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LOBAL drylands (GDLs), covering ~41.3% of the Earth‘s land surface, have low soil moisture 

availability and their soils are prone to degradation and desertification. The low agronomic 

yield of crops in GDL is attributed to harsh environmental conditions, degraded/depleted soils, and 

limited water supply. Yet, upscaling of proven best management practices (BMPs), fine-tuned for 

soil/site-specific situations, can enhance productivity and promote sustainable agriculture. Soils of 

dryland ecosystems also have a large potential to sequester atmospheric CO2 as soil inorganic carbon 

(SIC) and soil organic carbon (SOC). In general, stock of SIC in GDLs is more than that of SOC. 

With upscaling of BMPs, GDLs can be transformed from being a source to a major sink of 

atmospheric CO2. Sequestration of SIC in drylands occurs through autotrophic microbial pathways, 

formation of secondary carbonates, and leaching of bicarbonates in irrigated ecosystems. 

Sequestration of SOC occurs through increasing input of biomass C, conserving soil and water, and 

decreasing risks of soil degradation and desertification. The rate and magnitude of sequestration of 

SOC and SIC can be increased through upscaling of BMPs including conservation agriculture, cover 

cropping, afforestation, and integration of crops with trees and livestock .Policies are needed at local, 

state and national level to promote adoption of BMPs through payments for ecosystem services and 

other incentive measures.  

Keywords: Global drylands, Carbon farming, Dryland agriculture, Negative emission technology, 

Resource use efficiency. 

I. Introduction 

Global drylands (GDLs) cover ~41.3% of the Earth‘s land surface or 62 m km
2
 and represent the world‘s largest 

biome (Garcia-Palacios et al., 2019) that support a large and growing population (Devkota et al., 2025). 

Population of GDLs represent 30.8% of the world population (> 2.3 B) (Wong et al., 2023), and it is projected to 

reach 5 B by 2100. GDLs are also dominant drivers of the global biogeochemical cycling (Osborne et al., 2022), 

especially the carbon (C) cycle (Lal, 2019). GDLs cover a large area in Sub-Saharan Africa (SSA), Middle East 

and North Africa (MENA) region; South Asia (SA), Central Asia (CA) and North Asia (NA), and other regions. 

GDLs are expanding because of climate change, and the area may increase by about 10% by 2100 (World Atlas 

of Desertification, 2025). Dryland expansion is occurring in diverse regions, including western U.S., Brazil, 

Europe, Asia and Central Africa. Under the projected climate change, 3% of the world‘s humid areas may be 

converted to drylands (UNCCD, 2024). Thus, the risks of soil degradation are also increasing (Lewin et al., 

2024). Agronomic yield of crops in GDLs is low and faces many challenges, especially those affecting small 

holder farming systems (Stringer et al., 2017). 

The large land mass of arid and semi-arid biomes are characterized by harsh environmental conditions, 

comprising of depleted soils, low precipitation and extremely high evapo-transpiration. Thus, these regions have 

a negative soil moisture budget and a short growing season for crops. Agricultural productivity of GDLs is 

limited by a combination of drought stress, heat wave and saline conditions. Most of the crop production in 

GDLs is dryland farming dependent on natural rainfall which ranges from 200 to 500mm per annum. The 

predominant factors which limit agronomic productivity of GDLs are: low rainfall, low soil water storage and 

frequent drought stress, accelerated soil erosion by water and wind, high soil salinity, and low soil biodiversity 

(Zarea, 2011).  

Soil degradation and land desertification are serious risks to livelihood of billions of people living in GDLs. 

Thus, improving the agronomic productivity of dryland agriculture (DLA) is critical to achieving food and 

nutritional security and advancing the Sustainable Development Goals (SDGs) of the United Nations Agenda 

2030. Agronomic productivity of DLA is especially low in SSA (Kraaijvangheer et al., 2016) and SA 
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(Shrinivasarao et al., 2012). However, increasing biomass production and crop yield, sequestering carbon (C) in 

soil and reducing emissions from farm operations can achieve negative emissions in DLA by understanding the 

processes affecting C dynamics and by adopting negative emission technology. Farm operations which 

contribute to emission of greenhouse gases (GHGs) in DLA include plowing, the use of nitrogen (N) and other 

fertilizers, application of herbicides and pesticides, and applying supplemental irrigation. Therefore, it is 

pertinent to understand the water /fertilizer interaction so as to enhance use efficiency of both in these water and 

nitrogen limited eco-regions. Attempts at increasing agronomic productivity of DLA since 1960s have involved 

intensive tillage, increased input of agro-chemicals, and expansion of land areas under supplemental irrigation. 

However, these practices have aggravated risks of soil degradation by erosion (hydric and aeolian), compaction, 

salinization, and emission of GHGs while aggravating the risks of drought and reduction in agronomic yield. 

Consequently, these practices have also decreased the resource use efficiency (RUE) of DLA including those of 

N, water and energy. The low RUE is being further aggravated by the current and projected anthropogenic 

climate change or ACC (Yang et al., 2021; Wang et al., 2022; Lin et al., 2024). The ACC-induced changes in 

temperature and rainfall (amount and pattern) may shorten the growing season, decrease plant available water in 

the root zone (green water) and aggravate variability in agronomic productivity. Agricultural production in DLA 

involves a range of commodities: food, feed, fiber, and fuel (bio), and most have low agronomic yield. The key 

limiting factor in DLA is the low water productivity (Kirkegaard et al., 2014; Palaniappan et al., 2009; Ritchie 

and Basso, 2008). 

