq. contributing about 31% of Africa’s total emissions [39]. 
Most practices can lower emission intensities (e.g., intercropping, conservation, agro-
forestry) and biomass (e.g., agroforestry) by reducing direct and indirect soil N2O 
emissions and by increasing the amount of carbon stored in the soil [39]. Integrating 
strip intercropping, conservation tillage, as well as straw mulching, significantly 
boosts crop yields, improves resources use efficiency, and alleviates food security in 
arid areas while lowering the carbon emissions from farming [78].
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Mathematical models have the promising potential to explore solutions to water 
management problems. Archontoulis et al. [79] test and calibrate APSIM for the crop, 
soil water, soil N, surface organic matter, manure, and soil temperature and prove to 
be a reliable model that can be used as a research and decision tool for the agricultural 
system. Fung et al. [55] stated that DNDC model able to assess the environmental 
values of intercropping in terms of alleviating air pollution and safeguarding a 
sustainable food supply. They show that maize-soybean intercropping systems have 
the potential to save 42% of fertilizer application, compared with their monoculture 
counterparts, while producing high yields, improving both fertilizer-use and land-use 
efficiencies. Crop environment resource synthesis (CERES) in DSSAT and world food 
studies (WOFOST) in SWAP were used to simulate the growth, development, and 
soil water balance based on field experiment data [80]. Similarly, Hernández-Ochoa 
et al. [19] identified and tested the robustness of some models (e.g., APSIM, DSSAT, 
EPIC, STICS, and WOFOST) for the regulation of GHGs by simulating N2O emissions 
and mitigation of climate change. Banerjee et al. [62] assess the impact of projected 
climate on the growth and yield of rice-lentil-groundnut cropping sequence using 
DSSAT and suggested that rice benefited from preceding groundnut and residue, 
hence, could sustain the yield in a long term.

Application of agroecosystem modeling can also dynamically simulate a diverse 
set of regulating and provisioning ecological services such as regulation of green-
house gas emissions, water quality, and soil erosion [19, 80]. Simulation of water 
quality by simulating soil N retention (via N leaching dynamics) is possible for most 
models’ examples are CropSyst, DNDC, STICS, EPIC, and APSIM [19]. SWAP2 × 1D 
and WOFOST can simulate the water balance components and crop growth [67]. 
Likewise, the STICS growth model simulates crop growth and development, as well 
as water and N balance to improve understanding of interspecific interactions and 
explore best options of strategies management [75, 81]. This model also paves a pos-
sible way to recycle mineral nitrogen efficiently in multiple cropping systems without 
any effect on water balance and environmental conditions [75]. Moreover, Araya 
et al. [82] evaluate the impacts of cropping systems and water management on the 
yield performance of selected dominant cropping systems in the highlands of Africa 
using DSSAT modeling and highlight the significance of integrating diverse cropping 
systems (that include legumes) and water management practices (tied ridges and 
irrigation) for agroecological intensification. Thus, it helps to control the balance 
between competition and facilitation then improving the agronomic practice for 
resilient ecosystem service provision in a holistic manner.

2.2.3 For carefully designing and selecting the best adaptive practice

Cereal-legume combinations are known to facilitate the efficient utilization of 
nutrients by creating a congenial environment [83]. Plant models able to infer plant–
plant interactions can be helpful for the identification of major interaction traits and 
the definition of ideotypes adapted to a targeted intercropping system [84]. The crop 
simulation model dealt with competition for light and can be used to assess risk for 
intercrop productivity over time and space in semi-arid regions [20]. Agricultural 
system models are important tools for understanding complex system interactions 
to achieve multiple productivities and environmental goals [79]. Models are used 
extensively for understanding the behavior of the crops in specific environments, and 
optimization of planting dates, fertilizer application, and crop choice. Multi-cropping 
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systems have potential advantages in productivity, stability of outputs, resilience to 
disruption, and ecological sustainability [6]. Multispecies systems can also provide 
other services, linked to the quality of the environment: Trees and cover crops can 
provide shade and shelter for animals and humans. Although frequent, the advan-
tages and benefits of multispecies systems must not be over-generalized: Not all crops 
are beneficial in mixtures, since they do not systematically generate ecological and/or 
economic benefits, and may involve more complex or higher inputs of labor [6]. So, 
using crop modeling, it is possible to develop an innovative planting design, manage-
ment practice, and crop varieties for mixed-species plantation [22] through ecologi-
cal, agricultural, and genetic concepts and approaches [4, 56]. These varieties can 
modify about criteria of agronomy needs and holistic environmental issues, which 
lead to higher yields and quality than the corresponding pure crop. Baumann et al. 
[26] determine ranges of plant densities that enable the intercropping system to meet 
the current quality standards of the component crops.

Using APSIM modeling, Nelson et al. [85] support the suitability of intercropping 
to achieve high-yield production or reduce risk under drought and an opportunity to 
diversify food production. Similarly, APSIM is also used to develop best management 
practices for improved yield and WUE of sorghum-cowpea intercropping system 
[86]. DSSAT and APSIM models have been already employed as promising tools to 
discover likely options for better nitrogen management and water-saving techniques, 
thereby bringing nitrogen- and water-efficient best management practices to dif-
ferent cropping systems in semi-arid tropics [87]. The results study by Gautam et al. 
[88] concluded that diversification of rice fallows with the inclusion of short-duration 
pulses/oilseeds is one of the options to achieve higher profitability, system productiv-
ity, and sustainability in the long run. Hoffman [42] proves the usefulness of APSIM 
model applications for the design of suitable cropping systems in addressing various 
dimensions of sustainability. They suggest intercropping is a promising option for 
cropping system diversification.

2.2.4 For optimization of traditional farming systems and yield gap analysis

Traditional farming systems like intercropping or mixed cropping are known to be 
the embryonic form of sustainable production concerning biodiversity, resource use 
efficiency, and yield stability [61]. As field trials are time consuming and expensive, 
models are the alternatives. Agroecosystem models can be used to simulate the basic 
effects of crop rotation on crop yields, resource use dynamics, and efficiency. Most 
crop modeling can simulate the performance of intercropping systems in response to 
the climate and soil conditions and allows the evaluation of management intervention 
through tillage, irrigation, or fertilization as well as choice, timing, and sequencing of 
crops such as APSIM [89], STICS [90], and ALMANAC for weed relay intercropping 
with wheat FASSET, DNDC [24], and INTERCOM [26, 61]. Crop yield simulation 
is an important component of yield-gap analysis and numerous studies have been 
published that use simulation models to assess crop yield gaps (quantified as the 
difference between potential and actual farm yields), the impact of climate change on 
future crop yields, and land-use change [91]. Modeling can allow for the verification 
of estimated yield gaps with on-farm data and experiments [92]. Similarly, Rizzo 
et al. [93] suggest double-cropped soybean cropping systems as an alternative for 
increasing grain production in the main agricultural region of the world after analyz-
ing their yield gaps.



Resource Management in Agroecosystems

30

2.2.5 For improving land use and management

A landscape generator typically considers different agricultural land use sys-
tems including natural, semi-natural habitats, cropland, and landscape elements. 
Maize-cowpea intercropping with a temporal niche difference is a better option for 
sustainable crop production and maximizing land use [94]. Meixiu et al. [95] showed 
that intercropping could be used to obtain more yield on less land with less water by 
developing and application of dynamic process-based modeling taking into account 
the acquisition of light and water by the component species. Holzkamper et al. [96] 
determine the ideal configuration of grassland, farmland (without a specific crop 
specified), and woodlands for particular bird species in Northwest Saxony, Germany, 
using a spatial optimization model for land use modification tradeoffs between spe-
cies habitat appropriateness and management.

APEX is being used in the USDA-NRCS CEAP Cropland National Assessment to 
evaluate the effectiveness of conservation practices, including the impacts of conser-
vation practices on pesticide losses from farm fields. The optimum setup for species 
habitats and management was provided by smaller patches and greater diversity 
of land use including more forest lands and de-creased grassland and cropland. 
Accordingly, EPIC and APEX models are the most flexible and dynamic tools that can 
be used to estimate the impacts of land management, conservation practices, and/
or climate on a wide range of environmental indicators, including water quantity; 
wind, water, or channel erosion; soil carbon sequestration; pesticide fate and move-
ment; nutrient (nitrogen and phosphorus) cycling and losses via surface runoff 
(both soluble and sediment-bound phases); leaching; volatilization; and tile drainage 
[65]. Plotkin et al. [97] demonstrate the value and utility of APEX in agricultural 
fate modeling for evaluating the environmental benefits of conservation practices 
such as residue management and conservation tillage, as well as identifying areas 
where conservation practices may be required. This shows APEX model can replicate 
measured stream flow and sediment yields for rangeland watersheds with satisfactory 
performance based on well-accepted statistical criteria [98].

3. Summaries and conclusions

Multi-cropping systems and agroecological approaches can improve resource use 
efficiency for both nutrients and water, thereby facilitating low-input agricultural 
practice. It can help to develop more sustainable and resilient farming systems that 
combine stable yields with enhanced biodiversity and ecosystem services to feed 
a growing world population. To further increase sustainability, there is a need to 
expand the research to consider other management strategies such as the use of other 
traditional crop species, fertilization, rainwater harvesting, and soil conservation 
techniques. A key point in future modeling challenges remains the need for creating 
bridges between ecophysiology, population biology, and functional ecology. Indeed, 
some models can be used to simulate intercropping systems. These models often 
include competition for light, water, and N, such as DSSAT, APSIM, ALMANAC, 
STICS, and FASSET. Similarly, the DNDC model is also able to simulate yield and N 
uptake for intercropping systems under different N application rates. Thus, the model 
can explore soil and water management strategies, GHG regulation, and its adapta-
tion mechanism then can provide an opportunity to assess the suitability and sustain-
ability of cropping systems under projected climate change. Based on these modeling 
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outs, one can design and build more sustainable crop production and resilient ecosys-
tem service for the future generation holistically. Finally, for optimizing adoption and 
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strong ethics for sustainable management of soil, water, and natural resources.
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Chapter 3

Evaluation of the Role of  
Small-Scale Farmers in Soil and 
Water Conservation Management 
in the Context of Climate Change
Tirivashe Phillip Masere

Abstract

The global land resource is increasingly under pressure due to both anthropogenic 
and natural factors such as unsustainable land management practices and climate 
change, respectively. Land degradation and climate change are among the major 
global threats to the resilience of agro-ecosystems and stability of food production 
systems. Small-scale resource-constrained farmers, who account for the majority of 
farmers across the world, are the hardest hit due to the scale of their operations, oper-
ating environment, and circumstances. Despite these global challenges, small-scale 
farmers have continued to adjust their farming systems to withstand the vagaries of 
climate change, while at the same time aiming to achieve land degradation neutral-
ity. This chapter sought to evaluate the role played by small-scale farmers in soil and 
water conservation management in attempt to address land degradation and climate 
change. Further, the chapter investigated key characteristics and circumstances of 
small-scale farmers as well as their constraints, strengths, and opportunities. The 
chapter argues that farmers’ indigenous knowledge system has been and continues 
to be a key strength and offers an opportunity for which more specialized scientific 
and agricultural extension support can build upon in developing lasting solutions to 
climate change and soil and water conservation management.

Keywords: soil and water conservation, small-scale farmers, semi-arid regions, climate 
change, climate smart agriculture, indigenous knowledge, land degradation neutrality

1. Introduction

Land degradation and climate change are among the major global threats to the 
resilience of agro-ecosystems and stability of food production systems. Globally, 
3.2 billion people are affected by land degradation, most of whom are the small-
scale farmers residing in rural communities of Africa [1]. These African small-scale 
farmers generally practice rain-fed crop and livestock production, which makes them 
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vulnerable to climate change and droughts [2, 3]. The effects and impacts of climate 
change are felt the hardest in small-scale farming systems of Africa due to the scale of 
operation, biophysical conditions of their farms, and operating circumstances of the 
farmers particularly their poor resource endowment [4]. However, life has to go on for 
these farmers. They have to produce enough food to feed their families and communi-
ties, despite the aforementioned challenges. To do this, they have to build resilience of 
their farming systems to withstand the effects of climate change and to better man-
age their natural resources (soil and water) as they aim to achieve land degradation 
neutrality (LDN).

Worldwide there are approximately 570 million farms, 470 million of which 
are small-scale farms [5]. Of these, approximately 33 million are located in Africa, 
thus constituting 80% of all farms on the continent [2, 6]. Due to them being the 
overwhelming majority for both Africa and the world at large, small-scale farmers 
are uniquely placed at the center of it all—bearer of the brunt of the climate and 
land degradation challenges on the one hand and on the other, an integral part of 
efforts to address or manage these challenges. However, this does not seem to be the 
case, particularly for the African small-scale farmers who are often overlooked and 
misunderstood in terms of their importance in finding lasting solutions to these land 
resource challenges threatening their very livelihoods. Yet, for effective implementa-
tion of agricultural policies, there is need for the inclusion and incorporating features 
of small-scale farmers, as agricultural policy and statutory instruments affect differ-
ent farming sectors differently [7].

It is for this reason that this chapter sought to evaluate the role played by small-
scale farmers in soil and water conservation management in attempts to address the 
impacts and effects of land degradation and climate change to their farming systems. 
To achieve this goal, it is imperative to start by understanding the small-scale farm-
ing sector, its key characteristics, strengths, and constraints. To this end the chapter 
attempts to achieve five objectives, namely: defining small-scale farmers; determin-
ing the characteristics and circumstances of small-scale farming systems in Africa; 
exploring constraints and strengths of small-scale farmers; evaluating the soil 
and water conservation strategies employed by small-scale farmers in adapting to 
climate change; and assessing the land degradation neutrality in small-scale farming 
systems.

The chapter utilized both primary and secondary data. Secondary data in the form 
of a review of literature, primarily journals and published technical reports pertain-
ing to small-scale farming systems, were conducted. Conversely, primary data were 
gathered through focus group discussions (FGDs) with African small-scale farmers, 
observations, and key informant interviews (KIIs) conducted with public extension 
agents from Zimbabwe, Zambia, and South Africa.

This chapter proceeds as follows. Section 2 explores the definition of small-scale 
farmers, including the various factors that have been used in defining the small-scale 
farmers. Further, key attributes or characteristics of small-scale farmers are also 
examined. Section 3 evaluates the numerous constraints confronting small-scale 
farmers due to their scale of operation. Despite all the challenges small-scale farmers 
face, they still have their strengths, which have kept them going for generations—
these strengths are also outlined and discussed in this section. The penultimate sec-
tion, Section 4 deals with leveraging on the strengths and opportunities of small-scale 
farmers in adapting to climate change and achieving land degradation neutrality. The 
final section offers some concluding remarks.
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2. Definition, characteristics, and circumstances of small-scale farmers

2.1 Misconceptions about small-scale farmers

A lot of misconceptions arose about the African small-scale farmers due to their 
circumstances and operating conditions compared to their counterparts in developed 
world. Among the notable misconceptions, small-scale farmers are often viewed as 
backward and unproductive farmers operating in native lands [8]. This is further 
from the truth as small-scale farmers are among to be the main contributors to 
national food security in most developing countries such as Zimbabwe and Zambia 
[9]. Further, in most African countries such as South Africa and Zimbabwe, small-
scale farmers are generally associated with the black population, while large-scale 
farmers are generally associated with the white population [8]. These misconceptions 
seem to stem from the history of land tenure systems under Apartheid regime, and 
before Independence in South Africa and Zimbabwe, respectively, where blacks were 
overcrowded in native/rural areas characterized with infertile soils as opposed to the 
fewer whites who owned prime extensive agricultural lands. Thus, the political and 
historical development of the Zimbabwe particularly during the 90 years of colonial 
and settler government also shaped farming systems [10].

