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1. Description of the practice

Soil acidity (indicated by values of pH,, < 5.5) is a serious constraint to food production worldwide (FAO and
ITPS, 2015). It occurs where hydrogen (H") ions are produced in large amounts and interact with clay particles,
releasing aluminum which in turn produces more H" ions. The production of H" ions is a natural phenomenon
caused by the reaction of CO with water, absorption of excess cation over anion nutrients by plant roots and
decomposition of organic matter, which is severe in Podzols and Histosols. Both hydrogen and aluminum are
readily adsorbed by the clay minerals releasing Ca®*, Mg>* and K* ions, which may subsequently be leached from
the soil by percolating water, leading to their deficiencies (Blum, Shad and Nortcliff, 2018).

Loss of cations is extensive in Ferralsols, Acrisols and Lixisols which cover approx. 2 185 Mha (million
hectares) worldwide (IUSS-WRB, 2015). On agricultural lands, the use of ammonical fertilizers and urea are
the most important cause of soil acidification, and besides plant nutrient deficiency the growth of many crop
plants are impaired by the presence of high toxic levels of aluminum and low phosphorus availability as result of
soil acidification (Bolan, Adriano and Curtin, 2003; Fageria and Baligar, 2008). As a result, biomass
production and carbon sequestration are diminished despite fertilizer inputs.

Liming is therefore crucial and a common practice to ameliorate soil acidity in agricultural lands (Fageria and
Baligar, 2008). It mostly consists of the application of ground limestone (calcium carbonate, lime or calcitic
lime), dolomitic ground limestone (calcium magnesium carbonate or dolomite). Soil liming provides OH- ions
to neutralize H' ions thereby decreasing aluminum toxicity with an increase in phosphorus availability and
supply of Ca®* and/or Mg?* (Bolan ez al,, 2003). Gypsum (CaSO4.H20), which is more soluble than lime but
does not change soil pH, may also be applied after liming reducing toxic levels of aluminum and to supply
calcium in the subsoil (Caires, Joris and Churka, 2011).
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2. Range of applicability

Worldwide, liming is the most common and effective practice to counteract soil acidification and it is a
prerequisite for optimal nutrient use efficiency by crop plants growing on acid soils (FAO, 2017). The efficacy
of liming in SOC sequestration is optimized if it is applied along with other management practices such as zero
tillage, crop rotation with cover crops or green manure, soil mulching with crop residue retention and balanced
fertilization. Combined management practices are key to increase crop biomass to offset faster C turnover,
hence leading to C sequestration (Briedis ez @/, 2012; Aye, Sale and Tang, 2016; Holland ez a/, 2018).
Reductions of soil organic carbon due to liming could be associated to increased mineralization parallel to the
pH increase, but progressive reversion might happen due to the influence of the increased C inputs (Paradelo,
Virto and Chenu, 2015).

3. Impact on soil organic carbon stocks

Liming contributes to soil organic carbon (SOC) sequestration mainly through increased biomass production
resulting from improved soil health. Except for the natural ecosystems, plant growth is inhibited in acid soils
due 1o toxicity of excessive H*, Mn** and AI** concentration in soil solution, low microbial activity and poor
nutrient cycling. Liming mitigates these soil constraints, thereby helping to achieve climate-driven genetic yield
potential of agricultural crops (Table ).
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Table 95. Measured effects of liming acidic soils on soil organic carbon stocks

: Climate : Baseline C stock ARLITTE(E Duration . .
Location Cohe Soil type (tC/ha) storage (Years) More information Reference
(tC/ha/yr)
16.9; Surface dolomite; one
South-Western Haplic o ! Nilsson et
oo ool 35yearoldNorway 160 10 0-40  application of 88 t/ha. 1000 /> F00
Cool
'Ih'/\erp;t)erate Chromic Surface calcitic lime; 4 t/ha
ols Luvisol: 76; every 4 years followed by Fornara et
Hertfordshire, UK it cla, permanent 0.14 129 0-23  different lime amounts to al (2011)
lann Y grassland (tO) reach pH 7. 704 mm average ’
annual rainfall
49.9; Surface dolomite + NPK; 6
, Ferralsol; | Zero till rainfed ) t/hain1993 and 3 t/hain Briedis et
Southern Brazil loamy annual crop with 051 5 0-20 2000; 1545 mm annual al (2012)
NPK (BAU) rainfall
Tropical . Incorporated dolomite; 7.08 i,
Central Brazil M ,p t Ferralsol; 183; (BAU) 176 7 0-200 | t/haand 5 t/ha gypsum Aradjo et al
015 clayey (2019)
(CaS04.2H,0)
Alfisol: 15.5: Incorporated dolomite + NPK
North-Eastern <and ' o 015 29 0-a5 2 10-cm depth; 2.5 t/ha Hati et al
India loamy irrigated annual ' dolomite every 4 years; 1450 | (2008)
crop system (tO) mm average annual rainfall
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4. Other benefits of the practice