Identification of challenges and opportunities to upscaling of some proven best management practices (BMPs) is 

the first step. In this context the importance of DLA cannot be over-emphasized because of its large land mass 

and large population. Fixation of C in soils of DLA has multiple benefits, which needs to be explored and 

harnessed. Production of biofuel, along with sequestration of C in soil has strong implications to mitigation of 

and adaptation to ACC. Important among sustainable management practices for DLA; including conservation 

agriculture (CA), cover cropping, biochar, degradable plastic mulches, supplemental irrigation based on the use 

of drip sub-fertigation in conjunction with the selective use of organic amendments etc., need to be evaluated 

under site -specific conditions. Therefore, the objective of this article is to deliberate the technological options 

and strategies to transform DLA from a problem to a solution to advancing food and climate security, as well as 

advancing SDGs of the U.N. Agenda 2030. 

II. Carbon Dynamics in Soils of Dryland Agriculture 

Soil C in agroecosystems of arid and semi-arid regions play an important role in the global C cycle (Lal, 2019). 

Total soil C stock of GDLs comprises of soil inorganic C (SIC) and soil organic C (SOC). In contrast to soils of 

the humid and sub-humid regions, however, soils of DLA contain more SIC than SOC. Therefore, sequestration 

of atmospheric CO2 into natural land-based sinks of GDLs is a win-win option to restore soil health while also 

mitigation of and adaption to the ACC. Soils under DLA can be managed to sequester atmospheric CO2 both as 

soil inorganic carbon (secondary carbonates or SIC) and as SOC. The sequestration of C as SIC is primarily an 

abiotic process. Desert lands are estimated to sequester SIC during the night (see Sectin IIIa) and the magnitude 

of SIC sequestration can be as much as 1 Pg C/yr (Lal, 2019a; Lal, 2024). Sequestration of SIC may also be 

facilitated by leaching of bi-carbonates in irrigated lands and formation of secondary carbonates through 

microbial processes (Lal et al., 2000) as is explained in details in the following sections. The sequestration of 

SOC can be achieved by creating a positive C budget so that the input of biomass C exceeds the losses due to 

acceleration soil erosion, microbial decomposition and some leaching especially in irrigated land. The 

sequestration of SOC is a biotic process and depends on input of biomass carbon (e.g., crop residues, root 

biomass, compost and other soil amendments and cover cropping). These practices come under the overall topic 

of Negative Emission Technology (NET), and are explained in the following sections. 

III. Adopting Negative Emission Technology (NET) in Dryland Agroecosystems 

The argument that achieving C neutrality of agroecosystems is a global goal (Kingwell, 2021; Yang et al., 2022) 

may not be a good enough target. Agriculture is the only industry which goes beyond neutrality and has a large C 

negative budget. For example, adoption of proven BMPs can produce as much as 8 ton of biomass (grains plus 

straw) in DLA, and up to 10 ton of biomass in sub-humid and humid agroecosystems. Based on the hidden C 

cost of farm operations (Lal, 2004a), net C sequestration in agroecosystems creates a negative soil ecosystem C 

budget. The negative C budget thus created can  be large in DLA(Lal,2004b;Lal et al.,2000) Global agriculture, 

and especially the DLA, must be strongly C-negative, and this target can be achieved through: i) reducing 

emissions from farm operations, ii) sequestering C in land-based sinks (SOC and SIC in soil, and C in biomass 

of plants including trees and perennials), iii) adopting conservation agriculture or CA, iv) managing soil fertility 

and creating positive nutrient budget by adopting practices of integrated soil fertility management, and vii) 

alleviating drought by water conservation in the root zone and using supplemental irrigation. Technical potential 

of C sequestration in soils of the world is estimated at ~2.5 Pg (billion ton) C/yr (Lal et al., 2018) equivalent to 

around 25% of the fossil fuel emissions, of which about 1 Pg may be in soils of GDLs (Lal et al., 1999). The 
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most limiting factor to achieving this potential is the drought stress, which is aggravated by less rainfall, reduced 

streamflow and deep and falling groundwater level. Thus, the strategy is to harness C-sink capacity and 

sequestering C in land-based sinks by improving water use efficiency (WUE) ,producing more crop per drop of 

water and more productivity per unit input of nitrogenous and other fertilizers. The key issue in DLA is the low 

RUE which must be enhanced by upscaling of stie specific BMPs.The C sequestration potential (SOC and SIC) 

can be enhanced by increasing  RUE and especially WUE ( Monger et al,2015; Jia et al., 2020; Sharfifar et 

al.,2025; Batool et al.,2024) in DLA.  

(1) Sequestration of Soil Carbon in Drylands 

Agroecosystems are structurally and functionally diverse but play an important role in determining the trend and 

variability of the terrestrial C sinks and their ramifications (Smith et al., 2019).Whereas soils of GDLs contain 

more SIC than SOC, yet the sequestration of SIC in GDLs has not received the attention as that for SOC 

management because the latter has more beneficial effects on crop growth, and soil properties and processes. 