Prior to the fast-track land reform program (FTLRP) of the year 2000 in 
Zimbabwe, there were three distinct farming subsectors: communal lands, resettle-
ment areas, and large-scale commercial farming [10]. The first two subsectors consti-
tuted the small-scale farming systems. These were located in areas known as Reserves, 
which were characterized by poor agricultural potential and were merely established 
as a labor pool for the white commercial farming community [11].

The FTLRP introduced two farm models, namely: A1 (small self-contained 
farms) and A2 (slightly larger-scale or medium-scale), focusing on subsistence and 
more commercial production, respectively [12]. Thus, after the implementation of 
the FTLRP, a tri-modal structure of Zimbabwe’s farming systems ensued namely 
small-scale farms, and medium-scale commercial and large-scale estates [12]. The 
Zimbabwean small-scale farming sector currently comprises old resettlement areas 
(settled before 2000), communal lands, and the A1 farms.

The foregoing indicates that it is inadequate to use only one or two factors to define 
or categorize farming sectors. There is need to properly define and constitute small-
scale farmers in a manner that encompasses all the other key factors. The next two 
parts of this section attempted to do achieve that.

2.2 Defining small-scale farms/farmers

While it is almost impossible to have a universally accepted definition of small-scale 
farmers, most attempts to understand these farmers and their farms have used certain 
attributes or criteria including land size, resources, and income. Of these farm size 
is probably the most obvious and easily used criterion to define small-scale farmers 
[5, 13]. However, the World Bank views small-scale farmers as those with cropland 
sizes less than 2 hectares and with the added condition of having little or no assets [14]. 
A similar definition for small-scale farmers is given in a study by FAO, which empha-
sizes limited/stretched resources in comparison with medium- and large-scale farmers 
[15]. The limited resources include land holding sizes, livestock, access to inputs and 
markets, agro-ecological factors, level of technology use, and income levels [10, 13].
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Although farm size is the mostly used indicator to identify or define small-scale 
farmers, it is not a good criterion and has its limitations [8, 16]. As such small-scale 
farms should not be generalized as simply scaled-down versions of large-scale farms 
[8]. One reason for this is that land qualities vary across different types of farms, 
implying that a small land area of high fertility will likely result in a higher yield 
output compared to a much larger land area characterized by low fertility [16]. As 
such land size is not a proper determinant of farm-scale categories. Computing net 
farm profitability would be a much better determinant [8, 16]. Europe has been using 
this approach in categorizing farms.

Standard gross margins (SGMs) of all farm enterprises are undertaken to evaluate 
the farm’s potential income generation and total farm profitability [7]. In this way, the 
SGM tool provides information about the scale of a farm’s business. The SGM tool can 
also be adjusted to cater for farms in different localities. This approach is a move-away 
from using farm area and intensity of production in classifying farms. This is one 
way to go about defining small-scale farms and farmers. However, it may present two 
main challenges particularly for small-scale farmers in Africa. Firstly, profitability is 
not the primary purpose for farming, household consumption and food security are. 
Secondly, it ignores the non-monetary aspects and attributes that cannot be easily 
expressed in monetary terms. As such, it is submitted that there is need for inclusion 
of other characteristics and circumstances in defining small-scale farmers, most of 
which are discussed under the next subheading.

2.3  Characteristics and circumstances (constraints and strengths) of small-scale 
farmers

Several factors frame the characteristics of farmers of any scale. Under this 
subheading, key unique characteristics and circumstances of small-scale farmers are 
discussed. From these, some constraints, strengths, and opportunities within the 
small-scale farming sector can be discerned:

2.3.1 Primary purpose

The main objective of small-scale farming systems is for household consump-
tion as opposed to large-scale commercial farming systems that respond to market 
demand [17]. In all the FGDs conducted with small-scale farmers in Zimbabwe and 
Zambia, farmers highlighted that while their main reason for farming was for house-
hold consumption (Table 1). If and when there is a surplus, it will be sold to generate 
income for their other needs.

2.3.2 Land tenure and size issues

The majority (85%) of small-scale farmers in Africa operate in farms of less than 2 
hectares [2]. In addition to their already small farm sizes, African small-scale farmers 
are also challenged by the ever rising populations, which are absorbed into farming 
leading to further shrinkage of their farm sizes. This fragmentation of small-scale 
farms to accommodate high population growth in Africa confines small-scale farmers 
to subsistence crop production. In addition to small land sizes, small-scale farmers 
are typically located on lands with marginal production potential (degraded lands). 
Furthermore, lack of clear and sound system of land rights transfer has been noted as 
one of the causes of food insecurity and underdeveloped agriculture [3].
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2.3.3 Semi-arid environment and over reliance on rain-fed agriculture

Most of small-scale farmers in Africa are located in semi-arid environments 
with low, erratic rainfall (with high prevalent of severe dry spells) and high tem-
peratures—further limiting crop productivity [2, 10, 18]. Further, these semi-arid 
environments are characterized by marginal and infertile soils [10]. These conditions 
make meaningful crop production very difficult even for drought resistant crops such 
as sorghum [10]. Climate change is expected to worsen these poor conditions result-
ing in crop yield reductions leading to severe food security challenges especially so if 
household food requirements are not met [2, 3].

2.3.4 Self-reliance

Farmers’self-reliance relates to the extent to which they depend on their capacity 
and capability as reflected by their knowledge, skills and labor, or lack thereof, to take 
charge of the factors that affect their farm operations [19, 20]. This entails that small-
scale farmers are going to utilize knowledge/information/training available to them 
as they go about their operations. According to respondents in this study, the majority 
of small-scale farmers are not formally trained in agriculture. The only training they 
have is from the public extension workers who often target progressive small-scale 
farmers and provide them with relevant farming information and technologies, which 
they are expected to disseminate to other farmers [21]. The training includes planting 
methods, and soil and water conservation techniques, among other technologies.

Crop type Crop grown Reasons for growing

Cereals Maize Household consumption, income generation from selling 
surplus. Stock feeding.

Sorghum Household consumption and income generation from selling 
surplus. Beer brewing for selling and traditional ceremonies.

Rapoko Beer brewing for selling and traditional ceremonies.

Legumes Groundnuts Household consumption and income generation from selling 
surplus. Fixing nitrogen into the soil.

Sugar beans Household consumption, income generation from selling 
surplus. Fixing nitrogen into the soil.

Cowpeas Household consumption, income generation from selling 
surplus. Fixing nitrogen into the soil.

Round nuts Household consumption, income generation from selling 
surplus. Fixing nitrogen into the soil.

Tubers Sweet potatoes Household consumption and income generation from selling 
surplus.

Potatoes Household consumption.

Vegetables Including butternuts, 
onions, tomatoes, 
cabbage, spinach, 
chomolia, tsunga, 
pumpkins, carrots, 
tomatoes.

Income generation and household consumption.

Table 1. 
Crops grown by small-scale farmers and reasons for growing them (source: FGDs).
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Lack of access to agricultural information, particularly farm management informa-
tion, is a common characteristic of small-scale farmers [22, 23]. In Zimbabwe, they are 
particularly reliant on extension workers, other farmers through their farmers’ clubs and, 
to a small extent, radio [18, 22, 23]. This was also confirmed during FGDs and KIIs. The 
public extension workers (via KIIs) in all the three countries acknowledged that farmers 
self-organize into farmers’ clubs whose responsibilities include conducting field days, 
which offers an informal platform where small-scale farmers exchange experiences and 
agricultural information through open discussions. This farmer-to-farmer extension can 
also be an important way to disseminate and encourage adoption of new technology [18].

2.3.5 Family labor

Small-scale farmers and their families provide labor requirements to meet all the 
farm operations including land preparation, cultivation, weeding, and harvesting 
[13, 24, 25]. A large family consisting of able-bodied members is thus more likely to be 
successful compared to a smaller family or families consisting mainly of young children 
and the aged [17]. In most cases, small-scale farmers and their family are willing to and 
actually invest more energy and time in their farms than those justified at standard 
market wage rates because the rewards accrue directly to the family [17]. Both FGDs and 
KIIs across study sites indicated that small-scale farmers do not place a monetary value 
to the labor they put into their own farms because they do not perceive it as a cost. This 
again speaks to the primary purpose for farming, discussed above, that most small-scale 
farmers are mostly growing crops and rearing livestock for household consumption.

2.3.6 Technology paradigm

As already discussed in the preceding subheading above, small-scale farmers have 
often relied on their indigenous knowledge, family labor, and influence of social 
networks on technology adoption for all their farm operations. Use of simple farming 
technologies is common among small-scale farmers. In both the FGDs and KIIs, it was 
noted that most small-scale farmers of Southern Africa own hoes, ox-drawn plow, 
axes, wheelbarrow, and cultivators. The better-off small-scale farmers additionally 
own scotch carts, harrows, rippers, and ridgers.

Cattle are the main source of power for tilling the land and other farm operations 
[11, 23]. However, about 40% of the small-scale farmers do not own cattle and must 
hire them for the required operations [23]. This is consistent with FGDs’ findings, 
where farmers highlighted that some farmers owning implements but without cattle 
enter into reciprocal cooperative arrangements with farmers who have cattle but lack 
some implements for tillage and cultivation purposes.

Social function (processes and systems) influences farmer decision making 
around technology adoption. Small-scale farmers may actually adopt an unfavorable 
technology to them only because it is preferred by his/her social referent group [26]. 
In this manner, “social influence” can thus be taken to mean the extent to which mem-
bers of a referent group affect one another’s behavior and experience social pressure 
to perform particular behaviors.

2.3.7 Use of indigenous knowledge

Most small-scale farmers depend on their own indigenous knowledge generated 
through many years of farming experience in their own communities to guide crop 
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management decisions [18, 22, 23, 25] (Table 2). Although reliable, indigenous 
knowledge keeps farmers operating at low levels of productivity [11]. This reliance 
on indigenous knowledge-driven methods of farming had been inaccurately taken 
to mean that small-scale farmers are mostly uneducated, illiterate, and backward. In 
this study, it was observed that most small-scale farmers were literate and educated 
at least to the basic primary school level. Their continued reliance on indigenous 
knowledge systems (IKS) is mainly because of lack of proven alternatives and lack of 
access to modern technologies.

Despite the lack of access to modern technologies, small-scale farmers have 
shown a willingness to learn about modern farming technologies if given the oppor-
tunity [18, 23]. This is consistent with FGDs’ findings where farmers indicated that 
whenever their lives are at stake, they are ready to learn and try out new methods or 
technology when resources are permitting.

IKS 
technology

Description of the IKS method/technology Reason and/ advantages of the IKS 
method

Harvest 
and seed 
preservation

Use of fire smoke to preserve dried maize cobs 
of high yielding local open pollinated varieties 
(OPVs) to be used a seed next season.

This technology is easy to operate and 
there are no costs involved, instead they 
save the cost of buying hybrids.

Burning gumtree (eucalyptus) leaves and cow 
dung to repel weevils inside the granaries.

The burning is aimed at eliminating 
oxygen in the granary to ensure no weevils 
will survive. This is a no-cost technology 
to farmers.

Mixing paraffin and ash for treating and 
preserving cowpeas seed from weevils,

It is a low cost and easy to implement 
technology

Crop 
protection

Use of sand soil and donkey manure to 
control pest and diseases in field crops, for 
example control of maize stalk borer.

No-cost technology to farmers.

Seasonal 
rainfall 
forecasting

Studying local indigenous indicators like 
fruiting of certain indigenous tree species, 
position of the moon, wind direction and 
behavior of birds to indicate a “good” and 
“poor” rainfall season.

The indigenous indicators are more 
reliable in predicting the nature of rainfall 
season than the official/scientific seasonal 
climate forecast.
The indigenous is readily available to 
farmers unlike the scientific technology 
which they may not get on time or at all.

Soil fertility Mixing poultry droppings with water to form 
what small-scale call “chicken soup” which 
they use as a top dress fertilizer

Easy to implement and use. It is also a 
no-cost technology to farmers.

Multiple 
cropping and 
intercropping

Growing multiple crops in one field for 
example cover crops and runner crops like 
pumpkins to ensuring total ground cover.

It minimizes the impact of raindrops and 
thus controls soil erosion.

Tree and 
hedge 
planting 
(Live 
fencing)

Live fencing for marking homestead and 
field boundaries and protecting crops from 
straying animals through planting of trees, 
shrubs and hedges.

The live fence also acts as windbreaks 
which reduce wind velocity and hence 
erosion by wind.
Vegetation binds the soil making it less 
vulnerable to soil erosion.

Spot 
irrigation

Applying water to the immediate areas 
around a plant only as opposed to the whole 
garden.

The technology is water use efficient 
technology which saves water especially in 
poor rainfall seasons.

Table 2. 
Technology developed by farmers through their indigenous knowledge systems (IKS).
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2.3.8 Production paradigm

Small-scale farming systems in sub-Saharan Africa are characterized by low 
yields as a result of the low level of production they usually operate at. Average crop 
yields in small-scale farming systems are usually very low and sometimes fail to meet 
the household requirements or income needs due to persistent droughts, poor soils, 
lack of good quality inputs, limited or no access to credit, and extension services 
[23, 25, 27]. Further, small-scale farmers normally use local resources in their farm-
ing operations although they may occasional make use of external inputs [2, 13]. 
Moreover, the small-scale farmers employ risk-averse strategies and aim to maximize 
yields from constraining resources [28].

2.3.9 Lack of access to credit facilities and markets

Lack of access to credit is the most critical resource constraint to small-scale farm-
ers [11, 22, 23]. The majority of small-scale farmers are unable to access credit from 
banks and micro-credit firms due to lack of collateral [3]. As a result, these farmers 
rely on their own meager savings and remittances, thus thwarting any meaningful 
attempts to expanding their farm productivity [3]. Lower Gweru farmers indicated 
during FGDs that lack of access to credit facilities one of the major reasons why they 
have not adopted modern technologies that have high initial costs.

Lack of access to markets is twofold: firstly, lack of access to markets to acquire 
inputs, and, secondly, lack of access markets to sell their produce. The input and output 
markets are either missing or incomplete. This presents another challenge—higher 
transaction costs [8]. Thus, small-scale farmers often fail to use quality inputs due to 
inaccessibility and high costs [21]. Lack of a ready market to sell produce has resulted 
in large post-harvest losses in Africa [29]. Post-harvest losses in sub-Saharan Africa are 
estimated to amount to more than 40% and are even as high as 70% for perishables [30].

Closely related to access to markets are the infrastructural circumstances for most 
small-scale farmers. A poor road network hinders smooth distribution of inputs to 
the farms as well as output (agricultural produce) from the farms to the market. Due 
to poor road systems in small-scale farming areas of Zimbabwe and most develop-
ing sub-Saharan Africa farmers resort to inefficient modes of transportation such as 
animal-drawn scotch carts [3].

2.3.10 Mixed farming systems/integrated crop-livestock systems

Most small-scale farming systems are characterized as mixed farming systems, 
comprising both crop production and livestock production. Small-scale farmers often 
grow staple crops such as maize, sorghum, groundnuts and also rearing cattle, goats, 
and poultry [23]. FGD respondents across the three countries indicated that they 
mostly grow maize, sunflower, groundnuts, finger millet, and sorghum. These crops 
are also usually intercropped.

