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particle size, specific surface area and porosity indicating that both soil-biochar inter-particle 25 

and biochar intra-particle pores are important factors. To achieve optimum water relations in 26 

sandy soils (>60% sand and <20% clay), biochar with a small particle size (<2 mm) and high 27 

specific surface area and porosity should be applied. In clayey soil (>50% clay), <30 t/ha of a 28 

high surface area biochar is ideal.  29 

Keywords: Pyrolysis condition, soil texture, particle size, available water capacity, 30 

hydraulic conductivity. 31 

1. Introduction 32 

As a key soil hydraulic property that controls soil management and functioning in ecosystems, 33 

soil water retention is crucial for agriculture and the ecosystem. It is important for nutrient 34 

delivery to plant and overall crop productivity. About 99% of food for human consumption 35 

comes from land (FAO, 2003) and as climate change and population growth (expected world 36 

population of 9.2 billion by 2050 (U.N. Population Division, 2008)) have been predicted to 37 

limit water supply, especially in arid regions (Niang, 2014), severe food shortages are likely. 38 

Over the past 100 years, global mean surface air temperatures have risen by more than 0.5°C 39 

(Niang, 2014) with consequential implications for soil water availability. A rise in temperature 40 

and decrease in atmospheric precipitation would increase the soil evapotranspiration rate and 41 

lead to a decrease in soil water infiltration, storage and plant water supply, which would 42 

increase drought sensitivity (Varallyay, 2010; Karmakar et al., 2016). Using the IPCC climate 43 

estimates for all climate scenarios up until 2050, some authors have projected a decreasing 44 

trend in soil water availability (Komuscu et al., 1998; Holsten et al., 2009). Therefore, solutions 45 

addressing the issue of soil water retention are urgently needed. Recent studies have 46 

highlighted biochar as a promising tool for increasing the soil moisture content (Basso et al. 47 

2013; Kameyama et al. 2019; Lim et al. 2016; Liu et al. 2017). 48 
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added to soils than a blend of paper sludge and wheat husk biochar. To understand how biochar 99 

affects soil water properties we must understand the specific characteristics of biochar that 100 

influence these changes. Understanding the mechanisms is important for reliable prediction of 101 

when and by how much biochar will improve soil water properties. 102 

Thus, in this study, we performed a meta-analysis (MA) of published literature data to quantify 103 

the effect of biochar with different characteristics on soil water properties. A comprehensive 104 

quantitative MA of published data is vital to provide a clear picture of the properties of biochar 105 

that enhance its ability to improve soil moisture retention and to highlight areas where further 106 

research is needed. The utilization of MA in our article takes into consideration different studies 107 

involving a range of soil properties, biochar properties as well as management conditions. The 108 

results from this study are essential for informing biochar applications and for sound science-109 

based policy making. 110 

2. Materials and Methods 111 

2.1. Data collection 112 

An extensive literature search was performed using key words such as: biochar and soil 113 

physical properties and/or hydraulic properties, and/or water retention, and/or available water 114 

capacity, and/or moisture characteristics. The treatment and control were established as being 115 

identical for this MA with regards to all variables other than the addition of biochar. Therefore, 116 

only studies including a control (no biochar) and biochar treated soils were collected. Out of 117 

150 published studies reviewed, 37 articles were selected that provided sufficient amount of 118 

reliable data on biochar-soil moisture effects (Table 1). Relevant data were retrieved from these 119 

studies regarding: soil texture, soil particle size distribution, rate of biochar application, 120 

feedstock, pyrolysis condition and biochar properties (particle size, specific surface area, 121 

porosity, skeletal density, bulk density, ash content, pH and elemental content). For cases 122 
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3.5. Comparison between the effect of various biochar parameters on soil water 281 

properties of coarse and fine textured soils 282 

Figures 5, S1, S2 & S3 show the different effects of biochar addition to soil on AWC, FC, Ksat, 283 

TP and BD for different soil textures broadly classified as coarse (soil texture grouped into 284 

sand) and fine textured soils (soil texture grouped into clay). Figures S1, S2 & S3 are included 285 

as supplementary information. 286 

In general, the effect of biochar on AWC and FC was greater for coarse-textured soils (increase 287 

by 31.4 and 17.6%) than fine textured soils (increase by 13.6 and 6.1%). In fine-textured soil, 288 

the effect of biochar on AWC did not vary among various biochar properties except for the rate 289 

of application. AWC in treatments with <30 t/ha increased by 16.4% while there was no 290 

difference for treatments with 71-200 t/ha when compared to the control (Fig 5a). In  coarse-291 

textured soil biochar application rates of 30-70 t/ha increased AWC and FC by 23.5% and 292 