Nonetheless, it is important to realize that sequestration of SIC in GDLs is a complex process governed by a 

wide range of factors (i.e., climate, land use, irrigation, and nutrient management) (Naorem et al., 2022). Soils of 

GDLs may also fix atmospheric CO2 by autotrophic microbial pathways. Zheng et al. (2022) observed that the 

dominant phyla of autotrophic microbes in soils of DLA include Actinobacteria and Proteobacteria and their 

composition may be correlated with total phosphorus (P) and soil pH. Additionally, the formation of secondary 

carbonates and leaching of bicarbonates with supplemental irrigation are among mechanisms of soil C 

sequestration in DLA (Lal et al., 2000). Technical potential of C sequestration in GDLs may be as much as 1 Pg 

C/yr (Lal et al., 1999; Lal et al., 2000; Lal, 2000; Lal, 2010 a). While additional research is needed to identify 

site-specific land use and management options, translating known science into action by upscaling and upscaling 

adoption of proven BMPs is a high priority. Among these BMPs, enhancing WUE is critically important. In this 

context, sequestration of SOC and SIC in salt affected soils of GDLs is a win-win option (Lal, 2010 b). 

 (2) Enhancing Water Use Efficiency  

Rainfed agriculture is widely practiced in GDLs. Thus, increasing soil water storage, combined with prudent 

nutrient management, is critical to enhancing RUE and advancing green development in arid regions such as the 

Loess Plateau of China (He et al., 2021), and elsewhere. The widespread problem of drought is also being 

aggravated through losses of water by high runoff and evaporation, such as in cultivation of wheat (Mohammadi 

et al., 2011) and other cereals. Historically, increase of the wheat yield in the world have occurred at 20-88 

kg/ha/yr (O‘Leary et al., 2018), but ACC can reduce the rate or reverse these gains (Yang et al., 2021) because of 

changes in temperature and precipitation during the growing season. Thus, the numerous and interacting factors 

affecting the productivity of DLA must be addressed by adopting innovative options (Chinwamurombe and 

Matarynka, 2021). In addition to adaptation and mitigation strategies of ACC, WUE must be increased by 

improving overall water productivity (Li et al., 2020). Some technological options of improving WUE and water 

productivity  are outlined in Fig. 1 including some proven technologies for ecological (rather than sustainable) 

intensification, increasing SOC and SIC content, conservation of green water in the root zone, genetic 

improvement and choice of appropriate species suited for GDLs, and management of soil salinity (Fig.1).  

It is pertinent to identify site-specific agronomic management (Ritchie and Basso, 2008). Important among 

BMPs for Vertisols of south/central India (dark clayey soil with high concentration of expanding type clay 

minerals of a high swell-shrink capacity) has been intensively studied. Pertinent BMPs include retention of crop 

residues as mulch, combination of farm yard manure (FYM) and chemical fertilizers (Srinivasarao et al., 

2012).Among all these straw return/retention  to the soil (Guo et al., 2024), preferably as surface mulch, can 

sustain productivity by strengthening coupled cycling of water, C and nutrients (Lal.2004a;b).  

 (3) Understanding the Fertilizer-Water Interaction 

Soil water availability and WUE also depend on the accessibility of essential plant nutrients. Sustainable 

management of DLA is aimed at reducing the adverse effects of low and highly variable rainfall, soil 

degradation by erosion and salinity, and severe nutrient deficiencies (Arrue et al., 2019). In this regard, a 

judicious input of fertilizer N is necessary to improving crop yield and advancing local food security (Guo et al., 

2012).An eefficient utilization of all available nutrient resources is likewise critical for enhancing the 

productivity and resilience of DLA systems (Wienhold et al., 2000). Because of the strong water-energy nexus in 

DLA, it is prudent to integrate sustainable water management with renewable energy technology (i.e. solar 

energy) to reduce emission of GHGs and conserve green water in the root zone. Khattak et al. (2025) advocated 

the use of strategies which consider water-C dynamics and coupled cycling with water. An effective water use 

also depends on innovative strategy of salinity management in soil (Panell and Ewing, 2006) which reduces the 

effective supply of green water and the land area affected is increasing because of ACC and uncertain climate. 
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Fig. 1. Factors and practicing for increasing resource (water) use efficiency in dryland farming for 

adaptation to and mitigation of anthropogenic climate change.  

 

IV. Sustainable Management of Dryland Agriculture 

Being the largest biome of the world with >2. 3B people, improving agriculture in GDLs is critical to addressing 

SDGs of the U.N. There are many options of improving agriculture, but an effective pathway depends on the 

site-specific situation. Garcia-Palacios et al. (2019) argued that agriculture in these harsh environments must be 

managed through ecological intensification (EI) rather than sustainable intensification. The strategy is to enhance 

RUE, decrease leakage of chemicals into the environment, while producing more from less. The strategy of EI is 

to replace some external agricultural inputs (e.g. fertilizers, pesticides, supplemental irrigation) with practices 

which optimize ecosystem services (ESs) and enhance crop production. This technology involves low-cost 

interventions which have big impacts on productivity of DLA (Chander et al., 2019). Some potential 

technological options are briefly described below; 

1- Conservation Agriculture 

Whereas DLA is of worldwide importance it has long been neglected (Stewart and Koohafkan, 2004). Yet these 

lands are under pressure (Isnahane, 2025) because of increasing population. Thus, there is a strong and an urgent 

need for global evaluation of current and future threats to drylands (Lewin et al., 2024). These threats are being 

aggravated by land misuse and soil mismanagement which are driven by growing demands of the increasing 

population. Plow-based conventional tillage, widely practiced in GDL, has adverse effects on soil including 

crusting, compaction, accelerated erosion, decrease in water infiltration, and increase in drought stress, high soil 

surface temperature, and decline in soil physical health. Thus, there is a growing interest in adoption of system-

based CA in GDLs (Serraj and Siddique, 2012). The latter involves several pillars including: i) elimination of 

moldboard plowing, ii) use of crop residue mulch, iii) adoption of complex rotations, iv) using integrated soil 

fertility management options, and v) combining crop production with trees and livestock (Lal, 2015) (Figure 2). 