There are numerous advantages of this mixed farming systems including reduc-
tion of risk normally prevalent in a monoculture farming system [2]. Although not 
every small-scale farmer in Zimbabwe, Zambia, and South Africa owns cattle, the 
majority of them have goats, sheep, and poultry. Most of these farmers give priority to 
the crop production over livestock production [31]. This is mainly because they want 
to meet their household food security requirement first. This section discusses the 
advantages of the integrated crop-livestock systems.
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Source of income: The livestock production enterprise presents opportunities for 
regular income generation including the selling of products such as milk and meat. 
Combining this income to that generated seasonally or regularly from the crop 
production enterprise improves the cash flow of the farmers [32]. Poor small-scale 
farmers with goats can meet short-term immediate needs for cash and meat. Farmers 
with cattle can also generate income through hiring out their cattle as draft power to 
those without for draft power purposes [24, 31]—this was observed and confirmed 
through FGDs and KIIs in the three study countries. Cash from livestock sales is 
also used for meeting other important household needs including education, family 
health, and acquiring farming inputs.

Draft power: Despite the majority of small-scale farmers not having tractors, those 
with cattle can use their cattle for draft power to pull implements for their farming 
operations [24, 31]. While farmers without cattle may be able to hire draft power 
from those who own cattle, they are inconvenienced as they will have to wait until the 
owners finish their own farm operations first, leading to delayed land preparations 
and planting [24].

Food security enhancement: Milk and meat produced from the livestock pro-
duction enterprise enhance the household food security while simultaneously 
improving the general nutrition status of households [31]. Additionally, the income 
generated from selling meat and milk that can be used to supplement food supplies 
when necessary.

Spreading agricultural risk: Integrated crop-livestock production systems provide 
an insurance against the risk of total failure. If part or all of the crop production 
enterprises fail, farmers will fall back on the livestock enterprise, and vice versa.

Synergies between crop and livestock enterprises: In the FGDs, respondents high-
lighted that in addition to crop residues, they also reserve some grains for livestock 
and poultry feeding. In turn, the livestock and poultry provide manure, which farm-
ers used in their fields. As already discussed, these farmers rely mostly on organic 
fertilizer (cattle and poultry manure and mulches) and rarely acquire inorganic 
fertilizers due to their low input and risk aversion nature. The income to purchase 
such fertilizers is again generated from the sale of livestock products and surplus crop 
produce. FGDs’ respondents as well as KII findings highlighted those farmers who 
practiced a technique known as mobile kraals experienced significant increases in 
crop yield. The technique is also noted for improving soil fertility through cow dung 
and urine [33].

3.  Leveraging on farmers’ strengths and opportunities in adapting to 
climate change and achieving land degradation neutrality

Small-scale farmers, despite all the challenges they face, still have their strengths, 
which have kept them going for generations. These include use of indigenous knowl-
edge, family labor, low cost of production, integrated crop and livestock systems, 
spreading of agricultural risk, and conservation of natural resources. These strengths 
can be leveraged and built upon in the quest to enhance the resilience of farming 
systems to adapt and better cope with climate change and land degradation. Equally 
some constraints, already discussed in the previous section, can also be viewed 
as opportunities. For example, the lack of cattle for tillage purposes has become 
an opportunity for adoption of conservation agriculture. Further, some small-
scale farmer constraints present opportunities for scientists, extension agencies, 
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technology developers, government, and other key stakeholders to work with farmers 
in introducing relevant interventions. The strengths and opportunities of small-scale 
farmers and their systems toward soil and water conservation and achieving land 
degradation neutrality are discussed in detail below:

3.1 Soil and water conservation in small-scale farming systems

Small-scale farmers are usually better at conserving and managing natural 
resources through their traditional multiple cropping systems (beans, corn, potatoes, 
and fodder), which reduce soil erosion [34]. Soil erosion is a major form of land 
degradation and is very costly in that it involves loss of organic matter and nutrients 
from the soil and the deposition of such nutrients in receiving waters such as rivers 
and dams where it presents other costly off-sites problems. Multiple cropping reduces 
yield losses caused by weeds, pests and diseases, and utilizes water, radiation, and 
nutrients more efficiently, thus resulting in yield advantages of between 20 and 60%, 
thereby contributing as much as 20% of global food supply [34].

Other indigenous knowledge systems used by respondent farmers to improve 
soil fertility and water conservation include mulching, composting, animal manure, 
intercropping, use of crop residues to cover the soil, and use of anthill and ashes to 
improve the soil structure and to lime the soil, respectively. Most these indigenous 
technologies are closely linked to the climate smart agriculture technologies, which 
have been promoted by most public extension agencies and nongovernmental organi-
zations (NGOs) in Africa. Technologies such as conservation agriculture and thermal 
composts are highly adopted by small-scale farmers due to their having traits similar 
to farmers’ own indigenous practices such as gatshombo (planting basins) and make-
shift composts made from crop residues and grass, respectively [23]. Respondents 
felt they owned these technologies although they acknowledged the technologies had 
been upgraded and improved by experts. This emphasizes the need for scientists, 
extension agencies, and technology developers to build on farmers’ indigenous 
knowledge and experiences in coming up with relevant interventions to challenges 
affecting farmers.

Conservation agriculture was highly adopted mainly because farmers found it 
to increase crop yields, reduce soil erosion, and use water and nutrients efficiently 
as application of these resources will be done in the planting area only. In a study 
across 13 districts in Zimbabwe, crop yield increases of up to 300% were observed for 
three seasons (2004/05 up to 2006/07) [35]. More important to the most small-scale 
farmers, conservation agriculture does not require draft power to establish. As such it 
was very popular among farmers with fewer or no cattle. However, it was noted that 
even farmers who owned cattle also adopted it. For these farmers (who owned cattle), 
their other option for soil moisture conservation was deep tillage of fields a couple of 
months before the onset of the rainy season to increase permeability and thus water 
absorption capacity during the rainy season.

Similarly, thermal compost technology was highly adopted because for a number 
of reasons. Firstly, it is less costly to implement and use. Secondly, it was considered a 
locally available option to mineral fertilizer and cattle manure (particularly for farm-
ers owning few or no cattle). Finally, and perhaps most importantly, it improved crop 
yields at similar rates to mineral fertilizers. According to FGDs, the use of compost 
also helps to reduce leaching of nutrients from the soil. Further, soil fertility is main-
tained or improved by using composts as opposed to using inorganic fertilizers, which 
some farmers in Zimbabwe argued that it hardens the soil.
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3.2 Toward land degradation neutrality in small-scale farming systems

Land degradation is taking place at unprecedented levels, contributing to a 
dramatic decline in the land productivity throughout the world. Further, when land 
degradation occurs, soil carbon and nitrous oxide are emitted from the soil to that 
released into the atmosphere, thus making land degradation one of the most impor-
tant contributors to climate change [1, 33]. About 24 billion tons of fertile soil is esti-
mated to be lost annually, largely because of unsustainable agriculture practices, and 
if this trend continues unabated, 95% of the Earth’s land areas could become degraded 
by 2050 [1]. Hence, there is need for concerted efforts to arrest and reverse land 
degradation in all its forms as acknowledged in Agenda 2030 Sustainable Development 
Goals Target 15.3, which states the need to strive for a land-degradation-neutral world.

Land degradation neutrality [LDN] is defined as “a state whereby the amount and 
quality of land resources necessary to support ecosystem functions and services and 
enhance food security remain stable or increase within specified temporal and spatial 
scales and ecosystems” [36]. It is concerned about managing land more sustain-
ably to reduce degradation, while increasing rates of land restoration. The two ends 
(reducing degradation and land restoration) converge to give a zero-net rate of land 
degradation [33, 36].

As already discussed, small-scale farming is among the worst affected by land 
degradation due their farms’ biophysical conditions and locality. As such they also 
have a role to play in ensuring attainment of land degradation neutrality at their level. 
In the previous sections, it was discussed how small-scale farmers, through their own 
indigenous knowledge system and practices, are managing their natural resources. 
Among them are the multiple cropping systems, intercropping, and no-tillage 
practices, which ensure total soil cover to reduce soil erosion and surface runoff. Such 
actions can contribute toward achieving land degradation neutrality.

Some of the constraints of small-scale farmers have indeed become opportuni-
ties, as already discussed. The lack of adequate livestock and money for hiring cattle 
for purposes of conventional tillage purposes have meant increased adoption of the 
no-till and reduced and minimum tillage strategies. These strategies align well with 
the three tenets of conservation agriculture, which are as follows: no or minimum 
mechanical soil disturbance (through no-till seeding); maintenance of soil mulch 
cover (with crop residues, stubbles, and cover crops); and diversified cropping 
(involving annuals and perennials, including legumes, in sequences/rotations).

The benefits of implementing conservation agriculture include limiting of green-
house gases such as carbon dioxide, as carbon is kept in the soil where it is needed for 
crop production as opposed to being emitted into the atmosphere. This provides huge 
ecological and economic benefits in the fight against climate change. Thus, the use 
of conservation agriculture as a means to achieve land degradation neutrality has the 
potential to contribute to the attainment of other related SDGs, for instance, poverty 
eradication (SDG 1), food security (SDG 2), water (SDG 6), and climate change 
(SDG 13). This is the reason why LDN is considered as an SDG accelerator, which 
offers cost-effective and ecological sound means of meeting these goals [33].

4. Conclusions

The chapter suggests that small-scale farmers who are in the majority across Africa 
and the world are the most hit by global environmental challenges such as climate 
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change and land degradation due to their scale of operation, circumstances, and the 
biophysical conditions of their farms. As such, they are uniquely placed to play an 
important role in the development of lasting solutions to the land degradation and 
climate change. However, this has not been the case as small-scale farmers are often 
ignored and misunderstood, and their farming systems are often deemed backward 
and unproductive. The chapter thus attempted to define small-scale farmers, their key 
characteristics, strengths, and opportunities as well as how these may be leveraged 
on in adapting their systems to climate change effects and impacts and achieving land 
degradation neutrality. The chapter outlined that small-scale farmers have been man-
aging their natural resources (soil and water) through their indigenous knowledge 
systems and practices, most of which aligns well with the three interlinked principles 
of conservation agriculture (no or minimum mechanical soil disturbance; mainte-
nance of soil mulch cover; and diversified cropping). These farmers may not know or 
fully comprehend the potential scientific and ecological benefits and implications of 
some of their tried and tested indigenous practices toward reversing, reducing, and 
avoiding land degradation and climate change. This then offers gaps and opportuni-
ties for scientists and researchers to build capacity of the farmers and perfect some 
of their indigenous technologies. Thus, instead of ignoring, trivializing, and wrongly 
perceiving them as backward and unproductive, there is need to engage small-scale 
farmers and embracing their indigenous knowledge systems and practices as they are 
uniquely placed to do their part in the contributing toward addressing global chal-
lenges, which threatens their very livelihoods. The chapter acknowledges that more 
work still needs to be done in Southern Africa with regard to the actual assessment 
of land degradation neutrality using the land restoration indicators: land cover; land 
productivity; and carbon bank/stock. The numerous economic and ecological ben-
efits of implementing conservation agriculture and related variants of climate smart 
agriculture, toward attainment of land degradation neutrality (SDG 15), poverty 
eradication (SDG 1), and climate change (SDG 13), were noted.
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Chapter 4

Range Expansion of Catha edulis: 
Implications on Plant Communities 
in Upland Zimbabwe
Evelyn Ngarakana, Clemence Zimudzi, Shakkie Kativu  
and Brita Stedje

Abstract

Invasive plants have had significant impacts on vegetation communities of 
Zimbabwe. A study was undertaken to determine current and potential distribution 
of C. edulis in Zimbabwe using DIVA GIS and MAXENT, and to determine climatic 
conditions under which the species thrives, together with. The species population 
structure and its impact on native species. Results indicate that the species has its 
highest occurrence frequency in Manicaland Province, followed by Matebeleland 
South Province. Some 13% occurrence points were recorded at an altitude less than 
600 m, 21% at an altitude ranging from 600–999 m, 43% at an altitude between 1000 
and 1399 m and 23% at an altitude above 1400 m. C. edulis was recorded in areas 
of maximum temperature range of 34°C and a minimum of 20°C. The species also 
occurred in regions with a mean precipitation range as low as 60–300 mm and as high 
as 1000–1261 mm. Further, C. edulis distribution is predicted to expand in the Eastern 
Highlands (Manicaland), parts of Mazowe and Bindura (Mashonaland Central 
Province) and parts of Matobo (Matebelaland South Province). Diameter class 
distributions showed an inverse J-distribution in control sites and in all three sampled 
sections. An irregular bell-shaped distribution was recorded for co-occurring species 
on C. edulis occupied sites. It was concluded that C. edulis’ regeneration potential is 
high and that of competing native species is unstable and has the potential to expand 
beyond the currently occupied sites.

Keywords: Catha edulis, predicted distribution, population structure, impacts, 
Zimbabwe

1. Introduction

Currently, global biodiversity is being threatened greatly by climate change and 
invasive species [1]. Several dozens of species and variants (including invasives) have 
been introduced into Zimbabwe [2], a majority of them within the Eastern Highlands 
where the climate supports the highest plant diversity. These include some suspected 
variants of Catha edulis (Vahl) Forssk. exEndl. C. edulis naturally occurs in the horn 
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of Africa down to southern Africa and Madagascar. Its centre of origin is believed to 
be Ethiopia and Kenya [3].

Observations on spatial distribution of C. edulis in Zimbabwe over the past few 
years indicate that it is spreading, and where this occurs, few other plant species 
thrive [4]. Immigrants from East Africa are suspected to have introduced differ-
ent variants of C. edulis to Southern Africa [5]. Some such variants have become 
more aggressive and currently occupying forest margins in Manicaland, Zimbabwe 
(Eastern Highlands), an area which forms part of the eastern Africa biodiversity 
hotspot [6]. The Eastern Highlands ecosystem provides freshwater and other ecosys-
tem services to a significant number of people in the region [6].

The climatic conditions under which C. edulis in Zimbabwe thrives and its 
current and potential sites of distribution in the country are not known. That, 
together with the population structure of the species, requires an urgent investiga-
tion as the results may be useful in predicting the species distribution trends and 
in wildlife management. An assessment of the impact of C. edulis on biodiversity 
of the Eastern Highlands biodiversity hotspot is also needed. Population structure, 
which partly reflects age and size structure, is indicative of the health and survival 
capacity of a species [7]. Important life stages of a species can be revealed and aid in 
wildlife management [8]. Species diversity and evenness make up species composi-
tion and the higher the species richness and productivity are the more resilient the 
ecosystem is [9].

The present study sought to map current and potential distribution of C. edulis 
in Zimbabwe using MAXENT and DIVA GIS, establish climatic conditions under 
which the species thrives, determine the population structure of C. edulis and assess 
its impact on indigenous species within Vumba Forest area of Zimbabwe. Maximum 
entropy (MAXENT), which relies only on presence data and background environ-
mental information, was the preferred assessment method. The method also accom-
modates small sample size and allows for gaps in records [10].

2. Materials and methods

2.1 Study area

This study was conducted in Zimbabwe. About 4% of the country receives an 
annual rainfall of >1000 mm, and low mean annual temperatures which range from 
15 to 18°C. Approximately 32% of the country has annual rainfall below 500 mm, 
with a high mean annual temperature of 21–25°C [11]. Some 16% of the country is 
under protection, and includes endemic and critically endangered plant and animal 
species [12].