4.1. Improvement of soil properties

Physical properties

Dispersion or flocculation of soil colloid particles may be influenced by liming due to its effect on soil pH and
Cain the soil solution. Thus, liming weathered tropical soils such as Ferralsols, especially those cultivated under
reduced tillage, leads to an improvement of soil physical properties, which in turn decrease in soil water erosion
and favouring soil C sequestration (Castro and Logan, 1991; Bolan and Hedley, 2003)

Chemical properties

Adequate liming raises P availability and significantly reduces Al and Mn toxicity; results in more vacated sites
in the soil adsorption complex to be occupied by Ca, Mg and K, thereby mitigating their losses by leaching.
Bioavailability of micronutrients such as molybdenum and boron increases with increasing soil pH up to 7.5.
However, liming needs to be done judiciously to avoid nutritional imbalances due to P-Ca immobilization and
low activity of Zn leading to yield reductions (Cregan, Hirth and Conyers, 1989; Bailey and Laidlaw, 1999;
Fageria and Baligar, 2008).

Biological properties

Activities of microbes such as rhizobia, which are beneficial because of the atmospheric N fixation or plant
growth-promoting rhizobacteria such as Azospirillium or Pseudomonas are improved in limed soils. Additions
of lime caused an increase of mites and decrease of enchytraeids worms while collembolans were unaffected.
Groups of earthworms show changes in their population numbers in soils that are limed. Also, the enzyme
nitrogenase and molybdenum availability are increased with liming, therefore affecting positively the symbiotic
nitrogen fixation by legumes (Bailey and Laidlaw, 1999, Bolan, Hedley and White, 1991, Holland ez a/., 2018).

Benefits of liming can be already observed 1 month after application, particularly on soil pHcaci2 and
exchangeable Ca + Mg (Quaggio ez @/, 1995), but the positive effects can last up to 6 years and beyond
depending on soil texture, nitrogen fertilizer and rainfall pattern (Pavan and Oliveira, 1997, Sime, 2001).

4.2. Minimization of threats to soil functions

Table 96. Soil threats

Soil threats

Losses by rainfall water in Ferralsols and Acrisols are a combination of bare soil
prone to raindrop impact leading to soil crusting, reduced water infiltration and
increased runoff. Soil liming, as part of soil and water conservation practices such as
reduced tillage with crop rotation including cover crops and contour terracing to
diminish water losses, improve soil structure which facilitates infiltrability of water
(Castro Filho et al, 1991; Haynes and Naidu, 1992).

Soil erosion
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Soil threats

Liming increases the availability of nutrients through favouring processes such as
Nutrient imbalance nitrification that govern N availability to crop plants. Also, liming reduces P

and cycles adsorption, resulting in an increase in P agronomic efficiency in many Sub-Saharan
countries (Vanlawe et al, 2015).

Although liming materials are not used for ameliorating soil salinity, calcium
Ikalinizati containing compounds will help to reduce sodium levels, which is a major constraint
alkalinization in these soils (Mukhopadhyay et a/, 2020).

Soil salinization and

There are well established studies demonstrating the potential value of liming as
immobilizing agent in reducing the bioavailability of a range of heavy metals in soils
such as cadmium and arsenic (Bolan et a/, 2003; Hong et al, 2014).

Soil contamination /
pollution

Despite considerable variation in response of soil biota to acidity, liming has been
shown to have a positive impacts on the abundance of bacteria and earthworms,
Soil biodiversity loss important in the nutrient cycling, and of fungi in recalcitrant decomposition (C
storage); abundance of soil pathogens decreased through liming with subsequent
disease regulation (Robson and Abbott, 1989; Holland et al, 2018).

It has been found that liming a sandy clay loam Ferralsol combined with gypsum
application resulted in a better organization of soil particles, increasing
macroporosity and reducing soil bulk density and penetration resistance (Carmeis et
al 2016).

Soil compaction . . .
Soil aggregates break down during wetting cycle, then set to a hard, structureless

mass during drying, leading to hardsetting and soil surface sealing. Liming improves
soil structure, thereby helps to mitigate soil sealing and hardsetting (Roth and
Pavan, 1991).