Examples of benefits of CA on soil properties and productivity in diverse agroecosystems of DLA are outlined in 

Table 1. References collated and cited in Table1 are from diverse agro-ecoregions. These are examples of the 

applicability of CA in diverse soils, climate, cropping systems, and land scape. Furthermore, the references cited 

also show the benefits of CA beyond agronomic yield. Specific practices of CA include reduced or no-till, crop 

residue retention, diverse crop rotations, these practices lead to soil and water conservation, SOC sequestration, 

productivity gains, yield stability and increase in profitability. Examples cited in Table 1 indicate that is a scale 

natural practice and is applicable to small, medium and large farms. 
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Fig. 2. Components and  pillars of conservation agriculture  involving water and soil fertility management 

along with complex cropping systems and crop rotations. 

Table 1. Some examples of positive impacts of conservation agriculture in rainfed farming in global 

drylands. 

Region/Location Crop Technology and Its Impact Reference 

Central Asia - Crop residue retention Kenzier et al. (2012) 

China Maize-Wheat 

Straw retention increased yield and 

protein yield by 1-4 and 24.0% 

respectively by NPS treatment 

Guo et al. (2024) 

China Maize 
NT with plastic mulching increased 

yield 
Dai et al. (2021) 

Pakistan Diverse 
NT reduced cumulative CO2 flow and 

increased SOC sequestration 
Wang et al. (2020) 

China - 
NT with residue retention improved 

SOC storage 

Rehman et al. (2023); Wang et 

al. (2020) 

Northern Great 

Plains, USA 
Wheat, Barley 

NT enhanced soil health and 

sustained crop yield 
Sainju (2021) 

Pakistan, Punjab Wheat, Mung bean 
NT with legume crop rotation 

improved SOC storage 
Naz et al. (2022) 

China Wheat 
Rotational NT conserved water and 

improved yield 
Zhang et al. (2021) 

South Africa - Wholistic approach to farming Strauss et al. (2021) 

China - NT is a climate smart agriculture Lin et al. (2024) 

India - 
Conservation tillage improved soil 

physical health 
Indoria et al. (2017) 

China Corn 
CA practices had the greatest yield 

benefit 
Ren et al (2023) 

In drylands of India, for example, Indoria et al. (2017) observed that CA can improve soil physical properties. As 

documented by the examples in Table 1, benefits of CA have been reported in Central Asia (Kienzler et al., 

2012), South Africa (Strauss et al., 2021), China (Dai et al., 2021; Wang et al., 2020; Zhang et al., 2021) and 

elsewhere (Zarea, 2011; Rehman et al., 2023; Chizari and Ommani, 2009). As a component of sustainable 

agriculture, CA is normally practiced in conjunction with crop residue mulch, animal manure, green manure, 

legume-based rotation (Chizari and Ommani, 2009), and of course use of cover crops. Properly implemented, 

CA is  a climate-smart or better a climate-resilient  agriculture. 
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2- Cover Cropping 

A cover crop is the one that is grown during the off-season for its biomass to cover the ground rather than for its 

grains. Historically DLA has relied heavily on the summer fallow to conserve water, but these regions can 

benefit from growing a cover crop rather than keeping the ground under bare fallow. Indeed, cover cropping can 

have numerous beneficial impacts on soil health and on productivity of the following grain crop in DLA. Table 2 

lists some examples where the effectiveness of soil and water conservation and nutrient management practice has 

been enhanced by cover cropping.  

Table 2. Impact of cover cropping on soil health and agronomic productivity. 

Region/Land Cover Crop Food Crop Impact Reference 

Texas USA 
Crimson clover, hairy 

vetch, wheat pea 
Cotton 24-48% higher SOC content 

Hux et al. 

(2023) 

Southeastern Great Plains, 

USA 
- - 

Improved sustainability and 

SOC accumulation 

Ghimire et al. 

(2018) 

Northern Great Plains, USA - 
Wheat, 

Barley 

Less available water and 

immobilized N  

Colorado Plateau, USA - Wheat Cover 
Eash et al. 

(2021) 

Southern Great Plains, USA - 
Wheat, 

sorghum  

Simon et al. 

(2022) 

 

General benefits of cover cropping on soil and agronomic productivity have been reported by Simon et al. (2024) 

and Kasper and Siinger (2024). The available literature shows that cover cropping enhances the effectiveness of 

CA even under water-liming DLA by restoring soil functions such as high SIC/SOC and total N content (Hux et 

al., 2023). Replacing fallow in the  previous dry season by cover cropping (Williams et al., 2022) in DLA can 

also sequester C and generate another income stream for farmers (refer section V). Thus, an important strategy 

for DLA has been to replace summer fallow by growing a cover crop in the off-season to provide additional soil 

health benefits (Simon et al., 2022). Nonetheless, in some cases, less available soil water and immobilization of 

N by cover cropping can reduce crop yield, such as that of wheat (Eash et al., 2021).  