Population structure studies were carried out in Vumba, Eastern Highlands of 
the country (Figure 1). Vumba is about 246 km2 with its highest altitude being 
1911 m [14]. The mean yearly precipitation is 1800 mm and majority occurs 
between November and August [6]. Soils are deep and well weathered [6]. Its 
vegetation comprises miombo woodland which favours high rainfall, evergreen 
Afromontane forests and montane grassland [14]. Most of the vegetation types 
have been exposed to severe disturbances which has paved way for the encroach-
ment of such invasive species as Cestrum aurantiacum Lindl., Lantana camara L., 
Vernonanthura polyanthus (Spreng.) Vega & Dematteis and Solanum mauritiunam 
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Scop. [6]. Wattle and eucalypts are also planted for commercial purposes [6]. 
The following GPS coordinates are of the first, second and third study plots 
respectively: 19.064640°S, 32.720713°E; 19.078418°S, 32.750628°E; 19.071590°S, 
32.744625°E.

2.2 Mapping of C. edulis populations

Sources for the species occurrence data were the Zimbabwean National Herbarium 
and Botanic Gardens, Global Biodiversity Information Facility (GBIF) (www.gbif.
org) and Zimbabwe Flora (www.zimbabweflora.co.zw). In the course of field studies, 
new distribution records of C. edulis were recorded. The combined data were checked 
for duplication. The source for climate variables was WorldClim (www.worldclim.
org). WorldClim has a total of 19 bioclimatic variables, 11 temperature and 8 pre-
cipitation matrices which represent different annual trends, seasonality and extreme 
environmental conditions [15]. Pearson correlation coefficients were examined in 
order to check all the variables for multicollinearity [16]. The first principal compo-
nent analysis (PCA) analysed only one variable from each set of highly correlated 
variables (r > 0.95). The main bioclimatic variables were also determined by perform-
ing the Correlation analysis (CA) and PCA using the statistical program R version 
3.1.3 [16]. Spatial resolution t used was 30arc seconds (about 1 km2 per pixel). This 
allowed for maximum details [17]. DIVA-GIS [18] was used to map the distribution 
of C. edulis in the whole of Zimbabwe. It is a geographic information system that has 
been used in various mapping studies such as the mapping of spatial distribution of 
Jatropha curcas L. in Malaysia by Shabanimofrad et al. [19] and that of Senecio vulgaris 
L. in China by Cheng and Xu [15]. The software was used according to the manual 
guide by Scheldeman et al. [20].

Figure 1. 
Study area map in Vumba (right), and its location within Zimbabwe (left) Ballings & Wursten [13].
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2.3 Predicting Catha edulis potential sites of distribution

MAXENT model was used to predict the potential sites of distribution of C. 
edulis. One-time Split method was used to partition the occurrence records for use in 
validating the accuracy of the model’s predictions [21]. 75% was randomly selected 
to make up the training data (calibration data) and the remaining 25% was the test 
data (evaluation data) [17]. Jackknife test was used to measure the importance of 
the climatic factors. MAXENT was run in default settings. Area Under Curve (AUC) 
was used to evaluate the predictive ability of the model generated by MAXENT [15]. 
Results were imported and visualised in DIVA-DIS. The software was used according 
to the manual guide by Scheldeman et al. [20] and explanations by Phillips et al. [22].

2.4 Population structure

The study was carried out in October and November 2020. Three C. edulis occu-
pied sites representing at least 20% of the total area with the species were randomly 
selected. Three adjacent sites without C. edulis were also selected to be controls and 
were situated within 100 m from the occupied sites. C. edulis occupied sites where 
land had been cleared for the construction of electricity power line in the 1960s (pers. 
comm.) while the control sites had no obvious signs of disturbance.

Three lines of transect measuring 210 to 220 m were placed 60 m each from the 
disturbed point to the furthest point away from disturbance where C. edulis occurred. 
Following Walker [23] and Gandiwa & Kativu [24]’s set up, 20 x 10 m sampling plots 
were systematically placed 65 m apart each. Total plots in the sites occupied by C. 
edulis and the control sites were 27 each. Three sections were also demarcated in the 
sites occupied by C. edulis as sections (i) closest, (ii) mid-way, and (iii) furthest from 
disturbance.

Stem circumferences of each woody species in the study plots were measured 
at 1.3 m with a tape measure [25] and used to calculate diameter at breast height 
(circumference/pi). Each stem on multi-stemmed plants was measured and the 
values summed up to calculate the circumference of the plant [25]. All the woody 
species in the study plots were also identified in situ or at the National Herbarium 
in Harare.

Differences in species evenness and composition in the control sites and sites 
occupied by C. edulis were verified using the equitability test and Shannon-Weiner 
diversity index [26]. Separate analyses were done for each site and then averaged. 
Shapiro–Wilk test was used to test for normality in populations from both the sites 
occupied by C. edulis and the adjacent control sites in SPSS 2007. Significant differ-
ences in species richness and evenness in the sites invaded by C. edulis and the control 
sites were assessed using Independent T-test in Microsoft Excel 2007. Significant dif-
ferences in means of the three sections studied also assessed using One Way ANOVA 
in Microsoft Excel 2007.

3. Results

Current spatial distribution and location altitude of C. edulis in Zimbabwe is as 
illustrated in Figure 2. Manicaland Province recorded the highest number of C. edulis 
presence points, followed by Matebeleland South Province. Of the 161 C. edulis pres-
ence points recorded, 13% occur at an altitude less than 600 m represented by yellow 
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triangles. 21% occur at an altitude ranging from 600 to 999 m and represented by orange 
squares. The highest presence points recorded (43%) occur at an altitude between 1000 
and 1399 m, and this is followed by 23% which occur at an altitude above 1400 m.

Spatial distribution of C. edulis in Zimbabwe and maximum temperature of 
warmest month at each site are illustrated in Figure 3. Sampled C. edulis occupies sites 
with four temperature ranges were recorded out of five. The occupied sites include 
those with a maximum temperature range of 31–34°C represented by white, 28–31°C 
represented by yellow, 24–28°C represented by neon/light green and those with the 
maximum temperature range of 20–24°C represented by forest/dark green.

Spatial distribution and sites’ average precipitation of warmest month of C. edulis are 
as illustrated in Figure 4. The sampled C. edulis is shown to be occupying sites with all five 
different precipitation ranges. The occupied sites include those with a mean precipitation 
range of 60 to 300 mm represented by white, 300 to 500 mm represented by yellow, 500 
to 800 mm represented by neon-green, 800 to 1000 mm represented by pine-green and 
those with a mean precipitation range of 1000 to 1261 mm represented by tea-green.

Potential sites of distribution of C. edulis in Zimbabwe are illustrated in 
Figure 5. Further C. edulis distribution is predicted in the Eastern Highlands 
(Manicaland Province), parts of Mazowe and Bindura (Mashonaland Central 
Province) and parts of Matobo (Matebelaland South Province) with a probability 
of 0.5 to 1 represented by red.

Table 1 shows the percentage contributions of the 19 bioclimatic variables that 
were used in modelling the potential sites of spread of C. edulis in Zimbabwe. Results 
show that precipitation of driest month (BIO14), mean temperature of warmest quar-
ter (BIO10) and maximum temperature of warmest month (BIO5) had the highest 
contribution in the modelling of C. edulis distribution in Zimbabwe shown in Figure 4. 
Their total contribution was 74.1%.

Figure 2. 
Distribution and altitudinal location of C. edulis in Zimbabwe.
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Figure 4. 
Distribution of C. edulis with mean precipitation of warmest month in Zimbabwe.

Figure 3. 
Distribution of C. edulis with location maximum temperatures of warmest month in Zimbabwe.
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Figure 6 shows relative importance of the variables with respect to training gain 
after jackknife test had been done. BIO14 generated the highest gain when used as the 
only bioclimatic variable of the model and its omission also resulted in the strongest 
decrease of gain among all the variables. This is consistent with the relevance of 
bioclim variables test (Table 1).

Figure 7 shows the predictive ability of the model in Figure 5 generated by Maxent 
using Area Under Curve (AUC) of the Receiver Operating Characteristic (ROC) 
curve. Random prediction (black line) is a reference line. Both training data (red line) 
and test data (blue line) shows that the model had a high predictive ability with a high 
AUC value of 0.95.

Table 2 lists the woody plant species observed in the study plots. Sites invaded 
by C. edulis had 6 species while sites unoccupied by C. edulis had 15 species. Trema 
orientalis and Harungana madagascariensis were only found in the sites occupied by 
C. edulis while Bersama abyssinica, Heteropyxis dehniae and Acacia abyssinica were 
recorded in both invaded and control sites.

Sites occupied by C. edulis and the adjacent control sites had greater Shapiro–Wilk 
test values (0.22 and 0.21, respectively) than the alpha value (0.05). The populations 
are therefore normally distributed. Parametric tests were used to check for differences 
in species richness and evenness among the populations in the study sites. Means of 
the sections close to, mid-way and furthest from disturbance were also subjected to 
parametric tests to check for differences among study sections.

Figure 5. 
Potential sites of distribution of C. edulis in Zimbabwe.
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Figure 6. 
Results of jackknife evaluation of the relative importance of the variables with respect to training gain.

Variable Name of variable Percent 
contribution

Permutation 
importance

BIO14 Precipitation of driest month 53.7 27.3

BIO10 Mean temperature of warmest quarter 12.6 2.9

BIO5 Maximum temperature of warmest month 7.8 8.4

BIO19 Precipitation of coldest month 6.7 0

BIO16 Precipitation of wettest month 3.1 10.6

BIO7 Temperature annual range 2.6 0

BIO9 Mean temperature of driest quarter 2.3 12.8

BIO4 Temperature seasonality 2.1 3.7

BIO15 Precipitation seasonality 1.4 11.3

BIO18 Precipitation of warmest month 1.3 7.6

BIO3 Isothermality 1.3 4.9

BIO17 Precipitation of driest month 1.2 2.1

BIO13 Precipitation of wettest month 1.2 2.9

BIO8 Mean temperature of wettest month 1.1 0

BIO12 Annual precipitation 1 3.3

BIO6 Mean temperature of coldest month 0.6 0.1

BIO2 Mean diurnal range 0.1 2.2

BIO11 Mean temperature of coldest quarter 0 0

BIO1 Annual mean temperature 0 0

Table 1. 
Relevance of each bioclimatic variable for the model.
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Sites occupied by C. edulis’ had mean equitability value of 0.11 while the adjacent 
control sites had a value of 0.45. The latter is closer to 1 while the former is closer to 0. 
Control sites also had a higher Shannon diversity index of 2.65 compared to that of the 
sites occupied by the C. edulis (0.73). T Stat values in both Equitability test and Shannon 
diversity index (63.82 and 60.56, respectively) are higher than 2.78 which is the t Critical 
value. Equitability test and Shannon diversity index’s P values of 3.6x10−7and 4.45x10−7 
are less than 0.05 which is the Alpha value. Therefore, the differences in species evenness 
and diversity in sites occupied by C. edulis and the unoccupied sites is significant.

Results of diameter class distribution of C. edulis stems in the section close to, 
middle section and furthest from disturbance respectively are shown in Figure 8 and 
all three sections display an inverse J-distribution.

Percentages of mean number of C. edulis stems recorded in the section close to, 
mid-way and furthest from disturbance in the three diameter classes are summarised 
in Table 3. 0-8 cm diameter class had an average of 502 stems. Section closest to the 
disturbance had the lowest percentage (20.1%) while the one furthest from the dis-
turbance had the highest percentage (46.4%). The second diameter class (8<16 cm) 
had an average of 125 stems and 18.4% of these stems were recorded in the section 
furthest from disturbance while 57.6% were in the section closest to the disturbance. 
16<24 cm diameter class had zero recordings in the section furthest from disturbance 
while 83.3% of the 18 stems recorded in this diameter class were from the section 
closest to the disturbance.

Results of the One Way Anova show that at least means of C. edulis stems in the 
three diameter classes and the three sections had a significant difference as the 0.05 
alpha value was greater than 6.8x10−7, 1.2x10−6, and 6.6x10−5 p values. T-test results 
showed that the means of C. edulis stems in all the three sections were significantly 
different as 0.05 alpha value was greater than 3.7x10−5, 1.7x10−4, 1.4x10−3, 0.031, 
2.31x10−4, 8.36x10−5, 0.035, 0.01, 0.005 P values.

Figure 7. 
Evaluation of the predictive ability of the model generated by Maxent using AUC of the ROC curve.
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Figure 8. 
Diameter class distribution of the mean number of C. edulis stems observed in sections close to, mid-way and 
furthest from C. edulis invaded sites.

Family Species C. edulis invaded sites Control sites

Apocynaceae Rauvolfia caffra Sond. x

Celastraceae Catha edulis Forssk. ex Endl x

Clusiaceae Harungana madagascariensis Lam. ex 
Poir.

x

Euphorbiaceae Macaranga capensis (Baill.) Benth. ex 
Sim.

x

Fabaceae Acacia abyssinica Hochst. Ex Beth. x x

Fabaceae Albizia gummifera (J.F. Gmel.) C.A. 
Sm.

x

Fabaceaae Newtonia buchananii (Baker) G.C.C. 
Gilbert & Boutique.

Heteropyxidaceae Heteropyxis dehniae Suess. x x

Meliaceae Ekebergia capensis Sparrm. x

Melianthaceae Bersama abyssinica Fresen. x x

Moraceae Trilepisium madagascariense DC. x

Phyllanthaceae Bridelia micrantha (Hochst.) Baill. x

Proteaceae Faurea rubiflora Marner. x

Rosaceae Prunus Africana (Hook.f.) Kalkman. x

Rutaceae Calodendrum capense (L.F.) Thunb. x

Sapindaceae Allophylus abyssinicus (Hochst.) Radlk. x

Ulmaceae Celtis africana Burm. f. x

Ulmaceae Trema orientalis (L.) Blume. x

Table 2. 
Woody species recorded in sites C. edulis invaded and non-invaded sites. X shows that the species is present in the 
site.
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Results of diameter class distribution are shown in Figure 9. An inverse J distribu-
tion is indicated for both native plant stems in uninvaded sites and also for C. edulis 
stems in sites it exclusively occupies. An irregular bell shaped distribution is indicated 
for native stems co-occurring with C. edulis with zero stems being recorded in classes 
0–8, 21–24 and 29–35 cm.

4. Discussion

Altitude, temperature and precipitation were the primary parameters used in 
constructing the maps because of their crucial role in determining plant distribution, 
growth and persistence [27]. Altitude influences such microclimatic conditions as 
temperature and precipitation [28]. C. edulis was found to be predominantly occur-
ring in the Eastern Highlands of Zimbabwe, a region characterised by relatively high 
altitude, high rainfall and low temperatures. This observation is consistent with what 
was reported in Yemen and Ethiopia by Al-hebshi & Skaug [29], Zahran et al. [30] and 
Kandari et al. [31]. C. edulis, being an evergreen tree [31], is well adapted to these con-
ditions. Broad-leaved subtropical evergreen trees have low water use efficiency. Hence, 
they thrive in high rainfall conditions. They use the stored, readily available under-
ground water for evaporative cooling during the dry season to avoid excessive light and 
heat stress which enables them to retain their leaves throughout the dry season [32].