The addition of lime to a sandy loam Acrisol (pH 4.1) in Brazil has increased by 60

Soil water percent the gross water use efficiency in maize/cowpea intercropping system
compared to sole application of NPK fertilizer (Gaiser et al, 2004). In Australia,
management application of 2.9 t/ha of lime maximized the ability of pastures to utilize scarce

available water reserves of an acidic (pH 4.1) Ferralsol (Hayes et al, 2016).

4.3. Increases in production (e.g. food/fuel/feed/timber/fibre)

The application of an appropriate rate of lime brings several chemical and biological changes in the soil and
increases root growth, which are beneficial or helpful in improving food, feed or fuel crop yields on acid soils.
Optimum base saturation in soil is very critical to achieve climate-driven genetic yield potential of agricultural
crops, which is both soil and crop dependent. For Ferralsols, the desired optimum base saturation for most
cereals is in the range of 50 - 60 percent, and for legumes it is in the range of 60-70 percent, which, when
reached, places the productivity of these crops among the highest in the world (Sanchez and Salinas, 1981;
Fageria and Baligar, 2001).
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With regard to Al saturation, about 90 percent of maximum maize yield was obtained at 29 percent Al saturation
in Ferralsols and Acrisols. In Rwandan Ferralsols, yields of wheat, beans and potatoes were significantly
increased by liming (Yamoah, Burleigh and Eylands, 1992). Sandy Cambisols in Zimbabwe when limed
produced large increase in groundnut (Arachis hypogaea) yield, an important component in the diet of the rural
population (Murata ez @/, 2002). In the central highlands of Ethiopia, combined applications of 1.65 t/ha lime
and 30 kg/ha P fertilizer increased barley yield of an acid (pH < 5.0) Nitisol (Desalegn ez @/, 2017).

4 4. Mitigation of and adaptation to climate change

Liming can be a source or sink for COs, depending on whether reaction occurs with strong acids or carbonic
acid (Kunhikrishnan ez @/, 2016). On the other hand, particularly under zero tillage, liming provides an
opportunity for NoO and CH4 mitigation (Baggs, Smales and Bateman, 2010; Garcia-Marco ez al., 2016). The
strategy of soil C sequestration involves return of the biomass to the soil in excess of the mineralization capacity
and to enhance formation of organo-mineral complexes or stable micro- and macroaggregates (Lal, 2003).
Agricultural lands showing chemical degradation by processes such as increasing soil acidity can be restored
through liming, when in combination with other best management practices. Compared to acidic soils, limed
soils contain more biomass above- and belowground and therefore they have higher soil C stocks. From a
perspective of adaptation to climate change, regular liming applications with zero tillage and integrated crop-
livestock maintain soil surface permanently covered (soil mulching) keeping soil moisture for several days
whenever a dry spell of up to 20 days happens.

4.5. Socio-economic benefits

Unlike many fertilizers, lime has a strong carryover. In western Kenya, lime at 2, 4 and 6 t/ha maintained pH =
5.5 of an Acrisol for 2, 3 and 4 years, respectively. It has been observed in a clayey Ferralsol in Central region
of Brazil, that after 4 years with eight crop cycles (rice (Oryza spp.) , common bean , maize (Zea mays), and
soybean (Glycine max)), the soil pH and the levels of Ca and Mg were still adequate to maintain crop yields at an
optimal level. From an economic perspective, liming is a capital investment rather than an operating input
because of its long-term benefits (Lukin and Epplin, 2003; Fageria and Baligar, 2008; Kisinyo ez @/, 2014).

4.6. Other benefits of the practice

Lime requirement

Methods to assess lime requirement are based on soil pH, base saturation, and aluminum saturation adjustments
at appropriate levels according to the crop demands and expected yields. Care should be taken, however, on
lime requirement based only on exchangeable aluminum, since it is controlled by the soil-specific relationship
between exchangeable aluminum and the non-aluminum toxicity and mineralogical soil properties. For many
Ferralsols and Acrisols, exchangeable aluminum accounts for a small part of the total soil acidity (Cregan, Hirth
and Conyers, 1989; Cantarella, van Raij and Quaggio, 1998; Fageria and Baligar, 2008).
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Lime quality

The quality of a liming material is determined by its neutralizing value (NV) and its particle size. Fine particle
limestone with an NV of 98 percent has high ability to neutralise acidity. However, coarse lime material react
slower than fine particle lime and the need to repeat soil liming may be extended.

Timing of application

Soil moisture is critical to the reaction of limestone, thus rainfall patterns in the area should be monitored and
used as a guide. As limestone shows lower solubility compared to some fertilizers, allow several weeks for
reaction in the acidic soil, particularly Ferralsol and Acrisol before sowing time and NPK fertilizer application.