3- Biochar 

Positive effects of biochar on soil functions and agronomic productivity have been documented on depleted and 

degraded soils of the tropics (Li et al., 2024; Table 3). Whereas, use of biochar has been widely promoted for 

soils of low fertility and acidic pH in humid and sub-humid agroecoregions (Lehmann and Rondon, 2006). 

Despite its positive effects,its use is not common in DLA. One of the constraints in DLA is the lack of an 

abundant supply of biomass to produce biochar. Therefore .growing crops for biofuel production and pyrolyzing 

the biomass is an option to produce biochar as a byproduct of generating bioenergy. In China, Chen et al. (2015) 

suggested growing of Camelina (Camelina sativa) for biofeedstock production. Biochar feedstock can involve 

use of agricultural by-products and other waste which have limited uses (i.e., rice husk, municipal solid waste). 

An important option is to use biochar in combination with chemical fertilizers that may save fertilizer use by 

enhancing the use efficiency of fertilizers and save irrigation water by improving water conservation, use of 

biochar can improve soil physical, chemical and biological properties (Table 3). 

Table 3. Positive effects of biochar application on soil health and agronomic productivity in global drylands. 

Location Crop Soil Impact Reference 

North China 

Plains 
Maize Inceptisol 

Biochar compound fertilizers can substitute 

chemical fertilizer 
Zheng et al. (2017) 

Iran 
Nigella, 

Sativa 
Low SOC 

Biochar with NT improved oil yield by 23-

29% 
Kiani et al. (2024) 

Southwestern 

Australia 
What - 

P fertilizer saving of 50% and yield 

increase of 10% 
Blackwell et al. (2010) 

Pakistan - 
Sub-

tropical 

What straw biochar increased recalcitrant 

SOC content 
Sultan et al. (2019) 

India - Alfisol 
Biochar improved soil physical, chemical 

and biological environment 
Pandian et al. (2016) 

Pakistan 
Legume-

cereal 
- Increased crop yields Azeem et al. (2019) 
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4- Soil Fertility Management 

There exists a strong water-nutrient interaction in crops grown under DLA. Over and above the adoption of 

water-saving practices, RUE for crop production in semi-arid regions can also be enhanced by judicious 

management of plant nutrients. Indeed, grain yield of crops under DLA can be improved by promoting synergy 

between genotype, environment and management. A balanced application of macronutrients (N, P, K, Ca, Mg) is 

essential to improving soil fertility and crop nutrition (Ryan, 2020). In the Loess Plateau of China, Liu et al. 

(2025) observed that total seasonal precipitation and N fertilizer placement depth (35 cm in drier and 25 cm in 

wetter season) improved grain yield of maize. Jia et al. (2020) observed that ridge-furrow planting with 200 

kg/ha of N application improved RUE and maize yield. In southern USA, Sainju (2024) reported that cultivation 

of wheat with CA at higher rate of N fertilization (100kg N/ha) enhanced SOC and total N content of soil. 

Bouras et al. (2023) reported that P application minimized the adverse effects of high salinity. Application of 

micro-nutrients is also critical for enhancing crop yield and productivity in DLA. Melash et al. (2023) observed 

that foliar-based iron (Fe) application improved the grain yield of durum wheat from 2.0 to 3.2 Mg/ha. Rather 

than using chemical fertilizers, soil fertility can also be managed by organic farming. In South India, Palaniappan 

et al. (2009) recommended inter-cropping systems along with green manuring with sunhemp for increasing soil 

fertility. In China, Wang et al. (2024) observed that agriculture based on organic farming can advance ―dual-

carbon‖ goals and promotion of sustainable agriculture development. Similarly, lignite-derived humic 

amendments are also being considered for improvement of DLA (Ma et al., 2022). In the eastern Washington 

state of USA, Wachter et al. (2019) reported that integrating perennial crops (such as alfalfa and forage grasses) 

into organic farming systems can improve soil quality, profitability and supply of N to succeeding grain crops. 

5- Plastic Film and Gravel Mulching  

Conserving soil water in the root zone by reducing evaporation and controlling weeds lead to a wide spread use 

of plastic film mulching under diverse biophysical environments of the tropics , such as for rice and maize 

production in China. Table 4). However, most studies on biochar and its impact on agronomic yield have been 

done in China and elsewhere in North Asia. In this context, it is pertinent to note most studies cited in Table 4 

are from China and neighbouring counties. 

Table 4. Soil-water conservation by use of plastic film mulch. 