Diameter class 
(cm)

near the 
disturbance

Middle section from the 
disturbance

Furthest section from the 
disturbance

0 ≥ 8 (233) 46.40% (168) 33.50% (101) 20.10%

8 ≤ 16 (23) 18.40% (30) 24% (72) 57.60%

16 ≤ 24 (0) 0% (3) 16.70% (15) 83.30%

Table 3. 
Percentages of C. edulis stems recorded in the three diameter classes in study sections.

Figure 9. 
Diameter class distribution of the (1) mean number of native stems co-occurring with C. edulis, (2) mean 
number of native stems invaded sites (3) mean number of C. edulis stems in sites invaded sites.
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The results, however, show that C. edulis also occurs in other parts of Zimbabwe 
which are at low altitude and characterised by low rainfall and high temperatures. 
Similar results were summarised by Zahran et al. [30] where different variants of 
C. edulis were distinguished by the Yemenis farmers based on different altitude and 
climatic conditions under which they thrive. Most plants in dry areas have shallow 
roots which allow quick uptake of moisture and nutrients near the soil surface [33].

Dessie & Kinlund [34] also reported that C. edulis was expanding into relatively 
higher temperature, lower rainfall and lower altitudinal zones, resulting in the decline 
of forests in Wondo Genet, Ethiopia. The present study observed similar range expan-
sion trends for C. dulis occupied sites in the Eastern Highlands of Zimbabwe. Dessie 
& Kinlund [34] attributed range expansion of C. edulis to various factors, including 
the species ecological adaptability and its genetic variation [35].

Plants with broader climatic and altitudinal needs are reported to be highly adap-
tive, with potential to become invasive [36]. Most non-invasive species biological 
activities and growth occur within specific narrow temperature ranges. Such species 
require specific amounts of precipitation for physiological processes [37]. However, 
species with dominance and invasive tendencies tend to tolerate a wide range of 
climatic and edaphic conditions [36]. In a study to assess invasion risk of plants by 
Higgins & Richardson [38], a physiologically based species distribution model was 
used, and it concluded that species that tolerate a wider range of environmental 
conditions tend to be invasive. Findings of the present study showed that C. edulis in 
Zimbabwe thrives under broad climatic conditions, and has the potential to expand 
its range of distribution in the Eastern Highlands of the country.

Sites occupied by C. edulis had significantly different species evenness and diver-
sity from those not occupied by the C. edulis. Other studies involving plant species 
with invasive properties also showed similar trends [39, 40]. C. edulis has a competi-
tive advantage as it produces seeds in large quantities, allowing it to occupy new 
extended habitats [41, 42].

Plots further away from the point of disturbance had notably younger and higher 
numbers of C. edulis stems in comparison to those closest to the disturbance. C. edulis 
individuals nearest the disturbance were the first ones to occupy the site hence are the 
oldest. In conducive conditions, the combination of C. edulis being tall plus producing 
relatively smaller seeds [43], allows it to disperse its seeds furthest away from the par-
ent plant [44]. This reduces intra specific competition and enhances increased range 
distribution for the species [45]. Seeds from tall trees are dispersed from a higher 
point which is significantly open thereby reduces chances of other plants disturbing 
them. Shrubs and seedlings of C. edulis are therefore more densely populated than 
the adults [34] in a similar sized area, thus, comprising a higher population density in 
comparison with a site occupied predominantly by adults.

Fifty percent of the species found in sites disturbed areas are pioneer species [46]. 
The height, densely packed establishment of C. edulis and its closed canopy forma-
tion tend to suppress the growth of co-occurring pioneer species. Their seedlings 
are deprived of light due to the shade formed by C. edulis’ closed canopy growth 
form [34]. This strategy has been observed in other species for example, Impatiens 
glandulifera [40]. This species reduces evenness and diversity in habitats it invades by 
forming a closed canopy over seeds of co-occurring species, thereby depriving them 
of light which disturbs germination and also cause stunted growth [40].

The observed inverse J-distribution for C. edulis implies that the species is in a 
healthy regenerating state [47]. This distribution pattern is usually displayed when 
the lower diameter classes have a higher number of individuals which steadily reduce 
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towards the higher diameter classes. Such a distribution ensures sustainability of 
the population as there will be numerous seeds that can be recruited into the follow-
ing growth stages [48]. An irregular-bell shaped distribution like the one shown by 
the co-occuring native species in sites occupied by C. edulis suggests that the rate of 
regeneration is lower that the mortality rate at certain diameter classes [48] therefore 
the population will be in poor regeneration potential [47]. Hence, their populations 
are under threat. Native species in sites not occupied by C. edulis showed a healthy 
regeneration potential.

The main driving assumption in population diameter class distribution structures 
is that a population with more stems in the lower diameter classes compared to the 
higher ones is constantly regenerating, while that with fewer stems in the lower 
classes compared to the higher classes is in decline [49]. However, this assumption 
is not true for all species populations as some have displayed the reverse J-shape 
distribution but well known to be declining [7]. Some species which do not display 
the reverse J-shape distribution are actually known to be increasing or their popula-
tions are in stable states [50]. These observations have been credited to the different 
growth rates sometimes found among different size classes. The population diameter 
distribution method and interpretation, however, has been used successfully in 
many studies by Souza [47, 48, 51]. While it is not recommended as a sole assessment 
method, it is a useful basis for management decisions in the absence of complimen-
tary demographic approaches [49].

5. Conclusion

Catha edulis has stable populations with high potential for regeneration in the 
Eastern Highlands of Zimbabwe, while co-occurring indigenous species are in a 
decline or unstable state. The persistence of C. edulis in sites furthest away from 
points of disturbance suggests that disturbance is not the only determinant factor for 
the invasion taking place, which is a worrisome observation for the continued exis-
tence of the indigenous species in the area. Future studies must focus on elucidating 
mechanisms that support and encourage the dominance of C. edulis and potentially 
suppressing co-occurring native species in areas occupied by C. edulis.
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Abstract

A species is considered to be invasive if it establishes, persists, and spreads widely 
inside a natural ecosystem, stunting the growth of native plants and giving them room 
to overtake crops and native plants. Non-native plant species that have been brought 
into a new geographic area and have a negative effect on the ecosystems supporting 
horticulture and agriculture are known as invasive plant species. Invasive/noxious 
weeds, which are widely distributed in many types of ecosystems, significantly reduce 
crop production. Compared to native species, invading plant species have a higher 
potential to move their niche more rapidly and are more likely to adapt to new envi-
ronments. The timing, speed, and longevity of seed germination have indeed been 
discovered to change as a result of climate change, which has consequences for plant 
invasions. More than native plant species, invasive plant species gain from atmospheric 
carbon dioxide (CO2) enrichment, greenhouse gas emissions, and global warming. A 
loss of native biodiversity due to invasive species includes species extinction, changes 
in hydrology, and altered ecosystem function.

Keywords: invasive alien plant, global warming, climate change, weed shift,  
crop weed competition

1. Introduction

The invasive species is significant on a global importance. A non-native plant or 
other organism is considered an invasive species if it completely takes over an ecosystem 
and damages both its structure and function. Invasive species displace or harm local 
wildlife and plants, frequently posing major challenges to the area’s biodiversity and 
creating unfavorable environmental conditions. There are no geographical limitations 
to the type or spread of invasive species. The greatest direct economic losses in crop pro-
duction are caused by invasive weeds. One of the major direct causes of environmental 
change on a worldwide scale with a large ecological impact is biological invasion. The 
potential impact of invasive alien plant species on global agriculture, which continues 
to affect food security globally, could be significant [1]. The economic cost of plant 
invasion to agriculture is growing due to the increasing number of new introductions 
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which create a tremendous impact on crop production. The invasive alien plants /
weeds have many similar biological attributes/traits relating to high reproduction and 
stress tolerance. The traits include germination of seeds, rapid seedling growth, vegeta-
tive and sexual reproduction at early stage aggressive spread by runners or rhizomes, 
diverse dispersal mechanisms and the ability to tolerate a wide range of environmental 
condition.

Warming of the earth surface is inevitable due to influence of greenhouse gas 
emission and instinctive climate variability. The average temperature of the earth has 
increased considerably by 1.53o C from 1900 to 2020 which has impacted the grow-
ing seasons of crops leading to reductions in crop yields [2]. Ramification of crop 
productivity is considerably noticeable on crop productivity. Potential growth and 
distribution of invasive plant species are accelerated by climate changes like rise in 
temperature, atmospheric carbon-dioxide level, nitrous oxide, methane gas emission, 
extreme weather conditions and change in rainfall pattern. Invasive plants reduce 
agricultural productivity by way of considerable mechanisms: competition for light, 
water, nutrient, allelopathy effects and decrease the crop yields and inhibition of seed 
germination [3].

Invasive and climate change are two of the primary factors which alter ecological 
systems. Temperature, precipitation, nitrogen, carbon dioxide, and measurements 
of organismal response in field conditions are manipulations of factors anticipated to 
vary with climate change. Therefore, the objective of the book chapter is to discuss the 
effect of climate change on invasive weed floral composition, distribution and effect 
on crop production.

2. Influence of invasive alien plants on N and P Pool in soil and plant

The success of invasion is mainly the result of the status of soil or growing 
environment of invasive alien plants (Figure 1). NH4

+ concentration in soil evaded 
by Chromolena odorata was 1.43 times higher than native soil [4] and the NH4

+ 
concentration of the soil invaded by Ageratina adenophora was 1.56–2.10 times that 
of soil with native plant species. The differences in soil properties and functioning 
point towards the contribution of root exudes and higher productivity of litter 
and their associated spatial variability [5]. Invasive alien plants have advantages 
over native plants which include higher photosynthetic rate, speeder growth rate, 
larger reproductive output, larger biomass, lower carbon-to-nutrient ratio in tis-
sue, stronger capacity for nutrient absorption and higher plasticity levels [6]. The 
invasive species exhibit more strategic advantage for nutrient use over native plants 
[7] and hence lead to a greater enhancement in the N and P mineralization rates of 
the soil [8].

Invasive alien weeds such as Bidens pilosa, Microstegium vemineum and Mikania 
micrantha absorb nitrate over ammonium which causes competition with native 
crops in nitrate rich soils [9]. African native weed Andropogon gayanus was found 
to directly alter soil structure in tropical Australia which was attributed to the 
weed accelerating the ammonia process and increasing soil ammonium avail-
ability to four timed that of native plant soil, with more than six times higher 
uptake rate of ammonium than native species. The availability of N, P and N/P 
ratio profoundly impacted interspecific competition between invaded habitat and 
native weeds. Hence nutrient deposition promoted the invasiveness of alien plants 
in the ecosystem [10].
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3. Climate change and weed invasion

Climate is known as the main environmental driver of species distribution, and 
there have been extensive studies on the distribution areas of invasive plants in 
determining invasive spreading [11]. Movement of weed species from native range to 
new areas naturally makes non-native species invasive with negative impact on native 
species of arable ecosystem. Climate change provides the opportunity for weeds to 
invade new ecosystems. Climate changes enhances the adaptability of the introduced 
plants to the new host range and increasing the risk of invasion in native and man-
aged ecosystem since they are suited to new environments and successful in resource 
utilization in elevated CO2 concentration. Interactions between climate change and 
management practices may turn invasive species with high potential to spread widely 
causing impact on productivity. Weeds can be highly response to increased CO2 
concentration [12]. Invasive and climate change are two of the primary factors which 
alter ecological systems.

Manipulation of factors likely to change with climate is temperature, precipita-
tion, nitrous oxide levels and carbon dioxide and measurement of organismal 
response under field conditions integrate the biotic and abiotic factors individuals. 
Invasive species are most commonly defined as a non-native plant or other organism 
that dominates the encountered ecosystem and impairs its function and structure. 
Invasive species displace or damage native fauna and flora often posing serious threats 
to local biodiversity and causing adverse environment stress. Invasive alien species are 
one of the major threats to global and local diversity. The threats caused by invasive 
plant species in agricultural ecosystem include hybridization and species completion. 

Figure 1. 
Influence of nutrient fluctuation caused by N and P on the invasiveness of alien plants.
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Global warming may result in the expansion in the habitat range of invasive species 
and the contraction or displacement of the habitat range of indigenous species [13].

Plant invasion is a serious threat to global biodiversity and hence deleterious to 
ecology and nature biodiversity. Invasive plants metamorphose the landscape ecology 
in a highly complex manner leading to ecological explosion. Global terrestrial crops are 
invaded by various invasive weed species [14]. Alien species that endanger ecosystems, 
habitats, or species, as well as agricultural production, are considered invasive species. 
Recent advances in genetics and molecular biology have paved the way for impacts on 
ecology and global biodiversity. The histories of invasion and agriculture are internally 
linked with many crops being invasive species. Agricultural biotechnology which is 
the insertion of genes into crops has generated concern over the risk of producing 
new invasive species or exacerbating current weed problems. The modern intensive 
agriculture paved the way for invasive weeds to spread across the globe. Land use 
changes which is conversion of forests/grasslands into agroecosystem habitat frag-
mentation as well as increase the level of organic pollutants resulting in the increase 
level of CO2/climate change. Global climate changes are directly linked to biological 
invasions resulting in biodiversity loss (Figure 2). Global change stressors like climate 
change variability and changes in land use are major drivers of ecosystem alterations. 
Climate is the principal determinant of vegetation distribution from regional to global 
levels. The global climate is changing; along with measuring temperature and CO2 level 
changes are considered major drivers of climate change [15].

Climate conditions exert a significant influence in the spread, population dynam-
ics, life cycle duration, infestation pressure and the overall occurrence of invasive 
species. Invasive weeds will be influenced by climate change. The direct and indirect 
consequence of increasing CO2 or climate change which differentially affects the 
growth of invasive weeds and crops will alter crop weed competitive interactions. 
Climate change has a big impact on invasive weed species’ distribution, popula-
tion dynamics, life cycles, pressure from infestations, and overall occurrence [16]. 
Parthenium hysterophorus L. is an invasive weed species worldwide. It is considered 
as one of the worst weeds in the world due to high fecundity that is ability to produce 

Figure 2. 
Paradigm of global inter connected ecological and invasive plant issues.
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lot of seeds (20,000 seeds/plants, rapid germination, fast growth rate and threat 
to crops. The seeds can germinate in a wide range of temperature and cause 40–97 
percent yield reduction in crops [17].

3.1 Consequences due to invasive weeds

Biological invasion has become one of the major causes of economic and environ-
mental damage in most of the countries across the world and its impact have been 
predicted to increase ever further under future climatic conditions. The Convention 
on Biological Diversity (1992) emphasized biological invasion as one of the drivers 
of biodiversity decline. Invasive potential of species enables weeds to be successful 
invaders and colonizers of the novel environments whether introduced deliberately 
or accidently. Developing regions are fast witnessing the change across all countries. 
Losses caused by invasive weeds are thrashing of biodiversity from native ecosys-
tems [18], alteration in ecosystem, decline in abundance and richness of native flora 
and alteration in community structure. The risk of introduction of alien invasive 
weeds has enhanced due to global climate change. It is estimated 20–30 percent of 
all introduced species worldwide cause a problem. The impact of climate change on 
invasive weeds indicated that weeds on the whole have a large growth in the increase 
in atmosphere CO2 concentration relation to plant species and rising CO2 can be sus-
tainable for invasive noxious species within plant communities [19]. Global efforts are 
very important to control the invasive weed species. Differences between native and 
exotic plant species in their mode of resource utilization may cause a change in soil 
structure, its profile, decomposition, nutrient content of soil and moisture availabil-
ity. Invasive weed species is a serious hindrance to conservation and sustainable use 
of biodiversity. The impact of climate change on invasive weeds and indicated that the 
invasive, noxious weeds on the whole have a larger growth in the projected increases 
in atmospheric CO2 concentration in relation to other plant species [20]. Ecological 
integrity and biodiversity of agriculture ecosystems have been seriously threatened by 
expansion of invasive weed species across globe. Climate change induced transforma-
tions in the invasive weed flora of arable ecosystems. Thermophilic weeds and late 
emerging invasive weeds have become more abundant in cropping system. Prominent 
invasive weed species like Lantana camara, Mikania micrantha, Chromolaena odorata, 
Eupatorium adenophorum, Cytisus scoparius, Mimosa invisa, Parthenium, hysterophorus 
among terrestrial exotics and Eichhornia crassipes and Pistia stratiotis among aquatic 
have posed greater threat to the native crop flora [21].