5. Potential drawbacks to the practice

5.1. Tradeoffs with other threats to soil functions

A common tradeoff'is observed when lime is unevenly broadcasted, especially at large rates (> 4 t/ha) on the soil
surface (overliming) leading to pH higher than 6.5.

Table 97. Soil threats

Soil threats

Overliming can cause P deficiency due to high levels of Ca and also
Nutrient imbalance | significantly reduce the plant availability of micronutrients (Zn, Cu, Fe, and
and cycles Mn), which decreases with increasing pH, particularly over 6.5 (Bolan et al,
2008)

In some soils with high levels of molybdenum, overliming may increase Mo
uptake by crop plants causing Mo toxicity, especially in ruminants
(molybdenosis) (Bolan et al, 2003).

Soil contamination
/ pollution

Aluminum solubility is minimal in the pH range of 5.5-6.5, but when pH is
close to 7.0 it becomes increasingly soluble as the negatively charged
aluminate form and can be taken up by crop plants decreasing crop yield
(Fageria and Baligar, 2008).

Soil acidification

5.2. Increases in greenhouse gas emissions

Mitigation of NoO emissions from soils are optimized if the soil moisture of the limed soils is kept around the
field capacity. On the other hand, liming shows variable effects on soil CH4 uptake rate (Kunhikrishnan ez @/,
2016).
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5.3. Conflict with other practice(s)

Liming is most commonly practiced to overcome the impact of soil acidification on crop yield. However, an
integrated approach involving liming, management practices such as use of less-acidifying fertilizers, improved
nutrient use efficiency, reduced nutrient losses by leaching or product removal by harvest, and increased plant
tolerance will probably be necessary, particularly where the acidification potential is high and acidification is
likely to extend into the subsoil (Bolan and Hedley, 2003).

5.4. Decreases in production (e.g. food/fuel/feed/timber/fibre)

Overliming can cause nutrient deficiencies, leading to a reduction in crop production (e.g, lime-induced iron
chlorosis) (Bolan ez al, 2008).

5.5. Limitation of the practice

Acid sulfate soils are a natural soil type existing as a result of the oxidation process of metal sulphides such as
pyrite (FeS,) (Andriesse and van Mensvoort, 2006). These soils have a sulfuric horizon or a sulfidic material
occurring in the coastal lowlands of Southeast Asia (Indonesia, Thailand, Vietnam), West Africa (Senegal, The
Gambia, Guinea Bissau, Sierra Leone, Liberia) and along the north-eastern coast of South America (the
Bolivarian Republic of Venezuela, the Guianas). The world extent of both coastal and inland acid sulfate soils is,
however, not yet well quantified. In Australia it is estimated at ~22 Mha (IUSS-WRB, 2015; Fanning,
Rabenhorst and Fitzpatrick, 2017). It is generally not easy and cost-effective to neutralize acid sulfate soils
using liming materials mainly because of the continuous release of sulfuric acid. Normally, acid sulfate soils are
managed by keeping them submerged thereby not allowing them to get exposed to air. Reducing the oxidisation
potential of metal sulfides in soils to form acid sulfate soils zones is the current preferred mitigation strategy
(Gurung ez al., 2017). If sufficient water and substantial investment for its management is available, rice can be
cultivated on these problem soils. About 3.0 Mha of rice is cultivated on acid sulfate soils in Asia (2.9 Mha),
Africa (0.5 Mha) and Americas (0.4), which are closely associated with deepwater/ mangrove environments and
rainfed lowlands (Haefele, Nelson and Hijmans, 2014). In Malaysia, the several steps of amelioration for rice
cultivation include correct water management to prevent pyrite oxidation by maintaining water table level above
the pyrite layers, liming at appropriate rate (~2.5 tha'), adequate fertilizer/organic matter application and
keeping the soil submerged as long as possible before transplanting (Suswanto ez @/, 2007).

6. Recommendations before implementing the practice

Before any application of lime to acid soils, it is strongly recommended to have the soil sampled and analyzed
according to recommendations provided by the local/regional extension agent or a soil expert familiar with the
soil properties of the region. Also, lime specifications must comply with local/regional regulations.
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7. Potential barriers for adoption

Table 98. Potential barriers to adoption

Barrier

YES/NO |

Lime application can lead to release of CO; resulting from the

Biophysical Yes dissolution of lime (Kunhikrishnan et al 2016).

There is still a poor understanding of the values of regular liming of soils
Cultural Yes that are subjected to continuous acidification such as legume-based
grazed pastures (Bolan et al, 1991).

In the Zambian farming districts of Mkushi and Sowezi although
smallholding farmers knew the benefits of using lime and that uptake
Social No of agricultural lime could be encouraged, the main constraints on the
use of lime were the absence of soil testing and a lack of cash in the
rural economy (Mitchell, 2005).