Location/Region Crop Impact Reference 

Loess Plateau of China - 
Ridge-furrow system with plastic 

mulching improved yield 
Li et al. (2020) 

Loess Plateau of China Wheat 
Film mulching is a carbon-friendly 

technology 
Xue et al. (2018) 

Northeast China Maize 
Increased maize productivity and 

sustainability 
Hossain et al. (2022) 

China - 
Microplastic improved soil 

multifunctionality 
Wang et al. (2024) 

China Rice 
Direct seeded rice production is improved 

by biodegradable film mulching 
Gao et al. (2023) 

Loess Plateau, China - 
Increased yield by 11% and net economic 

return by 12% 
He et al. (2018) 

 

It is important to note that all examples listed in Table 4 regarding the use of plastic film mulching are from 

China and especially from the North China Plains and the Loess Plateau regions. Whereas the positive effects on 

water conservation and weed control are notable, micro plastic pollution has become a serious global issue and 

DLA managed with plastic film mulching is one cause of this problem. Thus, degradable plastic film (Gao et al., 

2023) can have an important role in improving DLA in water-scarce areas. Similar to plastic mulch, gravel 

mulch is also used widely in China where it has been used for centuries. Among benefits of gravel mulch are 

conservation of water, moderation of soil temperature, and reducing risks of aeolian and hydric erosion, and thus 

increase in agronomic productivity (Wu et al., 2024). However, long term use of gravel much can also cause soil 

degradation by decreasing SOC content and other properties (Qi et al., 2025). 

6-Supplemental Irrigation and water management 

Increasing water productivity is critical to enhancing agronomic productivity in GDLs in regions with annual 

rainfall of 200-500 mm and necessitates integration of scientific technologies with indigenous farming methods 

(Inanga et al., 2005), especially with regard to water conservation and management. In DLA, supplemental 

irrigation has a strong effect on agronomic productivity and quality of some products. Some examples of the use 

of supplemental irrigation on increasing productivity are outlined in Tables 5 and 6.  
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Table 5. Impacts of supplemental irrigation on productivity and secondary salinization. 

Region Effect Reference 

Global 
Irrigation increased grain yield by 142%, 

and net energy gain by 152% 
Nasseri (2025) 

NSW, Australia, 
 

Kadkoi et al. (2020) 

Texas High Plains USA 
Center pivot irrigation declined ground 

water supply 
Bhandari et al. (2022) 

Table 6. Some examples of supplemental irrigation in improving productivity of dryland agriculture. 

Region/County Crop Impact Reference 

Global Cereals Irrigation increased grain yield by 142% Nasserai (2025) 

Iran Wheat 
Stable yield performance of irrigation with saline 

water 

Mohammadi et al. (2011); 

Bouras et al. (2023) 

India Cereals Drip sub-fertigation Singh et al. (2022) 

India Cereals 
Sustainable water management to explore water-

energy nexus 
Khattak et al. (2025) 

Yet, traditional irrigation can improve agronomic productivity. Based on meta-analysis of 628 observations on 

energy inputs and production inputs, Nasseri (2025) observed that irrigation increased grain yield by 142%, 

energy input by 120%, energy output by 133%, and net energy gain by 152% compared with unirrigated control. 

Additionally, with average application of 4134m
3
/ha (41.3cm of water), energy use was higher by 118% in 

human labor, 87% in machinery, 85% in N fertilizer, 61% in fuel, 43% in seed, and 116% in herbicides 

compared with unirrigated land. In the irrigated perimeter of the Tagia region of Morocco, Bouras et al. (2023) 

observed that P fertilization can mitigate some negative effects of irrigation with the saline water. For dryland 

Alfisols (Red Soils) of South India, Palaniappan et al. (2009) suggested pitcher-pot irrigation for horticultural 

crops (i.e., amla, sapola, and mango) as a low-cost drip irrigation system. Supplemental irrigation must be 

upscaled in SSA where there is a strong need to improve crop yield in drought-prone regions. Despite numerous 

benefits of supplemental irrigation, it increases risks of salinization. Excessive use of water can lead to build up 

of salts in the surface horizon and causing secondary salinization. As much as 20% of irrigated croplands in 

DLA has been salinized. There are also some implications of salinity to human health (Jardine et al., 2007). 

Excessive irrigation can also lead to water shortage (Lu et al., 2025), and rapid decline in water table as widely 

observed  in Punjab states of India and Pakistan, and Ogalala aquifer in USA (Nilahayane et al., 2023). Thus, 

limited irrigation is also recommended (Bhandari et al., 2022).  

7- Using Amendments for Soil Water Conservation and Management  

In addition to irrigation, conservation of water in the root zone is critical to enhancing water productivity. The 

WUE Initiative in Australia was aimed at increasing WUE of grain-based production systems by 10% in areas 

with annual rainfall of 300 to 700mm. The soil application of acrylamide-based hydrogels can also enhance soil 

water conservation in DLA (Muhammad et al., 2025). Nackley et al. (2024) assessed the benefits of Tectonite 

Dust amendment in central Oregon for increasing soil fertility and water holding capacity, soil health and crop 

yield by improving structure, nutrient availability and water retention. 

8-Seeding Rate and Planting Patterns Such as Ridge Furrow System and Clump Planting 

Among agronomic practices, seeding rate and planting patterns strongly affect crop stand and agronomic 

productivity. For durum wheat, Melash et al. (2023) observed a linear increase in biomass (21.5%) and grain 

yield (23.5%) with a high seeding rate. For fox millet, Meng et al. (2020) observed that ridge-furrow planting 

and increasing planting density in furrows increased the grain yield and crop water productivity. Rather than 

monoculture, maize with peanuts inter-cropping can improve soil fertility, agronomic productivity and C 

emission efficiency. In dry farming regions of China, Han et al. (2024) observed that maize-peanut rotation inter-

cropping advanced SDGs. Rather than a single seedling per hill, bunch planting, growing more seedling at one 

point, can improve WUE and minimize risks of drought (Stewart, 2004; Unger et al., 2023). Similarly, Lascano 

and Nelson (2024) recommended that planting dryland crops in a circular pattern would store more water in soil 

compared with conventional straight rows.  