3.2 Invasive alien species/weeds and their distribution

Invasive alien weed species shift is an important aftermath of global climate change  
in ecosystem that affects weed management strategies and agricultural productivity  
(Table 1). Climate change is viewed as a cause in accelerating the rate of invasion by 
alien species in addition to the globalization of anthropogenic activities. Rottboellia 
cochinchinensis is an aggressive invasive species native to Asia. The species is known 
worldwide for invading crops and disturbed habitats in tropical and subtropical regions. 
The species spread from South America to Asia in 1961 through the seeds accidentally 
mixed with rice seeds and found to contain in 27 countries [22]. Imperata cylindrica 
(L.) P. Beauv, is one of the ten worst weeds a perennial grass native to South East Asia 
is a wide spread invader to warmer regions [23, 24]. Persicaria glabra is an invasive 
weed plant native to North America and Eurasia belonging to the family Polygonaceae 
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Scientific Name Family Origin Distribution Propagation

Acanthospermum 
hispidum

Asteraceae Brazil (South 
America)

Widespread in the 
tropics.

Seed

Ageratina adenophora 
(Spreng.) King & 
Robinson

Asteraceae Mexico 
(Central 
America)

Tropical and 
Subtropical region

Seed

Ageratum conyzoides Asteraceae Tropical 
America

Tropical and 
Subtropical region

Seed

Alternanthera 
paronychioides A. St.Hil

Amaranthaceae Colombia 
(Tropical 
America)

Asia and Africa Seed

Alternanthera 
philoxeroides

Amaranthaceae South America China, Australia, 
Thailand

Vegetative

Alternanthera pungens Amaranthaceae Tropical 
America

Tropical Africa, Asia, 
and Australia

Seeds, 
Vegetative

Alternanthera tenella Amaranthaceae Tropical 
America

Tropical Africa and 
Asia

Seed

Ambrosia artimisiifolia Asteraceae North and 
Central 
America

Europe, Africa and 
Asia

Seed

Ambrosiat trifida Asteraceae North America Temperate Europe and 
Asia

Seed

Ammania baccifera Lythraceae Tropical Africa Tropical Asia, Africa 
and America

Seed

Argemone Mexicana Papaveraceae Tropical and 
South America

Tropical and 
Subtropical region

Seed

Asteracantha lonfifolia Acanthaceae Tropical Asia Tropical Africa and 
America

Seed

Bidens pilosa Asteraceae Tropical 
America

Tropical of regions 
Africa and Asia

Seed

Blumea eriantha DC. Asteraceae Tropical 
America

Asia and Africa Seed

Blumea lacera (Burm. 
f.) DC.

Asteraceae Tropical 
America

Asia, tropical Africa 
and Australia

Seed

Capsella bursa Brassicaceae Mediterranean 
Region

Wide temperate region Seed

Cassia rotundifolia Pers. Caesalpiniaceae Tropical South 
America

Tropical and 
Subtropical Africa Asia

Seed

Celosia argentea Amaranthaceae Tropical Africa Tropical and Sub 
tropical Asia

Seed

Centella asiatica Apiaceae Tropical Asia Widespread in the 
tropical regions

Seed, 
Vegetative

Chenopodium album Amaranthaceae Europe Temperate and 
Subtropical region

Seed

Chloris barbata Sw. Poaceae Tropical 
America

Tropical and Sub 
tropical Asia

Seed

Chromolaena odorata Asteraceae Tropical 
America

Humid tropical Asia 
and Africa

Seed
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Scientific Name Family Origin Distribution Propagation

Cirsium arvense Asteraceae South eastern 
Europe

Subtropical and 
temperate region

Seed, 
Vegetative

Cleome gynandra L. Cleomaceae Tropical 
America

Tropical and 
Subtropical worldwide

Seed

Cleome rutidosperma 
DC.

Cleomaceae Tropical 
America

Tropical Africa Asia 
and Australia

Seed

Cleome viscosa L. Cleomaceae Tropical 
America

Tropical and 
Subtropical region

Seed

Commelina benghalensis Commelinaceae Tropical Asia Tropical Africa and 
Subtropical Asia

Seed, 
Vegetative

Cuscuta chinensis Cuscutaceae Mediterranean Distributed  
worldwide

Seed

Cuscuta reflexa Cuscutaceae Tropical Asia Distributed worldwide Seed

Cyanotisaxillaris Commelinaceae Indian 
sub-continent

South East Asia and 
Australia

Seed, 
Vegetative

Cyperus difformis Cyperaceae Tropical 
America

Distributed worldwide Seed

Cyperus iria Cyperaceae Tropical 
America

Distributed worldwide Seed

Cytisus scoporius Fabaceae Central and 
Southern 
Europe

Temperate and sub-
tropical region

Seed

Dactylactenum 
aegyptium

Poaceae Tropical Africa Tropical, Subtropical 
and warm temperate

Seed

Datura innoxia Solanaceae Tropical 
America

Tropical and 
Subtropical Asia & 
Africa

Seed

Datura metel Solanaceae Tropical 
America

Tropics and Subtropics 
worldwide

Seed

Digera muricata (L.) 
Mart.

Amaranthaceae Southwest Asia Tropical Africa and 
Malesia

Seed

Digitaria sanguinalis Poaceae Eurasia Temperate warm 
region of world

Seed

Dinebra retroflexa (Vahl) 
Panz.

Poaceae Tropical 
America

Through tropical and 
South Africa

Seed

Echinochloa colona Poaceae Tropical South 
America

Worldwide Tropics and 
Subtropics

Seed

Echinochloa crusgalli Poaceae Tropical South 
America

Worldwide Tropics and 
Subtropics

Seed

Eclipta prostrata Asteraceae Tropical 
America

Tropical, Subtropical 
and warm temperate

Seed

Eichhornia crassipes Pontederiaceae Tropical 
America

Distributed worldwide Vegetative

Eleusine indica Poaceae Eurasia Distributed worldwide Seed

Elytrigia repens Poaceae Europe Distributed to 
temperate region

Seed
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Equisetum arvense Equisetaceae Europe Distributed Europe 
and Asia

Seeds and 
Rhizomes

Euphorbia cyathophora 
Murray

Euphorbiaceae South America Subtropical areas 
worldwide

Seed

Euphorbia hirta Euphorbiaceae Tropical 
America

Widespread Tropical 
and Subtropical

Seed

Evolvulus nummularius 
(L.)

Convolvulaceae South America Tropical and 
Subtropical regions

Seed

Fimbristyllus dichotoma Cyperaceae Tropical 
America

Distributed worldwide Seed

Flaveria trinervia 
(Spreng.) C. Mohr.

Asteraceae Tropical 
Central 
America

Tropical regions Seed

Glechoma hederacea Laminaceae Europe North America, 
Australia and New 
Zealand

Vegetative 
and Seed

Gnaphalium 
pensylvanicum Willd.

Asteraceae Tropical 
America

Distributed worldwide Seed

Gnaphalium polycaulon 
Pers.

Asteraceae Tropical 
America

South America, 
Tropical Asia and 
Africa

Seed

Gomphrena serrata L. Amaranthaceae Tropical 
America

Distributed worldwide Seed

Impatiens capensis Balsiminaceae North America Temperate region Seed

Imperata cylindrica Poaceae Tropical 
America

Tropical and Warm 
Temperate region

Seeds

Ipomoea carnea Convolvulaceae South America Tropical and 
Subtropical region.

Seed

Kyllinga nemorallis Cyperaceae South East Asia Distributed worldwide Seedsand 
Rhizomes

Lagascea mollis Cav. Asteraceae Tropical 
Central 
America

Tropical and 
Subtropical regions

Seed

Lantana camara Verbenaceae Tropical 
America

Tropical and 
Subtropical regions

Seed

Leersia oryzoides Poaceae Central 
America

Tropical and 
Subtropical regions

Seed

Leontodon taraxacum Asteraceae Europe Distributed  
worldwide temperate 
region

Seed

Leptochloa chinensis (L.) Poaceae Tropical Asia Africa, Central and 
South America

Seed and 
Vegetative

Leptochloa uninervia (J. 
Presl) Hitchc. & Chase

Poaceae Central 
America

Distributed worldwide Seed and 
Vegetative

Ludwigia adscendens 
(L.) Hara

Onagraceae Tropical 
America

South East Asia and 
Malesia

Seed
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Scientific Name Family Origin Distribution Propagation

Ludwigia octovalvis 
(Jacq.) Raven

Onagraceae Tropical Africa Throughout the 
Tropical world

Seed

Ludwigia perennis Onagraceae Tropical Africa Throughout the 
Tropical world

Seed

Marselia quadrifolia Marsileaceae Southern and 
Central Europe

North America and 
Asia

Rhizomes

Merremia aegyptia (L.) 
Urban.

Convolvulaceae Tropical 
America

Worldwide Tropical 
and Subtropical

Seed

Mikania micrantha 
Kunth

Asteraceae Tropical 
America

Tropical area Africa 
and Asia

Seed

Mimosa pudica Mimosaceae South and 
Central 
America

Tropical regions of the 
World

Seed

Mimosa invisa Mimosaceae South and 
Central 
America

Tropical regions of the 
World

Seed

Mirabilis jalapa L. Nyctaginaceae Peru Warmer parts across 
World

Seed

Monochoria vaginalis 
(Burm.f.) C. Presl.

Pontederiaceae Tropical 
America

Tropical and 
Subtropical wet areas

Seed

Nastridium indicum Tropaeolaceae South America Distributed worldwide Seed

Nicotiana 
plumbaginifolia Viv

Solanaceae Tropical 
America

Tropical regions of the 
World

Seed

Panicum repens Poaceae Africa Tropics and Subtropics Seed and 
rhizomes

Parthenium hysterophorus Asteraceae Tropical and 
North America

Throughout the World Seed

Papspalum dilatum Poaceae South America Humid Tropics and 
Subtropics

Seed

Paspalaum distichum Poaceae Tropical and 
Subtropical 
America

Tropical and 
Subtropical region

Seed

Paspalum hydrophyllum Poaceae South America Tropical Asia, Africa 
and Australia

Seed

Passiflora foetida L. Passifloraceae Tropical and 
South America

Tropical region of Asia 
and Africa

Seed

Pennisetum purpureum Poaceae Tropical 
America

Tropical and 
Subtropical region

Seed

Phyla nodiflora Verbenaceae South America Tropical and 
Subtropical region

Seed

Phyllanthus tenellus Euphorbiaceae Mascarene 
Islands

Africa, Southern 
Europe and Asia

Seed

Physalis angulata L. Solanaceae Tropical 
America

Asia and Africa Seed

Pistia stratiotes L. Araceae Tropical 
America

Tropical and 
Subtropical region

Vegetative
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Plantigo lanceolata Plantaginaceae Eurasia South Asia, Australia 
and North America

Seed

Portulaca oleracea Portulacaceae Tropical 
Central 
America

Tropical and 
Subtropical region

Seeds

Portulaca quadrifida Portulacaceae Tropical South 
America

Africa and Tropical 
Asia

Seed

Prosopis juliflora (Sw.) 
DC.

Mimosaceae Mexico Tropical and 
Subtropical region

Seed

Rotala densiflora Lythraceae Tropical Asia Tropical Africa 
America and  
Australia

spores

Ruellia tuberosa L. Acanthaceae Tropical 
America

South East Asia and 
Tropical Africa

Seed

Salvinia molesta Salviniaceae South Eastern 
Brazil

Wide spread across 
tropical world

Vegetative

Sida acuta Burm.f. Malvaceae Tropical 
America

Pacific and South East 
Asia

Seed

Solanum seaforthianum 
Andre

Solanaceae Brazil Worldwide distribution Seed

Solanum viarum Dunal Solanaceae Tropical 
America

Tropical and 
Subtropical region

Seed

Sonchus oleraceus L. Asteraceae Mediterranean Tropical and 
Subtropical region

Seed

Sonchus asper Hill Asteraceae Mediterranean Tropical and 
Subtropical region

Seed

Stylosanthes hamata (L.) 
Taub.

Papilionaceae Tropical 
America

Tropical Africa and 
Asia

Seed

Stachytarpheta 
jamaicensis (L.) Vahl

Verbenaceae Tropical 
America

Subtropical Asia Africa 
and Oceania

Seed

Stachytarpheta 
urticaefolia(Salisb.)Sims

Verbenaceae Tropical 
America

Tropical Africa, Asia 
and Pacific region

Seed

Stellaria media Caryophyllaceae Europe Throughout the world Seed

Synadenium grantii 
Hook. F.

Euphorbiaceae Tropical Africa Tropical region of 
America and Asia

Seed

Synedrella nodiflora (L.) 
Gaertn.

Asteraceae West Indies Warmer region of the 
world

Seed

Taraxacum officinale Asteraceae Europe Temperate region of 
the world

Seed

Tribulus terrestris Zygophyllaceae Tropical 
America

Warm Temperate 
region of Eurasia, 
Africa

Seed

Tridax procumbens Asteraceae Tropical 
Central 
America

Warm Temperate and 
Tropical region

Seed

Turnera subulata J.E. 
Smith

Turneraceae Tropical 
America

Tropical region of Asia 
and Africa

Seed
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and spread to subtropical region of Asia, South America, Africa, Australia and Pacific 
Islands [25]. Rubus fruticosus L. (Family: Rosaceae) which is invasive weed is expected to 
retreat to subtropical and temperature regions and to higher altitude because sensitive 
to higher temperature and drought conditions [26]. Nassella neesiana (Trin and Rupr) 
Barkworth (Family: Poaceae) spread to new regions as it is highly invasive and drought 
resistant [27]. Ulex europaens L. (Family: Fabaceae) spread to high rainfall areas and 
cooler regions since the weed is drought sensitive. It is a weed in fifteen countries of 
the world from temperate to tropical areas and from coastal areas to mountains along a 
wide latitudinal and altitudinal gradient [28]. Prosophis glandulosa Torr. which belong 
to family Mimosaceae invade to warmer dry parts/lower rainfall areas because the weed 
is drought tolerant [29]. Nassella trichtonia (Nees) Hack. ex Arechav. weed belongs to 
family Poaceae spread to subtropical and temperate region and to higher altitude due to 
sensitive to temperature. It has diminished the agricultural carrying capacity of crops in 
south-eastern Australia, New Zealand and South Africa, and emerging populations have 
now been identified in Europe and the United States [30]. The changes in the distribu-
tions of globally noxious alien species (Aegratina adenophora, Ageratum conyzoides, C. 
odorata, L. camara, M. micrantha, and P. hysterophorus) in Bhutan, to provide evidence 
that even a mountain environment is under the threat of invasion given the change 
in climatic conditions which is a native of Central and South America [31]. Ageratina 
adenophora (Sprengel) R. King and H. Robinson (Asteraceae), is one of the most noxious 
invasive weeds in many parts of Asia, Oceania, and Africa. It has had serious ecological 
impacts on native biodiversity and caused enormous economic [32]. Tagetes minuta is a 
fast-growing annual weed that grows in moist and dry areas, from sea level to reasonable 
altitudes in the tropics and subtropics, and in soil pH ranging from 4.3 to 6.6. Echium 
plantagineum, an annual weed of the family Boraginaceae, is native to the western 
Mediterranean regions of Portugal, Spain and northern Africa, but is an introduced 
weed in the arid and temperate zones of Australia. E. plantagineum weed is a prolific 
seeder, producing up to 10,000 seeds per plant [33]. P. hysterophorus is a noxious weed in 
America, Asia, Africa and Australia and has now become one of the world’s seven most 
devastating and hazardous weeds. Parthenium. hysterophorus alien weed is believed to 

Scientific Name Family Origin Distribution Propagation

Turnera ulmifolia L. Turneraceae Tropical 
America

Africa, South East Asia 
and Tropical Island

Seed

Typha angustata Typhaceae Tropical 
America

Asia, North Africa and 
South Europe

Seed

Ulex europaeus L. Papilionaceae Western 
Europe

Tropical Africa and 
Asia and Australia, NZ

Seed

Urena lobata L. Malvaceae Tropical Africa Tropical Africa and 
South East Asia

Seed

Waltheria indica L. Sterculiaceae Tropical 
America

Tropical region of 
world

Seed

Xanthium strumarium Asteraceae Tropical 
America

Africa and Temperate 
and South East Asia

Seed

Youngia japonica (L.) 
DC.