Although lime deposits are available in most countries affected by soil
acidity in Sub-Saharan Africa, the cost effectiveness of liming,
Economic Yes especially in relation to transport and the commonly required high
application rates, is likely to negatively affect the adoption of this
practice (Vanlawe et al, 2015).

The lack of soil testing facilities is a barrier for adoption of the practice
in many regions. Additionally, developing lime supply chains from
scratch is difficult and costly (Mitchell, 2005; Bossuet, Chamberlin and
Warner, 2019).

Institutional Yes

There is still a lack of knowledge on the beneficial effects of regular
Knowledge Yes liming on soil health and productivity, including constraints of
estimating lime requirement (Bolan et a/, 2003).

The main source of agricultural lime is limestone deposit, whose
Natural

Yes frequency varies and quality-grade dolomite may be scarce (DMRE,
resource
2003).
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Photos of the practice

Photo 28. Liming acidic Ferralsol under grass pasture and annual crop in Brazil.

Table 99. Related cases studies available in volumes 3 and 5.

Duration Case-
of study | Volume study

(Years) \[e}

Increasing Yield and Carbon Sequestration k?:grica and
in a Signalgrass Pasture by Liming and th 6 3 32
Fertilization in Sao Carlos (SP, Brazil) e.

Caribbean

289 RECARBONIZING GLOBAL SOILS



References

Andriesse, W. & van Mensvoort, M.E.F. 2006. Acid sulfate soils: Distribution and extent. /z R. Lal (Ed.)
Lncyclopedia of Soil Science. pp. 14-19. New York, USA, Taylor and Francis Group.

Aratjo, L.G., Sousa, D.M.G. de, Figueiredo, C.C. de, Rein, T.A., de Souza Nunes, R., Santos Junior, J.
de D.G. dos & Malaquias, J.V. 2019. How does gypsum increase the organic carbon stock of an Oxisol
profile under sugarcane? Geoderma, 343: 196-204. hups://doi.org/10.1016/j.geoderma.2019.02.029

Aye, N.S., Sale, P.W.G. & Tang, C. 2016. The impact of long-term liming on soil organic carbon and
aggregate stability in low-input acid soils. Biology and Fertlity of Soils, 52: 697-709.
https://doi.org/10.1007/500374-016-1111-y

Baggs, E.M., Smales, C.L. & Bateman, E.J. 2010. Changing pH shifts the microbial source as well as the
magnitude of NaO emission from soil. Biology and Feruliry of Soils, 46: 793-805.
https://doi.org/10.1007/500374-010-0484-6

Bailey, J.S. & Laidlaw, A.S. 1999. The interactive effects of phosphorus, potassium, lime and molybdenum
on the growth and morphology of white clover (77¢folium repens L.) at establishment. Grass and Forrage
Science, 54: 69-76. https://doi.org/10.1046/1.1365-2494.1999.00159 x

Blum, W.E.H., Shad, P. & Nortcliff, S. 2018. Lssenzials of soil science: So formation, functions, use and
classification (World Reference Base, WRB). Stuttgart, Borntraeger Science Publishers.

Bolan, N.S., Adriano, D.C. & Curtin, D. 2003. Soil acidification and liming interactions with nutrient and
heavy metal transformation and bioavailability. Advances in Agronomy, 78: 215-272.
htps://doi.org/10.1016/50065-2113(02) 78006-1

Bolan, N.S., Hedley, M.J. & White, R.E. 1991. Processes of soil acidification during nitrogen cycling with
emphasis on legume-based pastures. Plant and Soi, 134(1): 53-63. https://doi.org/10.1007/978-94-
011-3438-5_18

Bolan, N.S. & Hedley, M.J. 2003. Role of carbon, nitrogen and sulfur cycles in soil acidification. /2 Z.
Rengel (Ed.) Handbook of Soil Acidiry, pp. 29-52. New York, USA, Marcel Dekker, New York.

Bolan, N.S., Rowarth, J., de laLuzMora, M., Adriano, D. & Curtin, D. 2008. Biological transformation
and bioavailability of nutrient elements in acid soils as affected by liming. /z R. Naidu (Ed.) Chemical
Bioavailability in Terrestrial Environments. pp. 413-446. Amsterdam, The Netherlands, Elsevier Science
Limited.