V. Carbon Farming in Dryland Agriculture 

The current and projected ACC may lead to changes in rainfall patterns and amount, and increase of 

evapotranspiration. Thus, adaptation to ACC by improving SOC content  and by increasing resilience of crops 

grown in DLA to abiotic and biotic stresses can improve productivity while improving soil quality (Venkatesarlu 

and Shaknar, 2012) (Figure 3).  
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Fig. 3. Managing the water-nutrient interactions under traditional and improved systems by enhancing 

use efficiency of water, nutrients and other inputs. 

The SOC content under DLA is low and regressively declining under traditional systems of cultivation. Low 

level of SOC content is a yield-limiting factor in GDLs because of low water holding capacity and rather meagre 

reserves of plant macro and micro-nutrients. In this context, it is pertinent to enhance adaptive capability of crops 

by improving soil quality and functions which depend on SOC content.  Sequestration of atmospheric CO2 by 

retention of crop residue as mulch and input of organic amendments (cattle manure) is a land-based solution to 

restoring soil health. Sequestration of SOC can be achieved by recycling of organic residues as well as 

afforestation of denuded lands by perennial plants that have deeper and most extensive root system. In semi-arid 

environment of southern India, Srinivasarao et al. (2012a, b) assessed the mean SOC sequestration of 0.57 Mg  

C/ha /yr by improved management of Alfisols for production of groundnut. In western Australia, Wocheslander 

et al. (2016) observed that C sequestration under reforestation was 2.5 Mg/yr over the 22-year life span of 

tagasaste treatments. Of this, 1.6 Mg C/ha/ yr was in biomass and 0.9 Mg C/ha/ yr in soil to 0.9m depth. A 

modeling study in Nigeria, Sudan and Argentina by Farage et al. (2007) showed that annual rate of C 

sequestration ranged from 0.08 to 0.17 Mg C/ha/ yr over the 50-year period. Most effective practices for SOC 

sequestration included use of farmyard manure or FYM (0.09 Mg/ha/ yr), maintaining trees (0.15 Mg/ha/ yr) and 

using CA (0.04 Mg/ha/ yr). Based on a study in Western Australia, Hoyle et al. (2013) reported that SOC stock 

ranged from 33 to 128 Mg/ha, but the attainable capacity was 59 to 140 Mg/ha, which could be achieved within 

100 years. Thus, the additional storage capacity of C by as much as 5 to 45 % (7-27 Mg C/ha) can be achieved 

by adoption of site-specific BMPs. Legume-based rotations can enhance SOC stock in dryland wheat systems of 

Oregon to offset some of its annual emission (Ramirez et al., 2025). Legume-based rotations can also improve 

water retention and nutrient cycling (Vanderpol et al., 2022). Grain legumes and dryland cereals (including 

chickpea, cowpea, common beans, groundnut, lentil, pigeon pea, and soybean) can be grown in rotation with 

finger millet, pearl millet, and sorghum in drylands of Africa and SA (Kuyah et al., 2023). Controlled grazing 

and establishing fodder trees can also enhance SOC stock in depleted and degraded soils (Yaebiyo et al., 

2024).Some examples of SOC sequestration rate by adoption of BMPs are shown in Table 7. 
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Table 7. Managing biogeochemistry of soils of arid climate by soil carbon sequestration via adoption. 

Country/Region Carbon Sequestration Rate with Improved Management Reference 

USA 
Continuous cropping increased productivity and soil C 

sequestration at 78 kg C/ha/yr 
Robertson et al. (2018) 

India 

Integrated nutrient management increased soil C sequestration 

at 287 kg C/ha/yr and rates for different cropping systems 

ranged from 141 to 287 kg C/ha/yr 

Aravindh et al. (2023) 

USA 
NT did not result in increase in C sequestration and judicious 

tillage is an option for sustainable production 
Wuest et al. (2023) 

China 
Leguminous grasslands sequestered more SOCK and 

gramineous grasslands by 0.64 Mg C/ha/yr 
Liu et al. (2017) 

Australia 
Permanent pasture increases deep SOC sequestration over 

decade or longer 
Eyles et al. (2015) 

Northwest China 
N fertilizer with manure had 3 to 42% lower C footprint than 

control 
Yang et al. (2022) 

Central India 

Combination of farmyard manure and chemical fertilizers 

increased SOC stock at the rate of 0.79 Mg C/ha/yr and 

increased crop yield 

Srinivasarao et al. 

(2012) 

Northeast and North 

China 

Soil tillage and fertilization had a strong influence on SOC 

density 
Zhuo et al. (2022) 

Western Australia 

Roth C model indicated an additional SOC storage capacity of 

5-45% (7-27 Mg C/ha) depending on specific land use to 3m 

depth over 1 year 

Hoyle et al. (2013) 

Pakistan Continuous no-till increased SOC and different fractions Rehman et al. (2023) 

China Input of manure and straw increased different SOC fraction Qi et al. (2025) 

Increasing soil C content, especially SOC, is called C farming when it increases farm income through trade of C 

credits or via payment of ecosystem services or ESs (Farrell and Vadckattu, 2023; Dumbrell et al., 2016). The 

idea of C farming is to enable farmers to adapt to ACC (Asseng and Pannell, 2013) by increasing SOC stock 

which also enhances soil structure and soil nutrients (Zhang et al., 2021) and generates another income stream. 