36.78% compared to <30 t/ha application rate (Fig 5a and S1). Although no significant effect 293 

was observed between the various type of feedstocks on the AWC of both fine and coarse 294 

textured soils, for the coarse textured soil, all feedstock types increased AWC with woody 295 

feedstock having the greatest effect (33.3%). For fine textured soil,  crop residue feedstock did 296 

not significantly change the AWC. The specific surface area of biochar did not affect the AWC 297 

and FC of fine-textured soils but it did affect coarse textured soils where AWC and FC 298 

increased with greater SSA. Assessment of the effect of biochar particle size showed that a 299 

small biochar particle size (<2mm) is essential to increase the AWC of coarse-textured soil 300 

(Fig 5a). 301 

There was an obvious difference between the effect of biochar on Ksat of coarse and fine 302 

textured soils (Fig 5b). In general, biochar increased the Ksat of fine-textured soil by 39.3% and 303 

reduced that of coarse-textured soil by 61.8%. At application rate of <30 t/ha addition of 304 
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effect as shown by our MA (Fig. 5). Studies that compared the effect of biochar in different 379 

soil textures reported a greater benefit in sandy soils relative to clayey soils (Ajayi and Horn, 380 

2016; Kinney et al., 2012; Mollinedo et al., 2015).  381 

An interesting result from this study is the increase in Ksat of fine-textured soils, while the Ksat 382 

of coarse-textured soils decreased (Fig 1). This likely explained by modifications of 383 

macroporosity and microporsity of the different soil textures (Fig S2). Soil hydraulic 384 

conductivity is controlled by pore size, geometry and distribution and not only by the total soil 385 

porosity. Coarse textured soils have a higher Ksat than fine-textured soils even though their total 386 

porosity is lower (Schoonover and Crim, 2015). This is because coarse soils have large pore 387 

sizes; large and continuous pores have greater hydraulic conductivity (Karahan and Ersahin, 388 

2016). Addition of biochar to coarse-textured soil lead to a shift from macro-pores 389 

(transmission pores) to meso/micro-pores (storage pores) reducing its Ksat and increasing 390 

moisture retention. In fine-textured soils (especially if compacted due to poor management), 391 

biochar addition leads to a shift from ultramicro-pores to micro and macro-pores, and an 392 

increased formation of macro aggregates effectively opening up the soil structure and 393 

increasing its Ksat (Amer et al., 2009; David, 2003; Zaffer and Sheng-Gao, 2015). Although 394 

biochar had relatively little effect on the AWC of fine-textured soils in our MA, it was able to 395 

increase its Ksat, which is very important for water penetration. Soils with very high clay content 396 

are easily prone to compaction due to poor management, which can restrict movement of water 397 

in the soil and thus increase the risk of runoff. An increase in Ksat with biochar addition can 398 

help mitigate these problems.  399 

The observed changes in soil water properties were also related to biochar application rates. A 400 

linear increase in AWC with application rate and reduction in Ksat have been reported in many 401 

studies even with high application rates of about 400 t/ha (Bruun et al., 2014; de Melo Carvalho 402 

et al., 2014; Lim et al., 2016). In contrast, Obia et al. (2016) reported no significant changes in 403 
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on Ksat compared to biochar from crop residues could be a result of its greater surface area and 428 

porosity increasing its ability to control soil water functions (Wang et al., 2013). The porosity 429 

of biochar made from woody feedstock has been found to be greater than that of crop residue 430 

(Punnoose and Anitha, 2015). This is due to the differences in the biomass cell structure, shape, 431 

size and composition. Kinney et al. (2012) reported a higher FC for a sandy soil using an apple 432 

wood biochar over a magnolia leaf biochar both pyrolyzed at 400°C at 3 different rates of 2, 3 433 

and 7% by weight. Other individual studies (Burrell et al., 2016) and a MA study by Omondi 434 

et al. (2016) reported a significant increase in AWC using a crop residue biochar over a woody 435 

biochar. In our MA, we could not confirm this result. These inconsistencies point to the fact 436 

that feedstock alone may not be enough to determine the efficacy of biochar for improving soil 437 

water properties. Even amongst similar feedstock, varying biochar effect can be obtained 438 

(Suliman et al., 2017). 439 

None of the pyrolysis conditions including temperature influenced the effect of biochar on all 440 

the investigated soil properties (Fig 2). This could be due to the grouping of pyrolysis 441 

temperature into 2 which was based on the available literature. In other studies, however, 442 

AWC, FC and Ksat were greatest when biochar produced at a higher temperature (>500°C) was 443 

used (Kinney et al., 2012; Omondi et al., 2016). The increase in soil water retention properties 444 

by addition of biochar produced at high temperature (600 -700°C) over that produced at low 445 

temperature (300 - 400°C) in other studies was attributed to the increase in biochar porosity as 446 

pyrolysis temperature increased (Jeffery et al., 2015; Lei and Zhang, 2013). While, many 447 

studies show that higher pyrolysis temperature increase the overall pore space of biochar, the 448 

pore size relevant for plant available water storage does not seem to increase (Gray et al., 2015; 449 