Bossuet, J., Chamberlin, J. & Warner, J. 2019. New tools guide interventions against acid soils in Africa
using lime [online]. [Cited 19 July 2020]. https://www.cimmyt.org/blogs/new-tools-guide-interventions-

against-acid-soils-in-africa-using-lime/

VOLUME 3: CROPLAND, GRASSLAND, INTEGRATED SYSTEMS AND FARMING APPROACHES 283
PRACTICES OVERVIEW



Briedis, C., S4, J.C. de M., Caires, E.F., Navarro, J. deF., Inagaki, T.M., Boer, A., Ferreira, A. de O.,
Neto, C.Q., Canalli, L.B. & Santos, J.B. dos. 2012. Changes in Organic Matter Pools and Increases in
Carbon Sequestration in Response to Surface Liming in an Oxisol under Long-Term No-Till. Soi/ Science
Society of America Journal, 76(1): 151-160. https://doi.org/10.2136/sss2j2011.0128

Caires, E.F., Joris, H.A.W. & Churka, S. 2011. Long-term effects of lime and gypsum additions no no-till
corn and soybean yield and soil chemical properties in southern Brazil. Sod/ Use and Management, 277:45-53.
htps://doi.org/10.1111/§.1475-2743.2010.00310.x

Cantarella, H., van Raij, B. & Quaggio, J.A. 1998. Soil and plant analysis for lime and fertilizer
recommendations in Brazil. Communications in Soil Science and Plant Analysis, 29: 1691-1706.
https://doi.org/10.1080/00103629809370060

Carmeis Filho, A.C.A., Crusciol, C.A.C., Guimaraes, T.M., Calonego, J.C. & Mooney, S.]. 2016.
Impact of amendments on the physical properties of soil under tropical long-term no till conditions. PLOS
ONE, 12(2): €0173011. htps://doi.org/10.1371/journal.pone.0167564

Castro, C. & Logan, T.]J. 1991. Liming Effects on the Stability and Erodibility of Some Brazilian Oxisols.
Soil Science Society of America Journal, 55(5): 1407-1413.
https://doi.org/10.2136/sssaj1991.03615995005500050034x

Castro Filho, C., Henklain, J.C., Vieira, M.J., Casao Jr., R. 1991. Tillage methods and soil and water
conservation in southern Brazil. Soi/ and Tillage Research, 20: 271-283. https://doi.org/10.1016/0167-
1987(91)90043-W

Cregan, P.D., Hirth, J.R. & Conyers, M.K. 1989. Amelioration of soil acidity by liming and other
amendments. /z A.D. Robson (Ed.) Soi Acidity and Plant Growth. pp. 205-264. Sydney, Australia,
Academic Press.

Desalegn, T., Alemu, G., Adella, A., Debele, T. & Gonzalo J. 2017. Effect of lime and phosphorus
fertilizer on acid soils and barley (Hordewum vulgare L..) performance in the central highlands of Ethiopia.
FEaperimental Agriculture, 53(3): 432-444. htps://doi.org/10.1017/50014479716000491

DMRE. 2003. 4 Review of the Dolomite and Limestone Industry in South Africa. Report, R43. Pretoria,
South Africa, Department of Mineral Resources and Energy. 11p.

Fageria, N.K. & Baligar, V.C. 2001. Improving nutrient use efficiency of annual crops in Brazilian acid soils
for sustainable crop production. Communications in Soil Science and Plant Nutrition, 32(7-8): 1303-1319.
https://doi.org/10.1081/CSS-100104114

Fageria, N.K. & Baligar, V.C. 2008. Ameliorating soil acidity of tropical Oxisols by liming for sustainable
crop production. Advances in Agronomy, 99: 345-399. hups://doi.org/10.1016/50065-
2113(08)00407-0

Fanning, D.S., Rabenhorst, M.C. & Fitzpatrick, R.W. 2017. Historical developments in the
understanding of acid sulfate soils. Geoderma, 308: 191-206.
https://doi.org/10.1016/j.geoderma.2017.07.006

9284 RECARBONIZING GLOBAL SOILS



FAO &ITPS. 2015. Status of the world s soil resources (SWSR) - Main Report. Rome, Italy, Food and
Agriculture Organization of the United Nations and Intergovernmental Technical Panel on Soils.

FAQ. 2017. Voluntary Guidelines for Sustainable Soil Management. Rome, Italy, Food and Agriculture
Organization of the United Nations.