However, farming C is a viable option only if farmers are rewarded according to the societal value of C. The low 

C price such as $15/MgCO2e in western Australia (Flugge and Abadi, 2006)  and elsewhere may not be adequate 

to motivate farmers for adopting BMPs. Social value of soil carbon must be assessed and farmers paid 

accordingly (Lal, 2014). The overall strategy is diversification of cropping system that also influences soil 

microbial biodiversity and improve soil health (Williams et al., 2023). Leguminous species can sequester more 

carbon than gramineous species in water-scarce GDLs (Liu et al., 2017).  

Researchable Priorities 

Despite fragile soils and harsh climate, GDLs have a large potential to advance SDGs of the Agenda 2030 of the 

United Nations. However, GDLs face a range of natural and anthropogenic challenges (Stringer et al., 2017) 

which must be addressed. Addressing these challenges will require greater interdisciplinarity and knowledge co-

production to advance SDGs (Stringer et al., 2017). The traditional farming systems of DLA must be improved 

by investment in science and technology that can help sustain farming systems of GDLs (Carberry et al., 2011). 

GDLs are also vulnerable to degradation even after minor disturbances aggravating challenges to restoration 

(Sevjcar and Kildisheva, 2017) which must be addressed by research on the following issues: 

  

I. Develop and conduct on-farm validation and testing of soil quality index (SQI) for these fragile soils (Parr 

and Papendick, 1997) by understanding biogeochemistry of GDLs (Osborne et al., 2022). 

II. Establish relationship between SOC stock, water productivity, and yield of diverse crops and eco-regions in 

site-specific farming systems (Wuest et al., 2023; Robertson et al., 2018). 

III. Evaluate water footprint and water productivity of diverse farming systems and eco-regions using innovative 

drip irrigation systems (Singh et al., 2022). 

IV. Assess changes in soil biotic activity and diversity (macro, meso, and micro-organisms as soil engineers) 

under diverse farming systems (Jouquet et al., 2018).  

V. Identify plant species turnover in global drylands in relation to climate changes and determine thresholds in 

environmental conditions driving shifts t in plant species 

VI. Develop and test techniques of ecological intensification under diverse eco-regions of GDLs (Garcia -

Palacias et al., 2019). 
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VII. Evaluate practical techniques of management of secondary salinization (Pannell and Ewing, 2006), and 

minimize risks of salt build up in the root zone with focus on management of soil physical properties and 

processes (Indoria et al., 2017) 

VIII. Identify industrial by-products which can be used as soil amendments in DLA (Ma et al., 2022) such as 

hydrogels (Muhammed et al., 2025).  

IX. Assess water-nutrient-C nexus or interplay in DLAs (Khattak et al., 2025) to enhance RUE and overcome 

      challenges to advancing agricultural sustainability in water -limited environments through restoration 

      of soil health and water conservation (Nilahyane et al., 2023).  

IX. Develop and assess measurement and monitoring to reduce risks of desertification (Winslow et al., 2011). 

X. XI. Establish measurement systems to quantify changes in climate under DLA systems (Huang et al., 2017) 

and to promote technology for adaptation and mitigation of climate change (Kakuman et al., 2016). 

XI. XII. Develop strategy and legal options to minimize risks of plastic pollution in GDLs (Zhang et al., 2024). 

XII.  Identify mechanisms (SOC vs. SIC) of C sequestration (Eyles et al., 2015) and how to upscale adoption 

of BMPs.  

XIII. Promote adoption of BMPs in Sub-Saharan Africa to enhance productivity (Kurkulasuirya et al., 2006).  

XIV. Site-specific identification of crops and cropping systems, both for dryland and irrigated farming, leading 

to soil C sequestration through regenerative agricultural systems for reducing environmental footprints while 

enhancing soil health (Xie et al., 2025).  

XV. Implementation of Soil Health Act at county, state and national level to reward farmers for ecosystem 

services and respect-rights-of soils and rights-of-nature (Lal, 2019) 

Conclusions 

GDLs and DLA, being  have a vast potential to enhance agronomic production advance SDGs. Despite the large 

potential, DLA has not received the attention that it deserves. Whereas there is a need for additional research in 

soil and crop management of DLA, a high priority must also be given to upscaling of proven BMPs such as CA, 

supplemental irrigation, soil fertility improvement, development and identification of improved varieties and 

species among others. Carbon farming, growing SOC and SIC in soil as a commodity that can also create 

another income stream for farmers is a high priority. Farmers must be paid according to the societal value of 

carbon and site-specific situation which in mid 2020s is about US$50 per credit. Payment for ESs can be a part 

of Soil Health Act implemented at state, national and international level. 

 

List Of Abbreviations 

GDL  Global Drylands 

DLA  Dryland Agriculture 

RUE  Resource Use Efficiency 

ACC  Anthropogenic Climate Change 

GHG  Greenhouse Gas 

BMP  Best Management Practices 

C  Carbon 

SDGs  Sustainable Development Goals 

SSA  Sub-Saharan Africa 

SA  South Asia 

CA Conservation Agriculture 

NET  Negative Emission Technology 

ESs  Ecosystem Services 

FYM  Farmyard Manure 
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