Hyväluoma et al., 2018a; Hyväluoma et al., 2018b). This clearly demonstrates that pyrolysis 450 

temperature is of less importance for soil water retention as confirmed by our MA.  451 
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a greater effect on water retention in soils with higher sand content. The results also showed 549 

that neither feedstock nor pyrolysis temperature alone are sufficient to predict the performance 550 

of biochar in different soils. Biochar physical characteristics such as particle size, SSA and 551 

porosity were the key factors. Furthermore, both inter-particle pore space and intra-particle 552 

pore space play a very important role in biochar-soil water relations.  553 

Future research needs to focus on long-term field trials, effect of biochar ageing on soil water 554 

retention, optimum application rate of biochar in different soils and the relationship between 555 

surface functionality and biochar performance. Such understanding would enable development 556 

of low-dose-high efficiency applications. Such applications, where relatively small amounts of 557 

biochar generate a large effect on soil water retention, are the most likely to be adopted in 558 

practice. This MA signposts the directions for future research on these critical aspects.559 
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Table 1: Literature Database 
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Abel et al., 2013 X X   X X X  X    loamy sand X   X  X 

Ajayi and horn, 2017 
X X  X X    X    sandy loam, fine sand & 

silty clay loam 
X  X   X 

Amoakwah et al., 2017 X X X      X X   Sand X  X   X 
Barnes et al., 2014 X X    X  X X  X  sandy loam & clay loam  X   X X 
Baronti et al., 2014 X X X X  X   X X X  sandy clay loam   X   X 
Basso et al., 2013 X X      X X X X X sandy loam X X X X  X 
Bayabil et al., 2015 X X X     X X    Sand  X X X   
Burrell et al., 2016 X X  X    X X    sandy loam & clay loam  X X X  X 
Chen et al., 2010 X X  X  X   X X X  Clay   X   X 
de Melo carvalho et al., 
2014 

X X X X  X       
sandy loam 

  X    

Duarte et al., 2019 X X X X     X    Fine sand & clay loam   X    
Eibisch et al., 2015 X X X X     X    loamy sand X     X 
Hardie et al., 2014 X X   X X X      sandy loam X X X X  X 
Herath et al., 2013 X X      X X X X X silt loam   X   X  
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Jeffery et al., 2015 X X     X X X    Sand   X  X  
Jin et al., 2019 X X X          Clay loam  X X X X X 
Kameyama et al., 2014 X X X X X    X X X X Clay X      
Karer et al., 2013 X X X      X X  X Silt loam & clay loam  X X X  X 
Kinneya et al., 2012 X X       X X X  Sand & clay  X     

Kiode et al., 2015 
X X            sandy loam, silty clay 

loam & loam 
     X 

Li et al., 2018 X X X X   X  X X X X silt loam & silty clay     X X 
Lim et al., 2016 X X X   X  X X X X X fine sand, loam & clay     X X 
Liu et al., 2017 X X X  X   X X X X  Sand X X X X  X 
Ma et al., 2016 X X       X    clay loam  X X X  X 

Martinsen et al., 2014 
X X  X X    X X   Sand, loam sand & sandy 

loam 
 X X X  X 

Mollinedo et al., 2015 X X X X    X X X X X sandy loam & clay loam  X X X   
Morgan, 2014 X X X          sandy loam  X X X  X 
Obia et al., 2018 X X X      X X X  Clay  X X X   
Obia et al., 2016 X X X X  X   X X X  sandy loam X X X X  X 
Ojeda et al., 2015 X X       X X X X sandy loam   X X  X 
Ourendnicek et al., 2018 X X X X    X X X X X sandy loam & loam     X X 
Quin et al., 2014 X X X X   X  X    Sand  X X X  X 
Ouyang et al., 2013 X X X X X    X X  X Silty clay & sandy loam   X  X  
Speratti et al., 2017 X X X X X    X    Sand   X   X 
Suliman et al., 2017 X X  X X X X  X    Sand & loamy sand  X X X   
Tammeorg et al., 2014 X X   X    X X   Loamy sand X X X X  X 
Wang et al., 2019 X X X X     X X X X Silt loam & fine sand  X X X   
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Figure 1: A forest plot showing the mean changes in AWC, Ksat, FC, PWP, TP and BD due to biochar addition to soil for different 
categories grouped by soil conditions. Points show treatment effect for a given group, size of point show the total number of replicates (n) 
from the combined studies, bars show 95% confidence interval while blue tick line show overall effect (grand mean) 
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s  
Figure 2: A forest plot showing the mean changes in AWC, Ksat, FC, PWP, TP and BD due to biochar addition to soil for different 
categories grouped by pyrolysis condition. Points show treatment effect for a given group, size of point show the total number of replicates 
(n) from the combined studies, bars show 95% confidence interval while blue tick line show overall effect (grand mean) 
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Figure 3: A forest plot showing the mean changes in AWC, Ksat, FC, PWP, TP and BD due to biochar addition to soil for different 
categories grouped by biochar physical properties. Points show treatment effect for a given group, size of point show the total number of 
replicates (n) from the combined studies, bars show 95% confidence interval while blue tick lines show overall effect (grand mean) 
