Asteraceae Tropical Asia Worldwide Seed

Table 1. 
Invasive alien weed species world wide.
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have been introduced into India as contaminants in PL 480 wheat. Parthenium. hysteroph-
orus, one of the most troublesome weeds in India and has also significantly expanded 
to Nepal. In Africa, there are about 35 invasive alien species were identified. Foremost 
among these are P. hysterophorus L., E. crassipes (Mart.) Solms, Prosopis juliflora (Sw.) 
DC., L. camara L., Argemone ochroleuca Sweet, Xanthium strumarium L., A. conyzoides 
L., Datura stramonium L., Nicotiana glauca Graham, Senna didymobotrya (Fresen.) Irwin 
& Barneby and Senna occidentalis (L.) which has spread from tropical and subtropical 
regions of South America. A. ochroleuca is flowering plants in the family Papaveraceae 
commonly known as prickly poppies and native to the West Indies and Central America; 
now a cosmopolitan tropical and subtropical weed. S. didymobotrya is a species of flower-
ing plant in the Fabaceae (Leguminosae) which is native to Africa and found across the 
continents in several types of habitat [34]. M. micrantha has the largest distribution 
area (increase by 61–120%), while adenophora expand by 7–33%, A. philoxeroides by 
12–74%, and Ambrosia artemisiifolia by 8–27%, respectively across globe. A. adenophora, 
Alternanthera philoxeroides, A. artemisiifolia and M. micrantha were invasive alien spe-
cies to South East Asia native of Brazil. Invasive weed species, L. camara, A. adenophora, 
P. hysterophorus and A. conyzoides have reached 2900 m, which is higher than its reported 
elevation range (300–2800 m) across globe [35]. The distribution of invasive weed plants 
A. adenophora, A. philoxeroides, A. artemisiifolia and M. micrantha spreads towards the 
northern/southern ranges and higher elevation region worldwide due to susceptible to 
high temperature. Invasive weed species in family Poaceae (27 species), Asteraceae  
(23 species), Brassicaceae (18 species), Laminaceae (15 species), Fabaceae (11 species) 
and Caryophyllaceae (9 species) were recorded in the upper reaches of India [36].

3.3 Effect on crops by invasive alien weed species

Wide adaptability and faster growth of invaded weeds lead to dominance of weed 
in crop habitat Invasive weeds are responsible for 34% of agricultural losses [37] with 
the magnitude of impact varying between countries or location as 10% yield loss has 
been attributed to weeds in less developed countries and 25% in the least developed 
countries [38]. Rottboellia cochinchinensis is rated among the worst weeds in the world 
and is considered a serious problem in soybean (Glycine max (L.) Merr.), maize, 
cotton (Gossypium hirsutum L.), groundnut (Arachis hypogaea L.) and upland rice 
(Oryza saliva L.) in tropical regions of the world [39]. In tropical region it is a major 
weed problem in sugarcane (Saccharum spp.) and soybean. Invasive weed Asphodelus 
fistulosus a native of North America, South Europe and West Asia has been found in 
onion crop. The weed could make the land infertile if it is not controlled in a timely 
manner. Imperata cylindrical (L.) P. Beauv is one of the top invasive worst weed in the 
world and causes severe damage to the date palm and sugarcane fields of Iran [40].

Rice crop is infested with different invaded weed flora consisting of aquatic, semi-
aquatic and terrestrial weeds (Figure 3). The invaded weed species Alternanthera 
philoxeroides, Cyperus rotundus, Echinocloa crusgalli, Echinochloa stagnina, Eicchornia 
crassipes, Eragrostis stagnina, Commelina diffusa, Ludwigia liniflolia, Ageratum 
houstonianum, Alternanthera phiexeroides, Borrera articularis, Cynodon dactylon, 
Aeschynomene indica, Polygonum glabrum Willd, Melochia corchorifolia, Paspalam 
scrobiculatum, and Eleocharis acutangula causes yield losses to the tune of 28–89 
percent in transplanted and direct seeded lowland rice and 48–100 percent in upland 
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ecosystem [41]. Solidago gigantia Aiton. had pronounced alleloapathic effect on ger-
mination and initial growth of carrot, barley and coriander. Reduction in emergence 
percent, shoot length and fresh weight of carrot and barley was also observed [42]. 
Ageratum conyzoides, A. houstonianum and Erigeron karvinskianus are primarily invad-
ing agroecosystem. Avena fatua, Phalaris minor and Lolium temulentum are the grassy 
weeds, which have now become a threat in wheat crop and affected yield [43].

Invaded weed species P. minor Retz, Chenopodium album L., A. fatua L., Cichorium 
intybus, Celosia argentia and Medicago denticulata affect the yields in wheat [44]. 
Echinochloa colona, Trianthema portulacastrum, Euphorbia geniculata, Commelina 
communis and Physalis minima invaded weed species affected soybean crop [45]. 
Convolvulus arvensis L., Chicorium intybus and Lathyrus aphaca invaded weed species 
affected chickpea crop. Cynotis axillaris, Melochia conchorifolia L., Blainvillea acmella 
(L.) Philipson (Asteraceae) and Cyperus iria native of Tropical America affected 
maize crop across globe [46]. Tagetes minuta is widely distributed across the tropics 
and subtropics and computing light, nutrients, and water with many economically 
important crops such as maize, rice, and beans. Parthenium hysterophorus, Lantana 
camara, A. adenophora and A. conyzoides are widely distributed and more rapidly 
proliferating alien plant weed species after crop yield [47]. Eighteen invasive weed 
species namely, A. conyzoides, Cassia alata, Catharanthus pusillus, Celosia argentea, C. 
album, Eichhornia crassipes, Impatiens balsamina, Ipomoea eriocarpa, Ipomoea quamo-
clit, L. camara, Leucaena latisiliqua, Leucaena leucocephala, Melilotus alba, Mirabilis 

Figure 3. 
Invasive weed species in paddy lands.
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jalapa, Passifora foetida, Pennisetum purpureum, Portulaca oleracea and Prosopis 
julifora have been introduced from South America affecting crops like rice, wheat, 
sorghum, oilseed and pulse crops in India [48]. Echinochloa crus-galli, Setaria viridis 
and Digitaria sanguinalis populations were high and Sorghum halepens, Bidens pilosa, 
Acalypha wilkesiana, Galinsoga parviflora, Amaranthus retroflexus, Solanum physalifo-
lium, C. album, Polygonum lapathifolium, Xanthium italicum Datura stramonium and 
Sicyos angulatus affected maize, wheat, sunflower, sorghum, sugarbeet and soyabean 
crops [49]. Invasive weed species Trifolium repens, Eryngium billardieri, Lemna minor 
and Sorgum halepense are the major invasive weeds in hilly tracts of India affecting the 
yield of paddy, mustard, wheat and oats crops [50]. Typha augustata which belongs to 
the family Typhaceae is found across wetland ecosystem throughout the world affect-
ing the yield of rice crop [51].

3.4 Measures to control invasive weed

Understanding invasive weed species ecology, morphology, reproductive biology, 
physiology, and biochemistry is essential for effective management and prevention 
management and control through a full range of factors regulating their density, 
growth and competitive ability. The weed management strategies could be adapted to 
minimize prevalence of the invasive species for reducing to minimize the undesired 
effects and optimizing land use by combining prevention and control practices [52]. 
Invasion by alien species in agroecosystem can be best controlled by measures like 
crop rotation, balanced fertilization, maintenance of cover crops, intercropping 
diversification, and alteration in soil physical chemical and biological properties.

Enforcement of strong legislation could prevent introduction of invasive alien 
weed species in the country for conserving the rich biodiversity and increase crop 
production. Prevention, early detection and eradication of invasive alien weed species 
is the most economical and effective means of management. It is important to ensure 
new weed species of vegetative reproductive weed parts are not introduced in new 
areas. Mechanical, physical, biological, and chemical (herbicide) have to be used for 
the control of invasive weed species across the world. Mechanical control usually 
refers to the mowing or mechanical cutting of an invasive plant infestation to limit 
seed production. Manual invasive plant control usually refers to hand-pulling or dig-
ging. Cultural control and competition including re-vegetating, irrigating or fertiliz-
ing to encourage the establishment of a healthy ground or crop cover to resist invasive 
plants. Biological control involves using living organisms to reduce seed production 
and vigor of an invasive plant species. Biological control agents are not available for 
many invasive plant species [53].

4. Conclusion

The twenty first century threat of invasive alien weed species is extensive and 
distributed globally. An invasion by alien weed species is a global problem and forms 
one of the major drivers of global change. Invasive weeds species are one of the major 
problems in crop production. The threat by invasive alien plant species has been with 
rapid growth of globalization. The species affect crop production and biodiversity. 
Apart from threat to biodiversity and ecological distribution invasive alien species 
have significant socio-economic impact. The weeds compete with crop plants for 
light, moisture, nutrients and space. The mechanism of plant weed invasions has been 
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Abstract

Litter decomposition plays an important role in the biogeochemical cycling of 
elements in ecosystems. Plant trait differences especially between invasive and native 
species lead to changes in litter decomposition rates. The litter decomposition rate 
is influenced by climatic factors such as seasonal variations, humidity, temperature, 
and rainfall, where species litter may have different responses. This review aims to 
better understand how litter decomposes in ecosystems associated with plant invasion 
and global changes. It also reviews the effects of various factors on litter degrada-
tion as well as how quickly invasive litter decomposes and contributes to greenhouse 
gases (GHGs) emissions. Single species litter or only aboveground litter studies may 
not sufficiently represent ecosystem dynamics; therefore, the co-determination of 
above- and belowground litter in a mixture of species diversity is required in differ-
ent biomes interaction with global change factors. As a result, comprehensive litter 
degradation studies must be conducted in order to understand the turnover rate of 
nutrients and other elements in these sensitive ecosystems.

Keywords: litter traits, invasion, ecosystem, decomposition, GHG

1. Introduction

Litter decomposition is an important process of nutrient cycling in ecosystems. 
It releases various elements into the soil back to support the plant. The root system 
absorbs nutrients and provides a source, realizing the exchange of chemical elements 
within the ecosystem. It is estimated that more than 90% of the nutrients absorbed 
by plants of nitrogen and phosphorus and more than 60% of mineral elements are 
returned to the soil through litter degradation hence biogeochemical cycling [1]. 
Moreover, many studies focused on aboveground litter and few studies found on 
belowground litter decomposition; however, the combination of both and their envi-
ronmental condition may well define the ecosystem litter decomposition dynamics.

Invasive species-associated traits have impacts on litter input and litter quality, which 
possibly alter soil chemistry and change in microbial biomass and activities influences by 
climatic changes, monitoring the litter decomposition rate dynamics [2–5]. Litter traits 
of invasive species are leading factor determining the influences of decomposition rate 
[2, 6]. Invasive species may get advantage over native species due to higher-quality litter 
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from invasive species. In addition, invasive species have fast growth, higher leaf traits, 
leaf toughness, and high-nutrient content governing decomposition rate. However, 
decomposition litter’s non-additive effects may differ from single species decomposition.

Plant invasion and their associated traits-enhanced decomposition rate are also 
predicted to alter GHGs emission to the atmosphere [7, 8]. Plant invasion alter 
GHGs emission through its litter input, quality, and changes in soil microbes [9, 10]. 
However, global change factors through interaction WITH plant invasions indirectly 
or directly affect litter decomposition. Elevated carbon dioxide (CO2), nitrogen (N) 
deposition, and ultraviolet B (VU-B) radiation have been reported to alter decompo-
sition rate of invasive plants [7, 11]. The data presented in this chapter were obtained 
from professional websites and diverse databases. We conducted a survey in the Web 
of Science, Google Scholar, PubMed, Science Direct, Springer, CAB abstracts, Taylor, 
and Francis using different keywords including plant invasion, litter decomposition, 
GHGs, decomposer, etc., to obtain relevant information regarding litter decomposi-
tion in the context of plant invasion and global climate change.

2. Litter decomposition in natural ecosystems

Ecologically, litter refers to dead plant materials or detached from a living plant 
[9]. Aboveground plant organs (i.e., stem, leaves, and reproductive organs) and 
belowground plant organs (i.e., roots) form plant litters. These litters decompose 
through biological (soil microorganism such as bacteria and fungi), physical (abiotic 
forces such as wind, temperature, moisture, light), and chemical processes, convert-
ing organic matter into nutrients and CO2 [12], hence, maintaining soil nutrients 
and soil fertility, by vigorously giving support to plant diversity [13]. In turn, 
microorganism heterotrophic respiration returns CO2 to the atmosphere [14]. Flora 
is significantly influenced by litter decomposition, where litter adds nutrients to the 
ecosystem as recycling of nutrients. Litter decomposition rates are dynamics affected 
by microbes and soil fauna influences by climatic conditions, rainfall, temperature, 
and seasonal fluctuations. Litter chemistry is also involved, which influences the 
decomposition process and soil microbial activities [15]. Slow decomposition adds 
nutrients stocks and organic matter to the soil; however, fast decomposition rates 
offer more nutrients to meet plant intake requirements [16]. Additionally, litter 
chemistry (i.e., organic compounds, N content, C/N ratio), which varies to plant 
organs (leaves, stem, root, etc.) and plant species (i.e. native vs. invasive), influences 
the litter quality and decomposition rate [9, 17]. Litter decomposition varies at species 
level (i.e., native vs. invasive), predicting that species with high N and ash content 
as well as low C/N and lignin content resulted in high litter decomposition rate [18]. 
Above- and belowground litters have different environmental conditions where the 
temperature and precipitation play a key role in difference between leaf and root 
litter decomposition. Decomposer organisms are another factor, and their biomass 
decreases in shift community with increase in soil depth. The coordination between 
leaf and fine root litter decomposition may weaken by divergent decomposition posi-
tion, yet their mechanism and differences in regulating factors are still unexplored.