Fornara, D.A., Steinbeiss, S., McNamara, N.P., Gleixner, G., Qakley, S., Poulton, P.R., Macdonald,
A.J. & Bardget, R.D. 2011. Increases in soil organic carbon sequestration can reduce the global warming
potential of long-term liming to permanent grassland. Global Change Biology, 17: 1925-1934.
https://doi.org/10.1111/j.1365-2486.2010.02328 x

Gaiser, T., Barros, 1., Lange, F.-M. & Williams, J.R. 2004. Water use efficiency of a maize/cowpea
intercrop on a highly acidic tropical soil as affected by liming and fertilizer application. Plant and Soil, 263:
165-171. hups://doi.org/10.1023/B:PLSO.0000047733.98854.9f

Garcia-Marco, S., Abalos, D., Espejo, R., Vallejo, A. & Mariscal-Sancho, I. 2016. No tillage and liming
reduce greenhouse gas emissions from poorly drained agricultural soils in Mediterranean regions. Sczence of
the Towal Environment, 566-657: 512-520. htips://doi.org/10.1016/].scitotenv.2016.05.117

Gurung, S.R., Wijesekara, H., Seshadri, B., Stewart, R.B., Gregg, P.E.H. & Bolan, N.S. 2017. Sources
and management of acid mine drainage. /z N.S. Bolan, M.B. Kirkham & Y.S. Ok (Eds.) Spod 10 Soil: Mine Size
Rehabilitation and Revegetation. pp. 33-56. Boca Raton, USA, CRC Press.

Haefele, S.M., Nelson, A. & Hijmans, R.J. 2014. Soil quality and constraints in global rice production.
Geoderma, 235-236: 250-259. hps://doi.org/10.1016/j.geoderma.2014.07.019

Hati, K.M., Swarup, A., Mishra, B., Manna, M.C., Wanjari, R.H., Mandal, K.G. & Misra, A.K. 2008.
Impact of long-term application of fertilizer, manure and lime under intensive cropping o physical properties
and organic carbon content of an Alfisol. Geoderma, 148: 173-179.
https://doi.org/10.1016/j.geoderma.2008.09.015

Hayes, R.C., Guangdi, D.L., Conyers, M.K., Virgona, J.M. & Dear, B.S. 2016. Lime increases
productivity and the capacity of lucerne (Mendicago sativa L..) and phalaris (Phalaris aquatica 1..) to utilize
stored soil water on acidic soil in southern-castern Australia. Plant and Soil, 400: 29-43.
https://doi.org/10.1007/s11104-015-2706-z

Haynes, R.J. &Naidu, R. 1992. Influence of lime, fertilizer and manure applications on soil organic matter
content and soil physical conditions: a review. Nutrient Cycling in Agroecosystems, 51: 123-137.
hups://doi.org/10.1023/A:1009738307837

Holland, J.E., Bennett, A.E., Newton, A.C., White, P.J., McKenzie, B.M., George, T.S., Pakeman,
R.J., Bailey, J.S., Fornara, D.A. & Hayes, R.C. 2018. Liming impacts on soils, crops and biodiversity in the
UK: areview. Science of the Total Environment, 610-611: 316-332.
https://doi.org/10.1016/j.scitotenv.2017.08.020

VOLUME 3: CROPLAND, GRASSLAND, INTEGRATED SYSTEMS AND FARMING APPROACHES 285
PRACTICES OVERVIEW



Hong, C.0., Owens, V.N.,Kim, Y.G., Lee, S.M., Park, H.C., Kim, K.K., Son, H.]J., Suh, J.M. & Kim,
P.J. 2014. Soil pH effect on phosphate induced cadmium precipitation in arable soil. Bulletin of
Lnvironmental Contamination and Toxicology, 93: 101-105. https://doi.org/10.1007/s00128-014-
1273~y

IUSS-WRB. 2015. World Reference Base for Soil Resources 2014, update 201 5. International soi
classification system for naming soils and creating legends for soil maps. World Soil Resources Reports, No.
106. Rome, Italy, Food and Agriculture Organization of the United Nations.

Kisinyo, P.0O., Othieno, C.0., Gudu, S.0., Okalebo, J.R., Opala, P.A.,Ng’etich, W.K., Nyambati,
R.0.,Ouma, E.O., Agalo, ].J., Kebeney, S.J., Too, E.]., Kisinyo, J.A. & Opile, W.R. 2014. Immediate
and residual effects of lime and phosphorus fertilizer on soil acidity and maize production in western Kenya.
FEaperimental Agriculiure, 50(1): 128-143. https://doi.org/10.1017/50014479713000318

Kunhikrishnan, A., Thangarajan, R., Bolan, N.S., Xu, Y., Mandal, S., Gleeson, D.B., Seshadri, B.,
Zaman, M., Barton, L, Tang, C., Luo, J., Dalal, R., Ding, W., Kirkham, M.B. & Naidu, R. 2016.
Functional relationships of soil acidification, liming, and greenhouse gas flux. Advances in Agronomy, 39.
http://dx.doi.org/10.1016/bs.agron.2016.05.001

Lal, R. 2003. Offsetting global CO3 emissions by restoration of degraded soils and intensification of world
agriculture and forestry. Land Degradation & Development, 14: 309-322.
https://doi.org/10.1002/1dr.562

Lukin, V.V. & Epplin, F.M. 2003. Optimal frequency and quantity of agricultural lime applications.
Agriculural Systems, 76: 949-967. htps://doi.org/10.1016/50308-521X(02)00016-1

Mitchell, C.J. 2005. FarmLime: Low-cost lime for small-scale farming. British Geological Survey
Commissioned Report CR/03/066N. Nottingham, UK, NERC, 124p.

Mukhopadhyay, R., Sarkar, B., Jat, H.S., Sharma, P.C. & Bolan, N.S. 2020. Soil salinity under climate
change: Challenges for sustainable agriculture and food security. Journal of Environmental Management:
111736. https://doi.org/10.1016/j.jenvman.2020.111736

Murata, M.R., Hammes, P.S. & Zharares, G.E. 2002. Soil amelioration effects on nutrient availability and
productivity of groundnut on acid sandy soils of Zimbabwe. £xperimental Agriculiure, 38: 317-331.
https://doi.org/10.1017/50014479702003058

Nilsson, S.1., Andersson, S., Valeur, L., Persson, T., Bergholm, J. & Wirén, A. 2001. Influence of
dolomite lime on leaching and storage of C, N and S in a Spodosol under Norway spruce (Picea abeis (L.)
Karst.). Forest Ecology and Management, 146: 55-73. https://doi.org/10.1016/50378-1127(00)004.52-
7

Paradelo, R., Virto, I. & Chenu, C. 2015. Net effect of liming on soil organic carbon stocks: a review.
Agriculture, Ecosystems and Environment, 202: 98-107. https://doi.org/10.1016/j.agee.2015.01.005

Pavan, M.A. & Oliveira, E.L. 1997. Manejo da acidez do solo. Circular, 95. Londrina, Brazil, IAPAR. 86p.

286 RECARBONIZING GLOBAL SOILS



Quaggio, J.A, Gallo, P.B. & Mascarenhas, H.A.A. 1995. Agronomic efficiency of limestones with different
acid-neutralizing capacity, under field condition. /2 R.A. Date, G.E. Grudun, G.E. Rayment & M.E. Probert
(Eds.) Plant Interactions at Low pH. pp. 491-496. Dordrecht, The Netherlands, Springer.
hups://doi.org/10.1007/978-94-011-0221-6

Robson, A.D. & Abbott, L.K. 1989. The effect of soil acidity on microbial activiti in soils. Zz A.D. Robson,
(Ed.) Sod Acidity and Plant Growth. pp. 139-166. Sydney, Australia, Academic Press.

Roth, C.H. 1992. Soil sealing and crusting in tropical South America. /z M.A. Sumner & B.A. Stewart (Eds.)
Soil Crusting: Chemical and Physical Processes. pp. 267-300. Advances in Soil Sciences, Boca Raton, USA,
Lewis Publishers.

Roth, C.H. & Pavan, M.A. 1991. Effects of lime and gypsum on clay dispersion and infiltration in samples of
a Brazilian Oxisol. Geoderma, 48, 351-361. hups://doi.org/10.1016/0016-7061(91)90053-V

Sanchez, P.A. & Salinas, J.G. 1981. Low-input technology for managing Oxisols and Ultisols in tropical
America. Advances in Agronomy, 34: 279-406. https://doi.org/10.1016/50065-2113(08)60889-5

Sime, D. 2001. Lime: The essential element in New Zealand agriculture. Kaitaia, Northland Lime Millers
Association. 48p.

Suswanto, T., Shamshuddin, J., Syed Omar, S.R., Peli, M. & Teh, C.B.S. 2007. Effects of lime and
fertilizer application in combination with water management on rice (Oryza sativa) cultivated on an acid
sulfate soil. Malaysian Journal of Soil Science, 11: 1-16.

Vanlawe, B., Descheenmaeker, K., Giller, K., Huising, J., Merckx, R., Nzuguheba, G., Wendt, J. &
Zingore, S. 2015. Integrated soil fertility management in sub-saharan Africa: unravelling local adaptation.
Sod, 1: 491-508. hips://doi.org/10.5194/s0il-1-491-2015

Yamoah, C.F., Burleigh, J.R. & Eylands, V.J. 1992. Correction of acid infertility in Rwandan Oxisols with
lime from an indigenous source for sustainable cropping. £xperimental Agriculiure, 28: 417-424.
hups://doi.org/10.1017/50014479700020123

VOLUME 3: CROPLAND, GRASSLAND, INTEGRATED SYSTEMS AND FARMING APPROACHES 287
PRACTICES OVERVIEW