2.1 Aboveground litter

Aboveground litter is an organic horizon originated by the plant materials on soil 
surface [19]. This aboveground organic horizon formation depends on the litterfall 
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rate and decomposition rate of plant materials [20]. Leaves are the main component 
of forest litter, accounting for about 70%, contributing to more than any aboveground 
plant organs. In addition, leaves contributed more to nutrient budget in short term, 
and its decomposition is faster than any other plant organ in grassland and forest [21]. 
The functional trait syndromes of coarse stem components may not be coordinated 
with those of other organs [22]; as a result, their afterlife effects on decomposability 
are poorly coordinated [23]. However, its decomposition rate and turnover may be 
slow, which is less important in short-term nutrient cycling. Nevertheless, forests 
have a lot of coarse woody debris (such as branches, stumps, and coarse roots), and 
leaf decomposition rates alone are not enough to forecast organic matter dynamics 
[24, 25]. The aboveground litterfall may be influenced by seasonal behavior, charac-
teristics of plantation/species such as aboveground biomass, volume, canopy closure 
[26], and the environmental condition of the region [27]. On the other hand, litter 
chemistry and climatic condition play a key role in decomposition rate [28]. Such 
regulating factors define the differences in aboveground versus belowground litter 
decomposition, being a gap in the development of ecological research.

2.2 Belowground litter

Most studies have shown that the decomposition rate of root litter is significantly 
lower than that of leaf litter [21, 29, 30]. The decomposition environment of root 
litter is very different from that of aboveground litter, and the regulating factors are 
different [31–33]. Therefore, the decomposition rate of leaves and its controlling 
factors cannot be used to infer root decomposition. Sun et al. [34] 6-year findings 
on 35 species show that based on the rate of decomposition, leaves litter (77%) was 
higher than root litter (35%), with different regulating factors where leaves decom-
position is controlled mainly by lignin:nitrogen ratio; however, non-lignin carbon 
compounds (phenols and tannins) played a dominant role in root decomposition. In 
addition, there is no correlation between fine root and leaf litter decomposition rates 
among different tree species. Moreover, the root size in diameter that may also play an 
important role in decomposition rate is still controversial [35]. For a long time, due to 
the limitations of technology and methods, the research of underground ecosystem 
has become a bottle that restricts the development of ecology [36]. The decay and 
decomposition of the root system are of great significance to the carbon cycle and the 
availability of nutrients in the soil. Therefore, in the future, research on the decom-
position of underground root litter (such as aboveground and underground whole, 
roots of different diameters) should be strengthened, especially influencing control 
mechanism under the background of global change (Figure 1).

3. Factors impacting litter decomposition

Litter decomposition occurs by three major process: fragmentation, leaching, 
and catabolism [39–41]. Leaching is the process of removing soluble materials 
from degrading organic matter. Fragmentation occurs by soil fauna or abiotic agent 
produces substrate that benefits soil microbes. The catabolic activity of bacteria and 
fungi is mostly responsible for the chemical change of dead organic matter. Hence, 
the litter decomposition is regulated by three main factors: litter quality (litter phys-
iochemical characteristics), physicochemical environment (abiotic), and decomposer 
organism (biotic) [42]. These factors are described in Figure 2.
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Figure 2. 
Various factors affecting litter degradation (modified from Krishna and Mohan [9]).

Figure 1. 
Litter inputs (above- and belowground) co-determine the quality, quantity of litter, and decomposability; and 
therefore, the dynamics of biogeochemical cycle. A resource acquisitive plant community (a, b) produces litter of 
consistently higher decomposability than a resource conservative plant community (c, d) (modified from Freschet 
et al. [21]). In addition, the majority of invasive species in position of higher resource acquisition than native 
species (see collection of studies [37, 38]), but this may vary or not be the same in regions. Therefore, invasive 
species may fit to the resource acquisitive plant model to determine their composability but regional differences 
and environmental factors may influence litter decomposition rate.
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3.1 Litter quality

Litter quality can be explained by litter chemistry, which determines litter decom-
position [43], and altering soil biota facilitates the decomposition of litter materials 
[44]. Hence, litter quality such as chemical properties, N concentration, as well C/N 
ratio controlled the release of nutrients and litter decay [45–47]. Studies investigat-
ing litter quality impacting decomposition are common [48], where C:N ratio and 
N content play a leading role followed by lignin:N ratio [48–51]. Nevertheless, the 
existence of other regulating factors (soil biota, environment) interacting with litter 
quality makes complexity and is poorly understood. These variables and their impact 
on litter decomposition depend on plant species and soil characteristics. The quan-
tity and quality of litter constituents, the chemical and physical environment, and 
decay entities are the key factors that influence organic matter conversion. Moreover, 
decomposer arrangement in the soil influences litter decomposition rate and nutrient 
dynamics [42].

3.2 Decomposer

The rate of litter decomposition is known to be affected by the abundance and 
arrangement of soil fauna and microbial communities at distinct stages of decomposi-
tion [52]. Organic material decomposition has significant role in nutrient cycling 
and energy flow in the ecosystem. Earlier research has identified the importance of 
a variety of bacteria and fungi in litter decomposition [9], which demonstrated that 
forest soil and related microbial communities play an important role in the decom-
position of litter, under laboratory conditions. Fungi are the top decomposers in the 
soil microfauna, with a 75% better ability to decompose organic materials than other 
microbes [53]. Besides, bacteria that involved in litter decomposition mineralization 
process account for 25–30% of the total microbial biomass in the soil [54]. Generally, 
decomposers usually grow once the litter reaches the ground; however, the growth of 
microbes on the litter, particularly fungi, may start decomposition before the litter 
falls. The composition of microbial community that lives in the litter is determined by 
the litter qualities, soil characteristics, and changes in these characteristics through 
time [55]. The quantity and quality of litter input dependent on plant species also 
affects litter decomposition [4].

Beside bacteria and fungi, soil fauna (micro- and macro-invertebrates) because of 
their important involvement in mineralization processes, organic matter decomposi-
tion and nutrient cycling, as well as pedogenesis, which persist in the litter strata and 
on the soil upper layer, they are an important aspect of ecosystems [56]. Soil faunal 
activities primarily aid in the acclimatization of litter and the stimulation of microbial 
activity.

3.3 Soil and climate factors

Litter decomposition is influenced by the physical and chemical features of the 
soil. Texture is the most important of them all because it affects water and nutrient 
dynamics, porosity, permeability, and surface area [9]. Organic matter content, pH, 
nutrients, and cation exchange capacity are some of the most important chemical 
features. Among them, organic matter influences the major soil properties, such as 
soil physio-chemistry (pH, bulk density) affecting litter decomposition, also increas-
ing microbial density [57]. Soil N is considered the primary regulating factor and had 
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received worldwide attention, while phosphorus act as limiting nutrients because 
of poor availability and circulation in major forests. Furthermore, the rate of litter 
decomposition is influenced by soil temperature and N concentration. Although 
magnesium and potassium are important minerals for higher plants, they have little 
effect on microbial activity and are quickly eliminated from decomposing litter.

Temperature, moisture, and other climatic conditions may influence the rate 
of litter decomposition. Several studies recorded slow and fast decomposition rate 
in winter and rainy season, respectively [58–60], and the higher decomposition in 
rainy season may be due to the higher micro-fungal population, which may increase 
with suitable moisture and sufficient rainfall. Zhang and Wang [28] examined 785 
datasets demonstrated that mean annual temperature was important factor driv-
ing decomposition on global scale at different climatic zones. Kumar et al. [61] also 
found increase in litter decomposition rate and weight loss in rainy season with high 
microbial load and soil moisture. However, there is still controversy about which 
climate index best predicts decay rates. Although there is water in the soil, actual 
evapotranspiration is the most important factor in determining the litter decom-
position rate [62]. In contrast, some studies disagreed with the concept of relation 
between litter decomposition and actual evapotranspiration as a reliable indicator of 
decay litters [63–65].

4. Plant invasion effects on litter input and decomposition rate

Increase in invasive species traits such as specific leaf area, leaf dry matter con-
tent, plant height and stem-specific density [66] accumulates high biomass, and 
nutrient contents, especially N, P, and K [67], produce high quantity, and quality 
litter further increases litter decomposition rate. Invasive plant litter input further 
increases microbial biomass [67], and soil enzymatic activities [67, 68] may be attrib-
uted to the fast decomposition rates.

Plant invasions in the invaded ecosystems can significantly change the ecosystem 
functioning. Invasive alien plants may have a significant impact on litter decomposi-
tion, which is one of these ecosystem services. According to reports, the C/N ratio can 
be used to calculate the decomposition of leaf litter, which varies at species level [69]. 
High-quality leaves (nutrient-rich leaves) decompose at a faster rate than low-quality 
leaves (nutrient-deficient leaves). Invasive species produce litter of higher chemi-
cal quality, which decompose rapidly and release high nutrients to the soil [70]. In 
general, species with high ash and nitrogen content, as well as low C/N ratios and 
lignin concentration, decompose quickly [71]. Patil et al. [70] found higher N and P 
concentration, and low lignin and C/N ratio in invasive species resulted in higher rate 
of litter decomposition when compared to native species. Several studies found that 
litter nitrogen concentration and the C/N ratio are closely linked to litter degradation 
rates [72]. Phosphorus concentrations and C/P ratio seemed to be strong indicators 
of degradation rate [73]. Plant litter lignin concentrations and lignin/N ratios are also 
good predictors of litter decomposition rate [69].

A meta-analysis of 94 studies across world by Liao et al. [74] demonstrated that 
invaded communities have a 117% rise in litter decomposition rates. In contrast, some 
findings revealed no change or even decrease in litter decomposition rate associated 
with invasive plants [3, 74, 75]. These effect differences of invasive species on lit-
ter decomposition rates may influence functional (litter) traits of invasive species 
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and the communities [76]. Thus, functional traits can be a good and mechanistic 
approaches define variation in decomposition rates. Leaf traits have been found to 
affect litter quality and hence alter litter decomposition rates at species level [2, 77, 
78]. Invasive species leaf traits are associated with fast growth, high specific leaf 
area, leaf thickness and toughness, low leaf dry matter content, and high leaf nutri-
ent concentrations, and such traits are directly involved in high leaf decomposition 
rates [66, 79]. Study by Zhang et al. [80] found that litters of invasive Alternanthera 
philoxeroides decompose faster than annual native grass (Eragrostis pilosa), but in case 
of mixture, invasive litter decomposition rate was constant and caused increase in the 
native litter decomposition rate.

Single species do not sufficiently represent an ecosystem function and litter 
decomposition. Non-additive effects mainly depended on species composition and 
diversity may further strengthen by litter chemistry [81]. Mixed litter can change the 
chemical environment as well as the physical surface area of the litter where decom-
position takes place. It can also have an impact on ecological processes including soil 
respiration [82], net N mineralization [83], and microbial activity in the soil. Invasive 
Solidago canadensis litter alone had higher N concentration, but in mixture with native 
Phragmites australis decreased the N concentration of Solidago canadensis litter but 
increased that of Phragmites australis litter [83]. Nutrient transfer across litters in 
mixture may have favorable non-additive effects [84]. The single species litter decom-
position is possibly to shift by litter mixture, and that mixture litter effect has been 
observed as positive interaction in early stage and been shift to negative non-additive 
effect over certain time duration [83, 85]. Litter decomposition of invasive species 
is more depended on N and P than native species [6], and in a case of N transfer of 
invasive litter to native litter may slow down the decomposition rate, which may be 
influenced by secondary metabolites.

5.  Plant invasion effects on soil GHGs emissions via litter decomposition

The raising GHGs disrupt the natural ecosystems and challenge the management 
of natural habitats on a global scale. The anthropogenic activities are directly or 
indirectly involved in the production of these GHGs emissions. Plant invasion is one 
of the factors that alter GHGs emissions in many ways mainly by their litter quantity, 
quality, and soil microbe alteration involved in the production of GHGs emissions/
process [9]. The numerous elements and chemicals that accumulate in plants are 
released into the environment via litter decomposition, leaching into the soil and 
diffusing into the atmosphere. As a result, these compounds are being reintroduced 
into the biogeochemical cycle. Soil chemical environment created by litters associ-
ated with invasion may shift biogeochemical processes through changes in litter 
decomposition rate. Grassland ecosystems invaded by Alternanthera philoxeroides or 
Solidago canadensis produced higher N2O (60%) and CO2 (30%) than that of non-
invaded grassland ecosystems (dominated by Eragrostis pilosa or Sesbania cannabina) 
[86], where invaded ecosystem, produced more (155–361%) rapidly decomposing 
litter than that of non-invaded ecosystem [82], might be due the large litter input 
and higher C:N ratio associated with invasions. Another study by Zhang et al. [83] 
demonstrated that Solidago canadensis invasion loss (mass and N) was higher than 
native Phragmites australis, while native decreased and invasive increased N loss in a 
mixture litter (Figure 3).
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6.  Interactive effects between plant invasions and other global change 
factors on litter decomposition

Biological invasions-associated traits alter soil chemistry [87], soil enzymatic 
activities [68], further impact on litter decomposition [7], which resulted in higher 
GHGs emission [88]. Nitrogen deposition and elevated CO2 potentially affect litter 
decomposition through change in litter quality and quantity [7]. In contrast, elevated 
CO2 decreased the invasive Triadica sebifera litter decomposition via change in litter 
quality [7]. Moso bamboo invasion decreased the sensitivity of decomposition rate in 
response to mean annual precipitation and mean annual temperature [89].

An increase in water level caused decrease in nutrient release and decomposition 
rate from invasive plant litter [90], which might be due to the decrease of anaerobic 
microbial activities in high water level [91]. Suitable moisture condition will offer 
more nutrients that increase microbial biomass and activities will further accelerate 
litter decomposition rate [92]; invasive species often associated with nutrient-rich 
litter will get an advantage in this case.

UV-B exposure during litter decomposition may have a direct effect on decompo-
sition rates by changing photodegradation states or decomposer composition in the 
litter, whereas UV-B exposure during growth periods may alter plant chemistry and 
physical properties. Meta-analysis of six biomes by Song et al. [93] demonstrated that 
elevated VU-B directly (7%) and indirectly (12%) increased litter decomposition 
rate, while attenuated UV-B decreased the rate of litter decomposition. In addition, 

Figure 3. 
Litter decomposition and its role in biogeochemical cycle. The accumulated compounds and elements by plants 
returns to environment through litter degradation; conversion of these organic matter results in nutrients and 
GHGs into the atmosphere (modified from Krishna and Mohan [9], created with biorender, https://www.
biorender.com/).
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the interactive effect of UV-B and N deposition increased litter decomposition rate of 
moso bamboo [94], and coarse woody debris [11].

7. Conclusions

This review focuses on ecosystem litter decomposition in the context of plant 
invasion associated with global change factors. Litter quality and traits in association 
with soil microbes and environmental factors play a leading role in decomposition 
rate. Plant traits associated with plant invasion alter litter input, soil microbes, and 
soil enzymatic activity, and hence increase litter decomposition rates. Studies on 
single species, and/or only aboveground litter or belowground litter do not represent 
decomposition rate sufficiently in ecosystem. Therefore, there is required co-deter-
mination of species diversity in different biomes both above- and belowground litter 
with their associated environment, regulating factors, and global change factors.
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